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© PRELIMINARY STRATIGRAPHIC AND PETROLOGIC CHARACTERIZATION OF
CORE SAMPLES FROM USH-G1, YUCCA MOUNTAIN, NEVADA-
§ 7 wditors’ -
_'A. C. Waters and P. R. Carroll
" Contrfbutors
D. L. Bish, F. A. Caporuscio, J. F. Copp, B. M. Crowe,
J. D. Purson, J. R. Smyth, and P. G. Warren :
,  ABSTRACT
' Tuff§ bf‘ the ;Nevadav_ T.est‘, Site -are.‘cur;'énﬂy' under

~ fnvestigation to -determine their; potential -for long-term -

storage of radioactive waste. As part of this program,
“hole USH-G1 was drilled to a depth of 6000 ft below the
surface, fn the central part of the Yucca Mountain area,
~ MNevada Test Site, Nevada. Petrographic study of the USW-GI. -
- core 1s presented in this report and shows the tuffs (which -
- generally were variably ‘welded ash flows) are partly

" recrystallized to a varfety of secondary minerals. The
important alteration  products are zeolites (heulandite,
clinoptilolite, mordenite - and analcime), smectite clays
with minor interstratified 1114te, albite, micas, potassium
feldspar, and various forms of silica. Iijima's zeolite
zones 1 through IV of burial metamorphism can be recognized
in the core.  Zeolftes are first observed at about the
"1300-ft ‘depth, ‘and the high-temperature boundary of zeolite
stabflfty - in this core (beginning of Greenschist metamor-
phism) occurs at about 4350 ft. Analcime persists, either
metastably or as a retrograde mineral, deeper in_ the core.
‘The oxidation state of Fe-Ti oxide minerals, through most
- of the core, fncreases as the degree of welding decreases,
‘but towards the bottom of the hole, reducing conditions
generally prevail. S

. Four stratigraphic units transected by the core may
be potentially favorable sftes for a waste reporitory and ..
are recelving more detailed mineralogical characterization
in- reports that are in preparation. These four units, in
order of {ncreasing depth in the core, are (1) the lower
coocling unit of the Topopah Spring Member, (2) cooling unit
© I1 of ‘the Bullfrog Member; (3) the upper part of the Tram
- tuff, and (4) the Lithic-rich tuff. A . :




I. INTRODUCTION

The southwestarn part of the Nevada Test Site (NTS) region, located in
south-central Nevada, is currently under investigation with respect to its
suitabflity for siting of an underground repository for high 1level wasta.
This project, funded through the Nevada Nuclear Waste Storage Investigations,
is part of an investigation of four major rock types as potantial repository
medfa: argillite, granite, tuff, and alluvium (Dixon et al., 1980). Current
exploration efforts are now focused on tuff, principally in and near Yucca
Mountain, a linear mountain range located within and adjacent to the south-
wastarn boundary of the NTS (Fig. 1). Yucca Mountain 1s underlain by a thick
saquence of ash-flow and bedded tuffs, derived 1largely from the Timber
Mountain-Qasis Valley cauldron complex (Byers et al., 1976; Christiansen et
al., 1977). The cumulative thickness of tuff units in Yucca Mountain exceeds
6000 ft and may be as great as 10,000 ft. Thesa tuffs range in age from about
15 to 12 Myr. -~~~ - : . ‘ : '

A comprenensive exploration program of Yucca HMountain commenced in
1979. Exploration drill hole UE25a-1, located on the eastern adge of Yucca
Mountain (Fig. 1), was drilled to a depth of 2500 ft to investigate the
stratigraphy and structure of the Yucca Mountain area. Geological and geo-
physical data from this exploratory drill_hole ‘are summarized by Spengler
et al, (1979). Following evaluation of data from that drill hole and from

~ other exploration studies, a second axploration hole, USW-Gl, was sited in the  °

central. part of Yucca Mountain and drilled to a depth of 6000 ft. The pur-
- posas. of this hole:are to investigate further the stratigraphy and structure

of Yucca Mountain and to determine the. lateral continuity, competency, and

mineralogy- of penetrated: tuffs. A preliminary core: log and a geologic analy-
sis of the USW-Gl core have been written by Spengler et al. (1in preparation).

In this report we build on Spengler's core log to further characterize
the stratigraphy and petrology of salected core samples. through laboratory
investigations. The chiaef method used. in this preliminary study was micro-
scopic petrography,. aided by x-ray diffraction and microprobe studies of
specific minerals. Particular attention was given to the paragenesis of
davitrification products of volcanic glass--both those produced during the
cooling history .of the rock immediately after eruption and -those occurrin
much later during slow diagenetic altarations that took place below (or above
the water table. Zeolite phasas recefved particular attention as keys to
palegtemperatures and palechydrology. Oxidation statas of the opaque mfnerals
have been determined by analysis of = their exsolution products (Haggerty,
1976). Clay minerals and their changes with depth have not been thoroughly
analyzed for this drill core, and the silica minerals--gpal, chalcedony,
quartz, tridymite, and cristobalite--have received only cursory attention.

Among the primary minerals, specfal attention was given to phenocrysts.
Phenocrysts and 1ithic fragments are useful aids in distinguishing certain
horizons of tuff. , : ‘

Tuf? is a complex rock type that varies greatly in mineralogy, texture,
and chemical composition. .The tuffs from USW-G1 show only limited variations
in bulk chemistry,. and their physical. varfations.are controlled principally bdy
their mode of emplacement (air-fall and. ash-flow mechanisms) -and by post-
emplacement alteration procasses. Some alteratfons that occurred during
cooling are welding, which produces significant varfations .in density and
porosity of ash-flow tuff; primary devitrification, which causes subsolidus
breakdown of glass to cristobalite and alkali feldspar; and the precipitation

2.
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of vapor-phase minerals during degassing of the ash-flow deposits. Secondary
alteration products, primarily clays, hydrous and other silica phases,
zeolites, and authigenic feldspars, are formed long after emplacement and
consolidation of tuff by alteration of glassy constituents of tuff by inter-
action with ground water and by the slight rise in temperature caused by
burial.

Los Alamos National Laboratory has conducted earlier mineralogic and
petrologic studies of tuff in support of the drilling and exploration programs

at the NTS. Core from the drill holes 1s characterized petrographically to -

define mineralogic and textural features of ash-flow and bedded tuff pene-
trated in the drill holes. Such data assist in understanding the vertical and
horizontal variations in tuff units of Yucca Mountain and adjacent areas and
their variations with respect to properties that affect the ability of tuff to
1solate radioactive waste. For example, Wolfsberg et al. (1979), Johnstone
and Wolfsberg (1980), and Vine et al. (1980) show that sorption data for tuff
can be broadly grouped into two categories based on kind and degree of devit-
rification, and especially on the presence and abundance of zeolite and clay
minerals. Lappin (1980) described grain densfity vs thermal conductivity
trends- for tuffs and developed a predictive curve for theoretical conductivity
of tuff as a function of grain density. Heiken and Bevier (1979) described
the petrology of tuff units from drill hole J-13 located in Forty Mile Wash on
the western edge of Jackass Flat and adjacent to Yucca Mountain (Fig. 1).

Sykes et al. (1979) .described the mineralogy- and petrographic features of tuff
" ..unfts from the UE25a-1 drill 'site. They noted that the principal zeolite

mineral in the upper parts of the drill core is high-silica c¢linoptilolite and
attributed its occurrence to ground-water alteration of glass in an open
hydrologic system. Units penetrated by these drill holes are shown in Fig. 2.

I1.  STRATIGRAPHIC AND LITHOLOGIC SUMMARY OF THE DRILL HOLE SECTION

Orill hole USW-Gl1 was begun at an elevation of 4349 ft and was ended
6000 ft below that level. The core samples Quaternary and Tertiary deposits,
the latter almost exclusively consisting of siliceous volcanic rocks, gener-
ally tuffaceous. .

The Tertiary tuffaceous rocks cored contain representatives of two
formally recognized formations--the Paintbrush Tuff and the Crater Flat Tuff
(Christfansen and Lipman, 1965; Christiansen et al., 1977)--and also many
other formal and  {informal members, or other subdivisions. Magascopic
description of the core, and stratigraphic subdivision of the unfts cored,
were accomplished by the U.S. Geological Survey (Spengler ot al., 1in
preparation). This work 1s summarized in Table 1. We owe a great debt of
gratitude to R. W. Spengler and his associates for copies of the core logs and
for advice and encouragement during preparatien of this report.

The Paintbrush Tuff and the Crater Flat Tuff are divided {into members:
the former comprising the Riva Canyon, Yucca Mountain, and Topopah Spring
Members, and the latter the Prow Pass and Bullfrog members (all listed in
order of increasing age). The Tram tuff is informally regarded as the lowest
member of the Crater Flat Tuff. Several other informal units in the deeper
parts of the core hole may ultimately be elevated to formation or member
states.

The lowest unit of the Paintbrush Tuff (Topopah Spring Member) and the
rocks of the core that underlie it are the subject of this report. Listed in

3
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o TABLE 1
SUMMARY OF STRATIGRAPHY AND MEGASCOPIC ROCK DESCRIPTION OF CORE USH-GI

Depth fa Core .
of Tap and Thickness Phenacrysts--
Major Streti- Settom of (fL) of Types, Total Welding of
graphic Intervals  latervel (ft) Interva) Rock Typels) Percent of Rocks Mb-Flow Tuffs Gther Comments
AMlyviua 0-8 60 Gravel, sand, silt - von Some caliche
S [ Yuccas Moustaln 60 - 138 B Ash-flow tuft -— Noneslded o partially Fo
2 | Hember weldad
= .
% J Feb Canyan 135 . 238 N0 Ash-flaw tuff Sperse blot Nomwelded ' ——-
g Neabior
[ .
% § Tepapah Spring 215 - 1426 90 Bisa) bedded tuif San, plag Top to bottom--nomueldad, Vapor phate cryst
&\ Nemtier ash bed at 4% ft, 109’53 ft--blat, densaly welded, bl *
ash-flow tuff hrablad, pyres 0-2% nodersiely to nonwelded
Tuffacosus beads 1426 - Va2 % Ash-flow, ash-fall, and Sin, ‘plag, gtz Homwelded ta sligitly ooa
of Colico Mills . reuorhed tufls, less thaa 23 welded
from 114 to 0.5 ¢t thick . :
- Prow Pass 1802 - 2173 n Ash-flew Wwff, base) Saa, plag, etz, Partially to soderitaly LItic fragaentse-
s Mesbiar bedded, reworked tuff hrablead, b welded - rd-brs mudsione
- niner pyrox, i-lss ‘ and beapry wolcanic
> .
2¢ sallirag 2173 2640 467  Ash-fiaw wif, tn niddle Saa, plag, qtz, Nomselded 1o maderstely- Lithic fragaents--
) Hember section s thin, bedded Ind, bt to-densely welded wy-brn velcanic
8 wif and rd-brn sudstons
»
S\ Tran wit 2640 - 3558 918 Basa) bedded, reworked Sen, plag, qtz, Konwelded 1o -
. Wil and, above, ash-flow biot; pyres 1 1a noderately welded
tuf? . betLan ssh-flew
shedt. 10-158
Dacite flaw breccta 3558 - 3946 338 10-fL Wil breccls o $an, plag, gtz, - Appreciable Vithic
top, underlain by breccia hablnd, blot; fragaeaty, rigelitic
Mow, thes 3 rhycdacitic ash-fall hes blot, t0 basaltic fa
lave flows, each wnder- a8, gLz, plag conpesition
Toin by an autoclastic
braccle flow, and at base
of section, 26 ft of
bedded Mh. one A% ash
fall, the others reworked
Lithic-rich tuff 3946 - 300 994 Uppar 975 fl--cae ath- San, plag, qlz, Fartially weldad Sedded Wlf Mg bra
aw Wit, the Youer Ind, blet, Vithic fragnents;
19 ft 15 bedded tulf sphens 10-158 Vithic fragaests in
ash flow--5-153 of
; reck, fatermed to
moiulc in
coapodition
Older bedded and 4940 - 6000 1060  Ash-flow tuffs, 12 San, plag, qtz, Individual ash-flous Lithic fragmeats--
ash-flow tuffs ' (drillh, bedded, roworked tuffs blot, niner vary frem moowelded 0-33 of reck,
arbitrarily wnd 2 ash-fall tulfs; and broblad 5-25% ta densely weldes, fatermed Lo vhyolitic
saded al thickassses range frem 155 averege pessihly up te W fa compositicn
6000 1) 0t dS R tompound cooling units

¥ Condensed from core Vog suppiied by Spengler and assectatas.




order of 1ncreasiﬁ? .age, -they are the Topopah Spring Member of the Paint-
brush Tuff, the Tuffaceous beds of Calico Hills, the Crater Flat Tuff (which
includes Prow Pass, Bullfrog, and Tram tuff Members), the Dacite flow breccfa,

the Lithic-rich tuff, and Older undifferentiated ash ﬂows and bedded tuffs

(see Table I).

T, ———

I11. PRELIMINARY PETRDGRAPHIC CHARACTERIZATION OF .THE USW-GI CORE

A. Foreword
.~ the general petrographic features of selected samples from the USH-GI
core are described here fn the same order of stratigraphic- assignment used by

Spengler and assocfates in logging the core. Thin sectfon samples obtained . . .

from the core are described from each of the formal and {nformal units listed
by Spengler. Sample numbers used are the depth fn the core (feet) from which
the samp!e was collected.

Some topics discussed in this section. ‘other than routine petrography. L

need to be introduced. Exsolutfon of opaque minerals has been studied to show
the oxidation state of the rock (Haggerty, 1976). Phenocrysts are mentioned

briefly for each stratigraphic unit, but certain special features of pheno-

crysts are presented fn much greater detafl {in a later section of the report.
In the same way, details of zeolftizatfon and alteration processes are the
subject of a later, more detailed part of the report. A table of x-ray dif-

fraction analyses and supporting brief text are also treated in later pages.

In logging the core Spengler and his associates divided the core into- )

;"stratigraphic units on the basis of 1ithologic differences.” In places our

petrographic work shows that two or more of these subdivisions can be grouped
into a single cooling unit, as defined by Smith (1960). - In other places a
1ithologic unit may be separated from others by some unique feature of min-
eralogy or petrography. Such separatfons are noted in our text but no changes
in the U.S. Geological Survey formal and informal stratigraphic designation of
the core are suggested. Formal desfignation of ‘stratigraphic unfts should

await results from other core holes that may be drﬂled and geo‘logic, geo-

hysica‘l and petro'logic work that may be performed
B_. Topopah Spring Member of ° Pai ntbrush Tuff -

The Topopah .Spring Member occurs in USW-Gl drill core from 235 to

1425 ft, a thickness of :1190 ft. The Member is subdivided -into 24 1ithologic
intervals: a bedded tuff at the base, an. ash bed at 456 ft, and various ash-

-flow uhits ranging from nonwe1ded to vitrophyric (Speng‘ler et al., in prepara-

tion). .

Five samp'les were selected from the lowest 240 ft of the Topopab Spring:

Member for thin sectioning. The samples are belfeved to be part of a single

cooling unit and are centered around a vitrophyre within the Topopah Spring .

Member. Of the five samples, the one lowest in the sectfon-(1392) {s slightly
zeolitized and only slightly to partly welded.. The main portion of this
sample {s unaltered glass, with minor clinoptilolite. Zeolitization occurred
primarily in open void regions: of ‘the -shards and pumice. The last phase to

fi11 these open void regions 1s opal. Montmorillonite {s common in -the

groundmass.  Fe-T{ oxide oxidation state (C4-c5) {defined, in Sec. VII) is
not maximized due to the s1ightly reduced permeability of this samp le.

The vitrophyre 1ies 100 ft higher in the section (1292 ft).. In thin

section, &11 vitric components are dark brown, strongly compacted and welded.




but largely unaltered. Incipfent primary devitrification may have affected
the vitrophyre, based on the appearance of small (5 micron) discrete spheru-
1ites sparsely dispersed in the pumice lapilli. En echelon fractures filled
with diagenetic clays are present in the sample at 1292 ft, and perlitic
cracks are pervasive in this sample. Fe-Ti oxides appear as primary unoxi-
dized magnetite (Cy) and ilmenite (Ry).

The three remaining samples (%286, 1240, 1191) above the vitrophyre are
densely welded, show vapor phase crystallization, and much later authigenic
recrystallfzation. A1l are heavily fractured. The sample at 1286 ft was
devitrified during cooling. It shows primary spherulites of cristobalite and
alkali feldspar transgressing all vitric boundaries. Vapor phase crystall{iza-
tion is indicated by 1lithophysae, and later diagenetic recrystallization is
seen as small patches of interlocking quartz and alkali feldspar in the
groundmass. In sample 1286 diagenetic alteration is shown by veins filled
with clinoptilolite, and the wall rock within a distance of 1 mm of the veins
is altaered to clinoptilolite and clays. Sample 1240 is similar to 1286 1in
that spherulites crosscut all vitric textures. VYapor phase crystallfzation is
observed as recrystallized central regions in shards showing axiolitic texture
elsewhere, and as spherulites lining the border regions of pumice. Authigenic .
recrystallization has progressed slightly further in this section, with a -
larger proportion of recrystallized quartz and alkali feldspar in the central
regions of pumice. Quartz is observed filling veins of this sample. Sample
1191, from the highest sampled portion of the Topopah Spring Member, is very
similar {n texture to sample 1240. The only difference is that opal (changing-
to chalcedony) may fi11 the central portions of ‘both shards -and pumfce. A
veinlet 1n 1191 shows altered and leached wall rock, but no fi11 {is present.
In all three densely welded samples, the Fe-Ti oxides are only slightly
oxidized (average 1s C3). -~

Phenocrysts in the Topopah Spring Member are scarce. The predomjnant
phases prasent are plagioclase, alkali feldspar, and Fe-Ti oxides. Rarely,
embayed quartz and biotite are present. Altered pyroxene phenocrysts are
present in trace amounts in samples 1392 and 1240.

The section of the Topopah Spring Member observed appears to be the
lower portion of a single cooling unit. This is based on degree and sequence
of welding and position of vapor phase crystaliization. The progression
upward in the Topopah Spring core is from slightly welded and 2zeolitized
(1392 ft) to vitrophyre (1292 ft) to densely welded (1286, 1240, 1191 ft) and
suggests that this {s the lower’portion of a single cooling unit. The densely
welded samples all show evidence of primary devitrification, vapor-phase
crystallization, and diagenetic alteration. The Fe-Ti oxides show oxidation
states that are inversely proportional to the degree of welding (permeability)
of the ash flow. :

c. Tuffaceous Beds of Calico Hills - A

The Tuffaceous beds of Calico Hills are present in the USW-G1l core from
1426 to 1802 ft, a thickness of 376 ft. Hand sample core descriptions by the
U.S. Geological Survey (Spengler et al., in preparation) identify 10 tuffa-
ceg:s units in the core--primarily ash flows, air falls, and bedded, reworked
tu SO . :

Four samples were thin sectioned. They were taken from the first,
fifth, seventh, and tenth highest units. The lowest sample (1774 ft) 1s an
indurated reworked pumiceous air-fall tuff with a relatively high phenocryst
contant (-~25% by volume). The samples from the seventh (1639 ft) and fifth
(1561 ft) highest beds are pumiceous, zeolitic, phenocryst-poor ash flows and
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the i}idgeraest sample 11436 ft) 1s & zeol{te-rich=ash flow. Al sampies are
nonwe
" The interlayered nature of the beds of Calico Hins. involving nonwelded
ash flows, air falls, and reworked bedded tuffs, indicates temporally discrete
 eruptive events. A1l samples studied show marked zeolitization (clinoptilo-
~ 1{te only). Zeolitfzation was aided by the extensive surface areas afforded
by the pumice clasts andinon- to slightly welded nature of the beds. The
zeolitizatfon process pseudomorphed original “glass textures in all "“samples
- studfed.  Clinoptilolite commonly forms massive, granular border regions in
both shards and pumice, with late stage terminated crystals growing into void
spaces. Clays rim pumice clasts and shards tn all thin sections of the Calfco
Hi1ls rocks. In addition, c¢lays also mantle the bubble and tube structures of
the pumice. Fe-T{. oxide microphenocrysts are oxidized to a high oxidation
state 4n a1l “samples of the Calico Hills section studied (C ~ The
~ high oxidation state is additionai evidence of the “high permeebi?ity of the
nonwelded units examined. =~ -
. Lithic fragments {ncorporated 1n the beds of Ca'lico Hiﬂs are- primarily
clasts of older ash-flow tuffs, rhyolites, and bits of older pumice. They
comprise 1 to 4% of the total volume and are simiiariy zeolitized. Pheno-
crysts in the bedded- tuffs -of Calfco Hills are principally : embayed quartz,
twinned plagioclase, zoned  and unzoned ‘sanidine, Fe-T{ "oxides, and ‘minor
biotite. Accessory phases are zircon and rutile. Vapor-phase crystallization
was not observed fn any of the zeolitized tuffs of the Calico Hins. .

D. Prow Pass Member of Crai:er Fiat Tuff

The Prow- Pass Member of the Crater Fiat Tuff extends from 1802 to
2173 ft (371 ft thick) in the USW-Gl core hole. "Lithologic core descriptions
(Spengler et al., in preparation) {indicate six subdivisions of ash-ﬂow tuff
and a bedded, reworked afr-fall tuff at the base.: :

Six samples were selected from the Prow Pass Member for thin-sectioning.

-

- One sample was obtafned from the middle of the bedded, reworked air fall at

2166 ft. Five thin sections were obtained from the six ash-flow intervals.
Two samples (1819 and 1854 ft) are from the uppermost ash-flow subdivision.
The remafning three samples (1823, 1982 and 2083 ft) are from 'the third,
fourth and sixth highest intervals of the Prow Pass Member, respectiveiy.

The lowest unit of the Prow Pass 1s a-bedded, reworked -air-fall tuff,
* which 1s nonwelded. :This rock (sample 2166) is pseudomorphed by zeolftes, the
‘principal phases being clinoptilolite and mordenite. Pumice lapflli were the
orioinai ‘dominant component, making up nearly 60% of the total volume. A1l
lapill{i are partly:rounded, mantled by clay, and yet are -structurally:intact.
. -The high oxidation state (indicated by Fe-Ti ‘oxides) of" the reworked air-fall

tuff indicates high permeabflifty to ground water.

© - The series of six ash-flow {ntervals of the: Prow Pass Member probably
~ represents & single cooling unit. Both the "upper and lower parts ‘of the Prow
Pass Member's ash-flow sectfon are only slightly welded. - The central region
exhibits partfal. to moderate ‘welding, with the most - strongly welded region
skewed toward the bottom (near 1082 ft), as is typica'l of a classic ash-flow
cooling unit (Smith, 1960).

. Both the upper (samples 1819 and 1854) and lower (samp'le -2083) ash flow
tuffs are slightly to partly welded and are si:rongiy zeolitized. - The 'prin-
cipal zeolite 1s .clinoptilolite. 'A11 original glass’ ‘components ~ 1n  these
_ three samples have been: pseudomorphed by cltnoptilolite, "with minor traces
- of mordenite present 1n the lowest ash-flow sheet of  the Prow Pass. ‘The




clinoptilolfte 1s typically very fine grained, with terminated crystals
apparent only in the larger voids. The Fe-Ti oxides once again {ndicate a
high oxidation state (C4-Cy range, average Cg) for these permeable,
slightly to partly welded tuffs.

The two remaining samples (1883 and 1982) of the Prow Pass Member, near
the centar of the cooling unit, record high original temperatures. The partly
to moderately welded naturs of the two samples, and the devitrification to
anhydrous phases of the glass components, both indicate fairly hot tempera-
tures. Sample 1982, which is moderately welded, shows primary devitrification
to spherulites in both the shards and pumice. Both shards and pumice have a
border region of fibrous cristobalite and potassium feldspar intergrowths, and
the central region 1s composed of spherulites of the same minerals. The
moderate walding seen in sample 1982 reduced the permeability of this ash-flow
sheet. The reduced permeability is reflected in the low oxidation state of
the oxide phenocrysts (Cp). The overlying ash-flow sheet, which contains
sample 1883, 1{is partly welded and shows an 1intermediate oxidation state
{C3-C5). The devitrification texture of shards in sample 1883 is pri-
marily axfolitic. The devitrification textures for pumice are similar to the
pumice in sample 1982. However, the central portions of.the pumice are dia-
genetically recrystallized to intarlocking masses of quartz and potassium
feldspar. No vapor-phase crystallization is obsarved in the Prow Pass Member
and may be attributed to insufficient temperature of emplacement.

In summary, the ash-flow tuff of the Prow Pass Member cooled as a single
cooling unit, and the types of crystallization (zeolitization and primary

- devitrification) can be correlated to the degree of weldfng.. Ubiquitous

phenocrysts of the Prow Pass are embayed quartz, twinned plagioclase, zoned
and untwinned potassium feldspar and Fe-T{ oxides. Bfotite is present in all

- samples except 2083. Once again, the oxidation state of the Fe-Ti oxides

€.  Bullfrog Member of Crater Flat Tuff

responds inversely to the degree of welding of the ash-flow units. Lithic
fragments are primarily rhyolitic in composition in the Prow Pass. Pyroxene
was not observed in thin section, fn contrast to the core description (Spengler
et al., in preparation). .

The Bullfrog Member of the Crater Flat Tuff {is approximately 470 ft
thick, extending from 2179 to 2640 ft in the USW-G1 hole. Hand sample de-
scriptions separate the Bullfrog (BF) into two major tuff units, an upper unit
(8F-1) that contains two lithologic intervals and a lower unit (BF-II) that

‘contains five lithologic fatervals. The two major units are separated by a

1/2-ft thick, bedded and reworked argillic tuff at 2317 ft. Li{thologic dif-
ferences that discriminate between the two major divisions are differing
degrees of welding, and content of lithic fragments: BF-I is nonwelded with
gray-brown volcanic 1lithic fragments only, whereas BF-II 1is slightly to

moderately welded and contains red-brown mudstone 1ithics in addition to

volcanic lithics. .

Twelve thin sections were prepared from selected core samples of the
Bullfrog. Four are from the lower part of BF-1, two from the highest
subdivision of BF-I1, four from the second highest subdivision of BF-11, and
two from the fourth highest subdivision of BF-1I. The argillic tuff at
2317 ft was not sampled.

Phenocryst phases throughout the Bullfrog Member of the Crater Flat Tuff
are relatively constant. The phenocryst assemblage comprises quartz, alkali
faldspar and -plagfoclase, with minor biotite, rhombohedral and cubic Fe-Ti
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oxfdes, and minor accessory phases. Quartz phenocrysts are typically anhedral
and embayed, whereas feldspars are euhedral to subhedral. Plagioclase com-
monly shows twinning (albite and carlsbad) along with oscillatory zoning.
Some alkali feldspars are untwinned. Bfotite 1s the only ferromagnesian
mineral identified in most thin sections, even though hornblende appears to be
common fn hand samples, and abundant in thin section in the sample at 2555 ft.
Fe-T1 oxides show secondary oxidation textures where the degree of oxidation
appears to be inversely proportional to the original degree of welding in the
tuffs. Another accessory phase in the Bullfrog is possibly rutile. _

Bulifrog 1 is composed of two ash-flow tuffs that appear to have cooled
as a single unft. A reworked argillic tuff forms the base of this unit, and
the top {s the Prow Pass Member of the Crater Flat Tuff. A1l four samples of
Bullfrog I are nonwelded to s1ightly welded and later were heavily zeolitized.
Texturally, all four sections show structures (pumice and shards) that are
intact and undeformed. Zeolites pseudomorph all forms of glass. Mordenite
was {dentiffed by both x-ray diffraction and optical methods in samples 2290,
2289, and 2233. Clays in the groundmass are slightly more abundant in the
BF-1 samples than in BF-II. No vapor-phase crystallfzation was seen in BF-II.
Gas phase effects, 1f present, were masked by the pervasive diagenetic zeoli-
tization in the BF-II samples. ' » A ,

Bullfrog II 1is a single cooling unit that ranges from slightly welded at
the top and bottom (sampled at 2318 and 2600 ft, respectively) to moderately
‘welded within its interfor (sampled-at 2436 ft). Maximum degree of welding
{near 2436 ft): 1s denoted by deformation:and flowage of shards .in the ground-

o "mas$ within the hottest portion of the flow. -

In the lowest portion of this unit (samples 2600 and 2555) primary glass
is pseudomorphed by the zeolite minerals clinoptilolite and mordenite, and
much of the primary void space is filled with these two phases (Fig. 3).
Despite the degree of alteration, the morphologies of shards, pumice, and
groundmass fragments are well preserved. This alteration probably reflects
the absence or slight degree of welding, and hence original high permeability.
These two samples also exhibit  high oxidation states (Cg-C7) for Fe-Ti
oxide phenocrysts. ‘

"~ Upward from the zeolitized portion of BF-11, the degree of welding
fncreases and the abundance of alteration products and the oxidation state of
~ the oxides decreases. This effect appears to be controlled by the original
reduced permeability of the partly to moderately welded units in the central
and upper portions of BF-1I. An interfor body of devitrified tuffs in this
cooling unit ranges from partly welded at top and bottom (samples 2363 and
2486, respectively) to moderately welded in the center (sample 2436). The
mineralogy of the devitrification products consists mainly of alkali feldspar,
quartz, and cristobalite with minor §114ite and smectite clays.

In the partly welded ash flow at 2486 ft, shards have axiolitic tex-
tures, and pumice lapilli are flattened, resulting in destruction of their
original morphology. The pumice border regions are composed of fibrous
intergrown sprays of cristobalite and alkali feldspar, which radfate toward
the center of the pumice. The central regions are primarily spherulitic with
minor interstitial quartz (Fig. 4). These textural features are considered to
be caused by primary devitrification processes. From a sample at 2476 ft to
the top of BF-I1 (2318 ft), ‘two textural features predominate in the 'vitric
canponents that indicate vapor-phase crystallization.  The shards no longer
have axfolitic textures but are composed of granular or interlocking quartz
and alkali feldspar grains that do not crosscut boundaries. Pumice clasts

N




o t
R Y
JRa Y

: Fig. 3. Shard pseudomorphed by clinoptilolite. The white border {s massive
: clinoptilolite, and the gray-appearing rim.fs terminated clinoptilo~ .- :
ST 1ite: The large central white area is void space. USW-Gl, 2800 ft,
. plane 1ight, 100 X magnification.

Fig. 4. Central portion of a pumice clast exhibiting spherulitic devitrifica-
tion to cristobalite and alkali feldspar. USW-G1, 2868 ft, plane
light, 100 X magnification.
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now have spherulites.that 1ine their border regipns, and larger spherulites
that completely fi11 - the central regions. Thé ' groundmass of the samples
commonly exhibits .a vague granophyric crystallization texture (Smith, 1960).
These textural and mineralogical criteria indicate that vapor phase crystal-
1{zation has occurred from 2476 to 2318 ft. : :

Partially masking the vapor-phase effects is the overprint of diagenetic
recrystallization. Two diagnostic criteria distinguish this recrystallization
process. One, devitrified pumice clasts that have -nucleated vapor-phase-
spherulites contain {nterior regions of relatively coarse-grained, inter-
locking quartz and alkalf feldspar (Fig. 5). These recrystallized grains -are
surrounded by spherulitic zones along the borders of the pumice. Two, shards
that have undergone several phases of devitrification (Lofgren, 1971) show a
tendency for the recrystallfzed quartz and alkalf feldspar grains to cross
original shard boundarfes. - Recrystallization produces dendritic (feathery) -
growth of the two phases (quartz/alkali feldspar) from the {interior of the
shards outward {nto the groundmass {in most cases (Fig. 6). Dfagenetic
recrystalifzation {is present and sometimes dominant in samples from 2436 to
2318 ft, seen in the two textures discussed above, and also as groundmass
granophyric texture. -

F. Tram Tuff (Informal Basal Member of Crater Flat Tuff) .

) The Tram tuff is exposed in the USH-GI core from 2640 to 3558 ft, a
.- total thickness .of 918 ft.- Log sample descriptfons by Spengler et al. (in
. .preparation) separate out five 1ithologic subdivisions: within-the Tram: a
- basal, bedded tuff and four subdivisions within ash-flow tuff.. Our petro-
graphic work: shows that the Tram can be subdivided fnto two- easily recognized
petrographic units: the upper Tram (2641 to 3083 ft), which coincides with the
uppermost ash-flow subdivision of Spengler et al., (in preparation) and the
lower Tram (3083 to 3558 ft), which embraces the lower four subdivisions
indicated in the same report. Criteria for recognition of these two petro-
graphic units are relative abundance of 1ithic fragments and the occurrence of
allanite. Upper Tram lacks allanite and has a low content of lithic clasts (1
to 6% modal volume), whereas the lower Tram has both a high 1ithic content (20
to 35% modal volume) and allanfte microphenocrysts. In a following section
the lower Tram i1s further subdivided for purposes of discussion.

Fourteen thin sections of the Tram were prepared from selected samples
of the USW-G1 drill core. Eight sections are from the upper Tram unit, and
the remaining six sections are from the lower Tram. Of these six thin
sections, one each is from the upper two ash-flow intervals of the lower Tram, .
and the other four sections are from the lowest ash-flow subdivision {in the
lower Tram. The lowest lithologic unit of the lower Tram, a bedded, reworked
tuff, was not sampled. ' .

The upper Tram appears to be a single, Iargeliy devitrified cooling
unit. Thin sections show an increase in degree of welding from slight at the
top of the flow to dense near the bottom. No samples were taken from the
bottom 82 ft of the unit, below 3001 ft. The degree of welding should de-
crease back to slightly welded in that unsampled interval, if the upper Tram
1s a single cooling unit. _ , , o

“The two samples observed near the" top of the upper Tram (2698 -and 2641)
are slightly to partly welded and .extensively zeolitized. The only zeolite
phase s clinoptilolite. - Shard boundaries in this portion of the upper Tram
are deformed only near phenocrysts, and the pumice fragments are not deformed.
Zeolitization of this rock caused pseudomorphing of shards and pumice by
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Fig. 5.

Fig. 6.

14

Central portion of a pumice clast devitrified to spherulites of
cristobalite and alkali feldspar. Note very light (low relief)
regions. of - diagenetically recrystallized quartz and alkali feldspar
at centar and left center of photograph. Phenocrysts are present in
this clast. USW-G1l, 2901 ft, plane light, 50 X magnffication. -

Shards devitrified to cristobalita. and alkali feldspar, and
subsequently diagenetically recrystallized. Note feathery border
regfons of shards, indicative of diagenetic recrystallfzation.
USW-G1, 2901 ft plane 1ight, 100 X magnification.
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- clinoptilolite, features that are also seen in ash flows of the lower Tram.
- Clinoptilolite also partially fills original void space. In the sample at
2698 ft, minor sprays of late-stage mordenite are seen in the centers of
punice vugs. This mordenite was not detected in the x-ray diffraction
-~patterns. As with other nonwelded to partly welded tuffs of the USW-Gl core,
the oxides present in samples 2698 and 2641 are at their maximum oxidation
states (C5-C7). , E , .
; The densely welded portion of the upper Tram was sampled at 3001 ft and
~extends to at least 2868 ft in the USW-G1 core, with the zone of max{mum
" welding near 2901 ft. Evidence for this densely welded zone consists of shard
- deformation by plastic flow around phenocrysts and reduced Fe-T{ oxidation
states (reduced permeability due to welding). Samples of the densely welded
zone and up into the partly welded zone (sampled at 2790 ft) of the upper Tram
show devitrification to quartz and alkali-feldspar and show evidence of vapor-
- phase crystallizatfon. Vapor-phase crystallization {s considered to have
occurred when shards begin to lose thefr axiolitic texture and recrystallfze
to patches of quartz and alkali feldspar that do not crosscut boundaries, and
when pumice fragments show spherulftes nucleating on the edges of the pumice
~ lapi114 and shards. Vapor-phase crystallization fs evident from 2937 to
2790 ft. A later overprint of diagenetic recrystallization is rrominent from
- 2901 to 2790 ft. In pumice fragments this produces sprawling masses of
" interlocking quartz and -alkali feldspar with remnant spherulites along -the
borders of the pumice. In shards this dfagenetic recrystallization produces.
- dendritic (feathery). growths of quartz and alkali feldspar from imperfections
along the edge of the shards outward into the groundmass:. The sample taken at
‘3001 ft shows devitrified shards that exhibit a remnant axfolitic texture of
sanidine and cristobalite (now changed to quartz). - Pumice clasts contain
abundant spherulites that do not crosscut pumice boundaries. Oxfdes in the
densely to partly welded portion of the upper Tram show only partial oxidation
as a result of the reduced permeability of this part of the ash-flow unit.
* | The Tower Tram is composed of ash-flow tuff subdivided into three inter-
vals and a reworked tuff. Each subdivision may have had separate -cooling
- histories.  The lower contact of the lowest ash-flow {interval (3218 to
3522 ft) 1s reported in the core log as a fault, so a portion of the flow may
be missing. This inferred fault {s supported by an asymmetry in the cooling
zones of the tuff. Sample 3500 is a slightly to partly welded tuff, whereas
all other samples in the tuff (3371, 3321, 3258) are nonwelded. Therefore,
"~ either the flow reverts to a nonwelded nature in the bottom 22 ft (not
sampleg) to camplete a symmetric cooling unit, or the bottom {is absent.
: his lowest ash-flow interval of the lower Tram shows the zonal change
fron clinoptflolite (zone II) to analeime {(zone III) (I{ijima, 1975, 1980;
11Jima and Utada, 1971). The shards and pumice retain their original mor-
phologies but are crystallized to zeolites. Near the top ‘'of the interval
- (sampled at 3258 ft) the zeolite phase is clinoptilolite only, whereas samples
- 3321 and 3371 contain -approximately equal proportions of clinoptilolite and
- analcime, and ‘sample 3500 -contains only analcime as the zeolite phase. At
3371 ft there is a vein of “analcime 1/2-cm wide. “Typically, the zeolite
phases infi11 &11 primary void spaces. o S 1_' _ o
, There -are two different opaque minerals in: this lowest ash-flow ‘sub-
divisfon of the lower Tram, Fe-Ti oxides and pyrite. As opposed -to most
- nonwelded to partly welded tuffs, in which the oxides are strongly oxidized,
the cubic and rhombohedral phases 1in this interval “are only marginally
oxfdized (predominately Cp). "At 3258 ft, the' oxides range from C; to
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Cg but are primarily Cpz. Samples 3321 and 3371 contain only C
oxidation phases, and sampla 3500 contains only sparse unaltered (Ci) Fe-T?
oxides. In this ash-flow tuff, the oxidation state of the Fe-Ti oxides ex-
hibits an inverse relationship to the abundance of pyrite. It {s believed
that the fluid that introduced the pyrite buffered the ambient fop in the
tuff and that the composition of that fluid might have been influenced by the
underlying altared Dacite flow breccia. :

The second ash-flow unit of the lower Tram (3121 to 3213 ft) is non-
welded, zeolitized, and extensively oxidized. Clinoptilolite replaces all

""glass phases, but the shards and pumice show as obvious pseudomorphs.- All

original void space s partfally to wholly filled by terminated clinoptilolite
crystals. The Fe-Ti oxides are extremely oxidized to Cg-C7 stages, much
more typical of nonwelded tuffs in the upper half of the USW-G1 core.

. The highast ash-flow interval of the lower Tram (3083 to 3121 ft) s
slightly to partly welded, zeolitized to clinoptilolite with minor analcime,
and also shows a high-oxidation state (Cs-C7) for the oxfdes. The zeoli-
tization of shards and pumice typically involves three stages: a border region
of granular clinoptilolite, terminated clinoptilolite in vugs, and finally
minor late-stage analcime fi1lings.

Phenocrysts of the upper and lower Tram are generally similar. In the
lower Tram, they consist of embayed quartz, twinned plagioclase, zoned and
unzoned potassium feldspar, biotite, Fe-T{ oxides, and allanite. The upper
Tram lacks allanite. Hornblende and possibly pyroxene, 1dentified 1in hand

" sample, were not seen in the Tram thin sections. This difference may in part
"bde due to misidentiffcation of blackened and slightly altered bfotite in hand

sample. Lithic fragments in the upper and lower Tram span the compositional
spactrum from basaltic andesite to rhyolita, and in the lower Tram, most are
altered. .

G. Dacite Flow Breccia S o ,

In the USW-GI core, the Tram tuff rests upon a 388-ft sequence of lava
flows, flow breccias and bedded tuffs called the Dacite flow breccia by
Spengler et al. (in preparation). The Dacite flow breccia consists of 12
units; 8 are lava flow or breccia units that extend from 3558 to 3920 ft,
below which are 4 units of tuff that will be described later in this section.

Four thin sections were prepared from the upper 362 ft of the Dacite
flow breccia. Sample 3598 is from the second highest flow breccia. Samples
3658 and 3706 are from the third highest flow breccia and sample 3850 is from
the lava flow at the base of this section.  All samples are partially to
totally brecciated, have the same phenocryst phases, contain similar ground-
mass minerals, and with minor varfations, contain the same vein-filling
constituents. For convenience, these characteristics will be described from
the base upward.

The lowest lava flow 1is disrupted by autobrecciation. Vesicles are
common in this flow and hava been filled by secondary minerals. Vesicle and
veinlet 111 commonly starts with a mantle of clays and oxides, then opal,
then clinoptilolite and clays growing perpendicular to the walls, and finally
the centers arae filled with clinoptilolite, clays, and disseminated oxides. A
veinlet is lined with clinoptilolite, then filled with large heulandite crys-
tals, and finally with calcite. Calcite has also pseudomorphed large dolomite
crystals in some veins. The groundmass of this flow is composed of quenched
glass and microcrystalline material {in approximately equal proportions. Both
components are altared in part to montmorillonite. Phenocrysts identified are
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plagiocIase with altered cores, clinopyroxene;” orthopyroxene, hornblende, and
i oxides. = Pseudomorphs of serpentine, probably after olivire, were
~observed. All ferromagnesian phenocrysts have blackened rims. Fe-T{ oxides
have a median oxidation state of C3.
, The breccias above the 1ava flow show. only nﬂnor changes. mainly in
groundmass textures and vein fi11. Sections of samples 3706, 3658, and 3598
are all autoclastic breccias and contain the same: phenocryst assembIage as
samples 3850, except that blackened ferromagnesian rims are {increasingly less
common going up section within the Dacite flow breccfa. In sample 3706 the
~groundmass has less clay alteration than 3850 and shows possible -(relict)
perlitic cracks. Vein filling in this sample {s much more complex. The
sequence from first to last phase of vein-fi!ling minerals {s clays and
oxides, opal to chalcedony,. clinoptilolite, heulandite, and finally calcite.
 Sample 3658 {s from the same breccia as sample 3706.. Sample 3658 shows
 dominant clay alteration .in the groundmass and .abundant perlitic cracks.
Phenocrysts in this sample are the same as 3706 but frequently are -glomero-
porphyritic. Vein fi11 shows the same sequence as sample 3706.

The highest flow breccfa is represented by sample 3598. This rock is
darker in color than the other samples and contains minor welded vitric tuff
~ fragments, and small highly oxidized regions of rutile needles and hematite
plates. Sample 3598 has the same phenocryst phases,. groundmass mineralogy,
. texture, and vein-fi11 sequence as sample 3706.

" Fe<Ti oxides of 'the Dacite flow breccia show the same phases and oxi-
dation states. Both cubfc and rhombohedral phases are.present.as phenocrysts,
* and at any appreciable distance from veins, are almost completely .primary
(C1-C2). The greater ‘the proximity of the oxide grain to a vein, the
‘..higher its ~oxidation state. Grains adjacent to.veins commonly show the
maximum oxidation state (C7), but the median oxidation state for oxides in
the Dacite flow breccia.and in each sample 1s C3.. Apparently, flufds in the
veins at one time must have had a high foz, for Fe-Ti oxides will oxidize to
their maximum state readily. Even {if a_late, highly reducing fluid moved
through the veins, the oxides would not revert back to their. original state,
because of the kinetic barriers of exsolution mechanics..

, .The bedded tuffs that 1ie at the base of the Dacite flow breccia, below
" the breccias and lava flows, are approximately 26-ft thick -and divided into
four units (Spengler et al., in preparation). Three are bedded. reworked
tuffs, and the third lowest unit is an air-fall. ‘tuff.. . A sample from the
air-fall tuff at~ core depth 3940 ft was sectioned. The .sampled. tuff is”
extensively altered to montmorfllonite, no shard or pumice outlines remain,
and the sample .is heavily fractured. Most of the fracture and void fill {s

" ¢lay, although minor analcime . fs present. Phenocrysts observed in the

g:r-§a11 tuff {include alkali fe1dspar. pIagioclase, quartz. hornblende. and
bfotite. A T

H. Lithic-Rich Tuff ‘ ‘

By The, Lithic-rich tuff . lies beneath the Dacite flow;breccia and extends
from 3946° to 4940 ft in the core, a total of 994 ft. The tuff is composed of
two units: . an upper ash-flow tuff (975-ft thick) and. a -lower bedded tuff
(19 ft). No' samples were taken from the bedded tuff.
, Thin sections were made from 12 samples of the upper ash flow. Most of
o the samples are non- slightJy welded, .the only exception being at 4805 ft

t
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(slightly to partly welded). This ash flow may be a single cooling unit.
Many authigenic alterations are recorded in this portion of the core; the core
is easiest to describe from top to bottom.

A1l vitric components (shards and pumice lapil1i) retain their original
morphologies down to 4805 ft, at which point fnternal pumice clast morphology
is obliterated by recrystallization to albite and sericite. MNear the top of
the ash flow most shards and pumice are pseudomorphed by analcima.- This ra-
placement by analcime continues to 4341 ft, where albite laths appear, growing
into large void regions of altered shards and pumice. The alteration to
sacondary albite is prevalent at 4400 ft, but from 4503 to 4805 ft the growth
of albite fs less, such that terminated crystals are not apparent in open
voids. The albitization then resumes as obvious crystals 1ining voids from
4805 ft to the bottom of the ash flow. Based on first appearance of authi-

enic albite, the top of Zeolite Zone IV (Iijima, 1975) would be at about
350 ft. Analcime continues as the major phase replacing both shards and
pumice down to 4805 ft. At this depth, pumice is no longer pseudomorphed by
anmalcime. Rather, aldbite, sericite, and quartz replace the pumice and ob-
Titerate its original morphology. Albite and sericite are oriented in two
preferred directions in these pumice forms. Analcime remains a principal
replacement phase of shards to the bottom of the ash flow.

Chiorite first appears as a replacement of clays at 3997 ft and is
1imited to the tube walls of pumice fragments. Fractures in this sample also

show some clays replaced by chlorite. A1l deeper samples in the ‘ash flow show -

various amounts of chlorite after clays in shards, pumice and groundmass.
Sample 4208 has chlorite mantling -all 1ithic fragments and frequently re-
placing clays within the fragments. In sample 4503, many veinlets are filled
by chlorite. From 4805 ft to the bottom of the ash flow, chlorite is rela-
tively widespread, fi11ling some veinlets, voilds, and partially replacing
bfotite phenocrysts.

Calcite 1s first seen at 4208 ft, where it fills a vein in the thin
section. Down to 4400 ft calcite is fairly pervasive as a late-stage filling
of voids, vugs, and veins. From 4400 to 4700 ft a relative depletion of
calcite takes place, but once again calcite becomes pervasive from 4700 ft to
the bottom of the ash flow, filling shard and pumice voids, replacing portions
of phenocrysts, and forming veins. . ‘

Phenocrysts and microphenocrysts of the Lithic-rich tuff include plagio-
clase, alkali feldspar, biotite, Fe-T{ oxides, allanite, sphene, and quartz.
Alteration of the feldspars changes through the ash-flow sheet. At the top of
the unit, bdoth feldspars are intact and coherent. Starting at approximately
4200 ft, the rims of the alkali feldspars begin to look feathery or corroded,
and plagioclase has sparse overgrowths. The cores of both are slightly
mottled by alteration products. These trends continue down to 4600 ft, where
some faldspar grains have more saverely altered (rotted) cores. From this
point to the bottom of the ash flow, all forms of feldspar alteration (over-
growths, rim and core degradation, disequilibrium features) continue to become
more domfnant.

The Fe-T1 oxides show a consistent oxidation state of C5-Cs, regard-
lass of the degree of welding of the tuff. The slight reduction from maximum
oxfdation may be attributed to either or both of the following two changes.
First, the paleotemperature of ~120°C may have kept the oxides from reaching
thetr maximum oxidation state. Second, the CO2-rich fluid from which the
calcite deposited may have slightly buffered the ambient fop of these tuffs.
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I. Older Bedded and Ash-Flow Tuffs o

e er bedded and ash-fiow tuffs of the USW-G1 drill core extend
from 4940 ft to the bottom of the hole at 6000 ft. Drilling was ended at
6000 ft without intercepting the bottom of the sequence. The 1060 ft of core
is composed of 42 lithologic subdivisions, of which 27 are ash-flow tuffs, 13
bedded/reworked tuffs, and 2 ash-fall units. Individual ash flows vary from
nonwelded to densely welded, and initfal description of the core indicates to
us the possibility of up to 14 compound cooling units.

Sixteen samples were taken of the Older bedded and ash-flow tuffs for
thin section study. Because this portion of the core 1s not yet formally
classified, and because all major features of these rocks seen in thin section
are obscured by diagenetic alteratfon, we have not attempted to establish the
position of cooling-unit boundaries. Therefore, we describe the sequence as a
whole, from top to bottom, without reference to the units 1isted by Spengler
et al. (in preparation). A - o

No definitive zeolite zone progressfon was observed in diagenetic shard
or pumice alteration within this interval. Metastable phases are  commonly
present (for example, analcime coexisting with authigenic albfte), and in some
samples metastable minerals are still the dominant phase. Shards are commonly
altered to produce four major textural and/or mineralogical assemblages:
(1) analcime completely pseudomorphs shards, (2) albite stringers surround a
central region of massive analcime (Fig. 7), (3) granular interlocking albite
with or without quartz grains replaces shards, and (4) albite laths grow from
the outer edge -of . shards; and central voids are filled with albite and
analcime. Most samples have approximately - equal proportions of these four
assemblages. Exceptfons are that analcime pseudomorphs (1) are the dominant
shard alteration at 5126, 5212, 5412, 5679, and 5947 ft; and albite laths with
minor analcime (4) are dominant in samples 5026, 5093, and 5311.

Five dominant textural and/or mineralogical assemblages result from the
alteration and replacement of pumice 1lapill1f: (1) analcime and chlorite
respectively f111 and pseudomorph pumice tubes and tube walls (Fig. 8);
(2) analcime and chlorite with minor albite occur along bubble-tube walls and
along outer pumice edges; (3) intergrown albite, sericite and minor amalcime
and chlorite pseudomorph pumice fragments; (4) albite and sericite pseudomorph
pumice, with albite and interstitial analcime infilling vugs; and (5) orfented
albite and sericite obliterate all original pumice textures. All five
assemblages of altered pumice are commonly seen in all1 sections but in various
proportions, Stage five alteration of pumice {s dominant, however, in samples
4998, .5026, 5093, 5311, 5348, 5847, and 5912, and stage four {s dominant at
5126 ft. A dominance of stage five pumice alteration may be correlated with
the non- to sifghtly welded ash-flow sheets. ,

Groundmass mineralogy s typically represented by various proportions of
analcime, authigenic albite, quartz, clays, chlorite, sericite, and Fe-Ti
oxides. Fine-grained textures are prevalent from 4998 to 5296 ft. From 5296
to 6000 ft, recrystallization of the groundmass produces- larger grains that
encroach on shard and pumice 1apfl1{ boundaries. Lithic fragments incorporated
in the tuffs are primarily devitrified rhyolites (especially spherulites) from
5000 to 5500 ft; the Tlower half of the tuff unit has lava 1ithic fragments
that range from basaltic to rhyolitic compositions. VYery late-stage phases
that commonly fill veins, voids, and vugs are calcite and chlorite. Throughout
the tuffs, calcite is a very pervasive, late-stage phase but is less abundant
at 4998, 5212, and 5311 ft.
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_ Phenocrysts of*'the Older bedded and ash=flow tuffs fnclude quartz,
- alkalf feldspar, plagioclase, biotite, Fe-T{ oxides, - sphene, allanite and
zircon. The plagioclase {s severely ~altered, especially shown by extensive
degradation of {ts cores. At the top of the sectfon (4998 ft), some feldspars
“have  feathery boundaries or albite overgrowths - and “wormy" cores. . This
degradation continues until at 5300 ft where such features are common to all
plagfoclase phenocrysts. In addition, microperthitic and -graphic perthitic
. textures are first observed at 5296 ft. From 5300 ft to the bottom of the
-core; feldspar degradation continues unabated, exhibited by extensive rim
. destructfon, albite overgrowths, wormy or degraded cores, and replacement by
-serfcitic alteration of the plagfoclase component in perthites. Finally, at
5847 and 5947 ft, only albite overgrowths are common around a core composed

- of albite lamellae separated by sericite and quartz, or. by void space (Fig. 9).

~ Fe-T1 oxides appear only as
accessory microphenocrysts (1 to
2%) 1in the upper half of these
tuffs. From 5500 ft downward,
these opaque minerals constitute
-30% of the :total ghenocryst assem-
.blage &nd 4 to 7% of the modal
volume. The oxidation state of
the Fe-T1 oxides no longer shows a
- strict inverse relationship to the
degree  of welding (permeability)
of the tuff.:  In many cases, the
oxidation state of the oxides is
reduced relative to specimens from
higher in the USW-Gl core. It is
not uncommon to see primary,
unoxidized opaque minerals in
nonwelded sheets (for ~example,
5679 ft). . The ambient - fop - of
these tuff sheets has probably
been buffered to a great degree by
the ¢€02-rich . fluids that have
deposited the omnipresent calcite.
The correlation is readily apparent
~in samples such as 5947, 5637,
5412, and 5296, where pervasive
calcite s seen 1n: conjunction
“with Fe-Ti oxides  that are only
-slightly oxidized.

S , IV, - A SEARCH FOR QUANTITATIVE
. ,_ - FACTORS TO CHARACTERIZE THE
Fig. 9. Altered feldspar phenocryst PETROLOGY OF ALTERED TUFFS-
: mantied by albite overgrowth. - : o
Phenocryst replaced by albite,  : A. . Foreword = - S
- sericite, and possibly analcime . - -~ TGeneral -petrographic char-
or quartz. USW-G1, 5847 ft, acteristics of the USW-G1 core

plane light, 200 X magnification. have been presented in the section
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above. In this part we recount some prograss {n an effort (still unfinished)
to find definitive and easily measured parameters that can help to quantify
and evaluate correlation of tuff formations or members, and also can assist in
determining the origin and history of individual tuff units. (For example,
have tha constituents of a unit logged as "bedded tuff" been formed from only
the debrfs of a single eruption cycle, or does the unit contain material
reworked from recagnizadle older units in the stratigraphic section?)

Quantitative mineralogy (referred to as the mode) of a rock fs generally
obtafned by caraful point counting of the minerals in thin section (or for
- coarse-grafned rocks such as granite and gneiss, counting-can be done on a
polished slab stained to bring out certain minerals).  Point counts of tuffs
that are composed only of unaltered glass, phenocrysts, and microlites are
easily made, but in tuffs such as those from USW-G1 where some or all of the
glass shards and pumice lapil1i have been transformed {into clays, zeolites,
sflica minerals, and other alteration products, point counts are seldom
satisfactory. The fine-grained and {interwoven textures of the alteration
minerals, and fnability to determine many minerals under the microscope {in
such small grains, cause gross operator varifance when point counting  {s
tried. Staining is of 1little or no help.

X-ray dfffraction is an inexpensive and quick method of determining many
of the zeolite and clay phases and is of real value in addressing such ques-
tions as zeolite zoning (Ifjima, 1975; Iifjima and Utada, 1971; I{ijima and
Ohwa, 1980). The silfca minerals (opal.vs cristobalite, and chalcedony vs
. quartz), however, are difficult or impossidle to distinguish by. x-ray diffrac-
-tion, .and similar difficulties arise in discriminating chlorites from clay
minerals. Crude and inaccurate "gquasstimates” (incorrectly 1isted as modes in
some reports) can be made of the relative abundances of certafn phases iden-
tified by x ray. Even if fnaccurate, these have proved useful in some kinds
of work. :

B. Phenocryst Phases and Lithic Clasts o .

In searching for quantitative and reproducible” relations that can be
obtained from a thin section of tuff, we reasoned that phenocryst phases and
1ithic clasts can be point counted accurately, and the alteration products of
volcanic glass could be grouped together as matrix. Phenocryst phasas, even
plagfoclase, are much less susceptible .to dfagenetic alteration than glass
shards or pumfce 1lapill{, and the outlines of phenocrysts are generally
visible even after pseudomorphing by alteration minerals. Lithic clasts are
also easy to recognize, even when altered. ‘

Tharefora the propartions of lithic fragments, phenocrysts, and matrix
were determined from a count of 500 points, or more, for each thin section.
The proportions of phenocrysts, 1ithic fragments, and matrix from tuffs are
plotted on ternary diagrams similar to those used by Cook {1965). Excellent
work of this kind on tuffaceous rocks from the Nevada Test Sitae by Byers,
et al. (1976) and by Quinlivan and Byers (1977) shows that relative propor-
tions of different phenocryst minerals are characteristic of certain tuff
units and aid in their correlation. However, our early attempts to duplicate
their results for total phenocrysts of quartz, alkali feldspar, and plagio-
clase in thin sections from the USW-G1l core waere only marginally successful.
The reason was operator variance, which 1s a prodlem inherent for point count-
ing of fine-grained rocks, and {s caused by the large number of decisfons that
must be made at grain boundaries, plus the difficulty of deciding on the
identification of similar appearing minerals in small grains. This prodblem
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was successfu'ily circumvented by identifying and 'using only those phenocrysts
having the largest areas within .2 thin section. To assure relfable identi-
fications in our early efforts, such phenocrysts also were d{dentified by
energy~-dispersive microprobe analysis. Areas determined by point count were
then used to estimate the relative proportions for those felsic phenocrysts
having the largest areas in the thin section. rgrty to forty large pheno-
crysts within a standard thin section (500-700 area) provided a statist-
fcally significant population, and their relative proportions did not vary
appreciably when the number of such phenocrysts was increased up to 120.
These findings were tested for six thin sectfons representing three different
stratigraphic units, and having total felsic phenocryst contents from 2.4 to
14.6% of the total rock. The results indicate that a much more reproducible
~ and characteristic .value cen be determined for felsic phenocryst proportions
using only 30 to 40 phenocrysts showing the largest areas in the thin séction
than by point counting the entire thin section. 1In this report relative .
proportions for those felsic phenocrysts having the largest areas in thin
section are plotted for samples from three different stratigraphic units on
ternary diagrams 1ike those used by Byers, et al. (1968).

It is recognized that relative proportions of phenocrysts of all sizes
may differ considerably from proportions of selected phenocrysts having the.
largest areas in thin section. The Tram tuff characteristically contains much
higher proportions of quartz and lower proportions of plagioclase.among those
felsic phenocrysts: having the largest areas than for :those of all areas
(Table II). A sample of Bullfrog Member included for comparison shows no such
- "difference - (Table 1I). - This. comparison brought out and emphasized that quartz
phenocrysts have larger areas in- thin section compared to plagioclase for the
Tram, but this does not occur for the Bullfrog (Fig. 10). It {is important to
- recognize that the varfatfon in relative portions of felsic phenocrysts. with
area in. thin section is in itself a characteristic petrographic . feature for
each .stratigraphic unit. The difference for the Tram {s due .to exceptionally
large quartz phenocrysts assocfated with ‘abundant small plagioclase pheno-
crysts. -

Compositions "of "the phenocrysts are also highly definitive for units of
the USH-61 core and are readily determined by microprobe analysis. Except for
& few samples, we found that dominant values and ranges for important com-
_positionai components do not vary throughout an ash-flow sequence and can be

recognized in histograms. Such histograms show very distinct -mineral com-
_ positions that are valuable correlative tools for ‘some units, or similarities
among. mineral compositions that define petrographic suites for other units.
, Eight large phenocrysts, each of alkali feldspar and plagioclase in each
thin section, were analyzed at their cores -by electron microprobe for Na, Al,
si, K, Ca, Fe, and Ba. Three phenocrysts each were also analyzed at the rim
'ond halfway between the core and rim (midrange). A’ pyroxene standard was
employed for {ron analyses and ‘feldspar standards ‘were ‘used for all other
. elements. . Histograms that show the variation in potassium (orthoclase molecu-
“lar end member) and barfum.(celsfan molecular end member) .in alkali feldspar,
and in calcium (anorthite molecular end member) in plagfoclase are -provided
for each stratigraphic unft. Alkali feldspar eand plagioclase have character-
- istic dominant compositions and compositional .ranges that rarely differ within
., & continuous ash-flow sequence. End member compositions are also included in
" histograms' for a few plagioclase phenocrysts in lithic fragments; these .end
member ‘contents can be compared with those for plagioclase in the matrix of
the rock to evaluate the possible presence .of plagioclase xenocrysts derived
from the 11thic fragments.
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TABLE 11

COMPARATIVE PROPORTIONS OF FELSIC PHENOCRYSTS OF ALL SIZES VS THOSE WITH
THE LARGEST AREAS IN THIN SECTION FOR THE TRAM AND BULLFROG TUFFS

- Relative Felsic Phenocryst Proportions, (%)

o A1l Sizes Largest Areas in Thin Section
@ ) @ “

u v -~

P-4 PO 2.2

N band g. g ~N b g. g 33:

Sample Tt B8 B L @8 ©° 2%

Depth S X3 = S X9 =2 23

_ ) Unit o <u o S <wu & &'
3258 middle Tram 33 33 3 61 26 13 29
3196 middle Tram 29 29 42 60 18 22 29
2868 “upper Tram 80 35 25 51 40 9 40
2555 lower Bullifrog 7 45 43 5 50 45 36

Mafic phenocrysts found in thin sections of USW-G1 core are biotite,
hornblende, and pyroxene; olivine {is not present. No attempt was made to
identify those mafic phenocrysts (pseudomorphs) that had completaely altered
optical properties and chemical compositions. Only biotite was found in most
samples of tuff. Several grains of any mafic phenocryst type present in each
sample were analyzed by electron microprobe for Na, Mg, Al, $1, X, Ca, Ti, Fe,
and Ba. A pyroxene standard was employed for Mg, Ti, and Fe analyses and
feldspar standards were employed for all other elements. Core, midrange, and
rim analyses for numerous mafic phenocrysts {indicate no systematic normal
zoning. Histograms that show the magnesfum and iron contents of mafic pheno-
crysts [Mg/(Mg + Fe) molecular ratfo]l and barium contents of biotfte are
provided for each stratigraphic unit. Biotite compositions rarely differ
appreciably within a continuous ash-flow sequence. Magnesium, 1{ron, and
barfum contents are also {included in histograms for a few biotite and horn-
blende phenocrysts {In lithic fragments; thase elemental contents can be
compared with those for bfotite and hornblende 1in the matrix of the rock to
evaluate the possible presence of xenocrysts derived from the 1ithic fragments.

Apatite, zircon, allanite, and sphene are the most abundant primary
accessory minerals in the USW-Gl1 core. Such minerals were identified by their
optical properties and by energy dispersive electron microprobe analysis.
Most of the apatite and zircon forms inclusions in biotite, oxides, and some
plagfoclase, but allanite and sphene occur mostly as discrete grains, not as
inclusions. The abundances of these accassory minerals vary systematically
within stratigraphic units, indicating that the accessory minerals could aid
detailed corralations of particular stratigraphic intervals. Allanite and
sphene abundances in thin section and distinctive apatite and zircon abun-
dances are included for each unft in the following section.
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AREA OF INDIYIDUAL PHENOCRYSTS

e " & COMBINED TRAM

1. > 0.65mm2 | 3258 FT DEPTH
' 3196 FT DEPTH

2. 0.32-0.65 mm? 2868 FT DEPTH

3. 0.15-0.32 mm2
8. 0.05-0.15 mm2
5. <0.05m2
o AL PHEHOCRYSTS

 MKAUFELDSPAR T PLAGIOCLASE

ALKAU FELDSFAR PLAGIOCLASE

Fig. 10. Relative proportions of fe‘lsic phenocrysts as a function of area in
~thin section for the Tram and Bullfrog Tuffs.
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A large amount of data has accumulated that is still in process of eval-
vation, and not yet ready to present at this time. As 1llustrative examples,
we record below the results from investigation of the phenocrysts from three
adjacent stratigraphic units, which extend from 1802 to 3558 ft in the drill
core: the Prow Pass Membar of the Crater Flat Tuff, the Bullfrog Member of
the Crater Flat Tuff, and the Tram tuff.

C. Stratigraphic Units Between 1802-3558-Ft Depths

1. Prow Pass Member of Crater Flat Tuff. The proportions of matrix,

1ithic fragments, and phenocrysts are shown in Fig. 11 for the Prow Pass =~

Member. Lithic fragments comprise <2% of the rock and phenocrysts 8 to 18%.

Relative proportions of those felsic phenocrysts having the 1largest
areas in thin section show little variation throughout the ash-flow tuff of
the unit (1819- to 2083-ft depth, Fig. 12) and average about 12% for quartz
and 44% each for alkali feldspar and plagfoclase. The felsic phenocryst
proportions for bedded/reworked tuff (2166-ft depth, Fig. 12), however, differ
distinctly from these values. Alkali feldspar and plagioclase phenocrysts
having areas in thin section >1.0 mé are common in the ash-flow tuff but
not in the bedded/reworked tuff; maximum areas in thin segtion for the Prow
Pass Member are 3.4 - for alkali feldspar and 2.7 for plagioclase.
Quartz phenocrysts ssldom have an area in thin section >1.0 3 their .
maxfmum area is 1.4 . . . ‘ :
Do The compositions of both: alkali feldspar and plagfoclase also :differ
appreciably between ash-flow tuff and bedded/reworked tuff of the Prow Pass
Member. The median orthoclase (Or)} + calsian (Cn) end member content f{s
53 mol% and the medfian Ba0 content is <0.1 wt? for ash-flow tuff; the medfan
Or + Cn fs 60 mol% and the median Ba0 {s 0.4 wt% for the bedded/reworked tuff
(Fig. 13). The dominant anorthite (An) end member content of plagloclase {is
11 mo1% for ash-flow tuff and 17 mol% for the bedded/reworked tuff. Com-
positional ranges are relatively narrow for both alkali feldspar and plagto-
clase throughout the Prow Pass (Fig. 13). The dominant compositions and
compositional ranges for both alkali faldspar and plagioclase of the bedded/
reworked tuff are strikingly similar to those of the underlying Bullfrog
l\l::emt’:elr' and suggest that a portion of this unit consists of reworked Bullfrog
ember.

Mafic phenocrysts c:;iist solely of biotite, (maximum single-crystal area
in thin section of 0.25 ). Many bilotite phenocrysts are severely altered
throughout the Prow Pass and all have been altered to a clay-oxide assemblage
at sample depths 1982 and 2083 ft. Zircon and apatite Inclusions in biotite
are uncommon fn the Prow Pass Member. Biotites have simflar compositions
throughout the Prow Pass and all analyses were used for Fig. 14; thay are
relatively magnesium-poor (median molecular Mg/{Mg + Fe) = 0.42) but barifum-
rich (medfan Ba0 = 1.6 wty).

Allanite, with a maximum single-crystal area in thin section of
g.oz m I; was found only at 2083-ft depth. Sphene {is absent from the Prow
ass Member.

2. Bullfrog Member of Crater Flat Tuff. The proportions of matrix,
1ithic fragments, and phenocrysts are shown in Fig. 15 for the Bullfrog
Member. In most samples 1ithic fragments make up <3% of the rock; phenocrysts
comprise 8 to 12% below 2420-ft depth and 15 to 27% above this depth.
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LETTER SAMPLE
IDENTIFICATION DEPTH (ft)

A - 1819

B - 1854

C 1883

D 1982

E 2083

: rnkgg'scms F 2166

UTHIC FRAGMENTS
0%
PHENOCRYSTS 80
Portion of
Disgram Shown
50% — ‘ 40% 30% 20% 10% 0%

PHENOCRYSTS © - {100% MATRIX)

Fig. 11. Proportions of lithic fragments, phenocrysts, and matrix in thin
sections of Prow Pass Member. S
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QUARTZ

MmO O m®

LETTER SAMPLE
IDENTIFICATION DE |

1819
1854
1883
1882
2083
2168

X — M. v - M F_¥

Y 2

ALKAL FELDSPAR

" PLAGIOCLASE

Fig. 12. Relative proportions of those felsic phenocrysts having the largest

areas in thin section for Prow Pass Member.
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ALKALI FELDSPAR PLAGIOCLASE
Ba0, wt% Or+Cn, MOL% An, MOL%

'”1
201
104 1
(1] 18 60 80 40 10 20 30 40 60
g 8. Ash-flow tuff, sample depths 1819-2083 ft.
g
< : :
Z .
6
. Lo by T 1 T——TT l'[-l Y nr'n
0 15 60 80 4 . 1 2.3 -4 80 -

'b. Bedded/ieworked tuff, sample depth 2166 ft.

Fig. 13. Histograms of wt% Ba0 and mol % orthoclase + celsian in alkali feld-
spar, and mol% anorthite in plagioclase of Prow Pass Member. These
components were obtained from complete chemical ang'lysis by electron

microprobe.
MOLECULAR Mg/(Mg +Fe) BaOw%
=8 5 ~
[ 7]} - .
% B
. 63 04 es 06 07 08 15 30

Fig. 14. Histograms of molecular Mg/{Mg + Fe) and wt? BaD in biotite of Prow
: " Pass Member. These components were obtained from complete chemical
analysis by electron microprobe.
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LETTER ~ SAMPLE
IDENTIFICATION DEPTH (ft)]

2233
2247
2289
2290
2318
2363
2410
2438
2478
2488
2555
2600

UTHIC
FRAGMENTS

UTHIC FRAGMENTS
50%

FrRC=~TOMMOO®»

PMENOCAYSTS SO MATRIX

J

G
K, L)
A D8, "
Y4 1
“ o3 % TR % “ 1'6"; 0%

PHENQCRYSTS : *  {100% MATRIX)

Fig. 15, ?roportions-of 1ithic fragments, phenécrysts, and matrix in thin
sections of Bullfrog Member.
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Distinctive features of felsic phenocqsts within the Bullfrog include a
relatively high degree of “wormy resorption’ for quartz (Fig. 16) throughout
the unit, and optically distinct overgrowths on rims of many alkalf feldspars,
particularly above 2317-ft depth. Above 2420-ft depth, areas in thin section
for individual, alkalf-feldspar phenoczrysts are as large as 3.3 mm¢, plagio-
clase, 3.0 mz. and quartz, 2.5 mm<.  Below 2420-ft depth, quartz graing
do not exceed 1.2 mmc, although alkali feldspars are as large as 3.8 mm
and plagioclase 3.0 mz. The smaller sfize of the quartz phenocrysts in the
lower portion of the unit 1s.not due to the amount of resorption. '
"~ Relative proportions of those felsic phenocrysts having the largest
‘areas _fn thin section (Fig. 17) are randomly variable throughout the-strati-
graphic section for plagioclase (35 to 58%) and alkali feldspar (26 to 52%).
.The proportion of quartz, however, fncreases systematfcally from 5 to 13% for
~samples collected below 2410-ft depth to 22% for two samples at 2363- to
2410-ft depth to 31 to 33% for samples at depths above 2363 ft (with the
-exception of sample 2289). This increase 1n quartz corresponds with f{ts
increased size at shallower depths. ’

The compositions of cores, midranges, and rims for both alkalf feldspar
-and plagioclase do not vary significantly with depth in the Bullfrog Member
and all analyses were used for Fig. 18. The medfan orthoclase (Or) + celsian
(Cn) end member content is 61 mol% and the median Ba0 content is 0.6 wt¥% for
alkali feldspar (Fig. 18). Most of the Or + Cn values are within a narrow

range and all such values <58 are for rims. The dominant anorthite (An) end

' -member content of plagioclase-1s 15 mol%Z and most of the An values 1ie within
a narrow range from this value (Fig. 18). A1l An values >24 mol% are for
cores. ,

Fig. 16. Transmitted plane Tight photomicrograph of “wormy resorption” of
quartz phenocryst in Bullfrog Member at 2223-ft depth. - -
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LETTER SAMPLE
IDENTIFICATION DEPTH (ft)

2233
2247
2289
2230
2318
2363
2410
2436
2476
2488
2555
2600

rRe—TOTMMOOD>»

LY AN, T SN v N 7 N ¥ B—." |

E

ALKAL! FELOSPAR

Fig. 17.
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Relative proportions of those felsic phenocrysts having the largest

areas in thin section for Bullfrog Member.




ALKAL] FELDSPAR PLAGIOCLASE
BsO,wt% Or+Ca, MOL% . An, MOL%

ANALYSES

0 15 60 80 40

Fig. 18. Histograms of wt% Ba0 and mol % orthoclase + celsian in alkalf feld- -
spar, and mol%Z anorthite in plagioclase of Bullfrog Member. These
components were obtained from complete chemical analysis by electron
microprobe. : . :

Mafic phenocrysts consist solely of biotite (maximum single-crystal area
‘in thin sectfon 0.56 mm<) except at 2555-ft depth, where hornblende is also
abundant. Hornblende  phenocrysts range 1in size to 0.32 mm®. - Many are
euhedral twins. The pleochroic formula {s « = pale yellaw green, g8 = greenish

* "brown; and y = greenish brown. ~Most hornblende and biotite plienocrysts are

unal tered except for slight blackening of their rims. The most severe altera-
tion of biotite 1s at 2436-ft depth, where only cores of bfotite grains remain
unaltered. Below 2317-ft depth, biotite and the hornblende at 2555 ft contain
‘ abgndant tiny inclusions of euhedral zircon (<0.005 mm¢) and apatite (<0.003
‘mme¢), plus a few larger oxide inclusions. The hornblende also contains bfio-
~tite inclusions and is ftself included within some plagioclase phenocrysts.
Above 2317-ft depth such inclusions are rare. =~ o L

" Major-element -compositions of bfotite do not vary significantly with
depth in the Bullifrog Member and all analyses were used for Fig. 19.- Biotites
- "are relatively magnesium-poor (median Mg/(Mg '+ Fe) molecular ratio = 0.39)
. throughout the ‘unit, but they contain higher barium contents in the upper
portfon of the unit than in the lower portion (median Ba0 = 1.3 vs 0.3 wt%,
respectively). The hornblende of sample 2555 exhibits Mg/(Mg. + Fe) ratios of
—about 0.44 (Fig. 19). - Co . S _

Allanite, found only at 2600-ft depth, occurs as whole or broken twinned
prisms with & maximum size of 0.10 mm¢, -Its pleochroism {s a = pale orange,
.8 = orange, and y = dark orange. Many allanite grains are associated with
* .oxides and may contain apatite and zircon inclusions.. Sphene {s absent from
the Bullfrog Member. = S YT

: © . 3. Tram Tuff. The proportions of matrix, lithic fragments, and pheno-

crysts are shown for each thin section of the Tram tuff in Fig. 20. Informal
lower, middle, and upper subunits (suggested only for discussion) are based on
the amount of 1ithic fragments in each and on other characteristics discussed
below. ~ The upper unit (2639- - to - 3083-ft depth) contains <108 1{thic
. fragments; the middle unft (3083« to =~3350-ft depth) contafns™ 20 ‘to 27%
1ithic fragments, and the lower unft (~3350- to 3522-ft depth) contains 34
to 37% lithic fragments. The latter two units were combined as the lower Tram
- {n the preceding section. = . e C

c .
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MOLECULAR Mg/({Mg+ Fe) Ba0, wt% IN BIOTITE

ANALYSES

93 04 05 08 07 15 30

Fig. 19. Histograms of molecular Mg/(Mg + Fe) in biotite and hornblende
(stippled pattern), and wtg Ba0 in biotite of Bullfrog Member.
These components were obtained from complete chemical analysis by

. electron. microprobe, 'Salid pattern:for sample. depths 2247-235.:} ft; .' :

no pattern for sample dapths 2486-2600 ft.

Quartz phenocrysts have distinctively larger areas in thin sections of
the Tram tuff than 1in any other unit gf the USW-G1 core; many have areas
>2 mié and the maximum area is 6.0 mme. Their areas in thin section {n-
crease stratigraphically upward except very close to the top of the Tram at
2641-ft depth, whera quartz phenocrysts are much smaller. Areas in thin
section are slightly larger for alkali feldspar in the upper unit than in the
middle and lower unfts; maximum areas are 2.1, 1.3, and 1.0 mz, respectivae-
ly. Few plagioclase phenocrysts_have areas in thin section >1.0 » al-
though a maximum area of 2.3 mé was observed. Areas in thin section for
plagioclase do not vary appreciably throughout the Tram tuff.

The relative proportion of quartz among those felsfc phenocrysts having
the largest areas in thin section is distinctively high (>40%) for all thin
sections of Tram tuff except at 2541-ft depth (Ffg. 21); such high proportions
are ralated to the exceptionally large size of the quartz phenoccrysts. Rala-

_tive proportions of quartz are particularly high (60 to 6§9%) for the middle
unit (3083 to ~3350-ft depth) and lowest (40 to 43%) for the lower unit
(~3350- to 3522-ft depth).

The compositions for cores, midranges, and rims of alkali faeldspar are
similar throughout the Tram tuff, but compositions of plagioclase in the upper
and middle units differ significantly from those in the lower unit (Fig. 22).
The median orthoclase {Or) + celsian (Cn) end-member content is 67 mol¥ and
the median barium oxide content is 0.5 to 0.6 wt% for alkali feldspar through-
out the Tram (Fig. 22). Most of the Or + Cn values are within a narrow range
and all such values <62 are for rims. The dominant anorthite (An) end-member
content of plagfoclase 1s 21 mol% for the upper and middle units, and it is 37
mol% for the lower unit. The range in An contents of plagfoclase is very
broad for the upper and middle Tram and may be due to a bimodal population of
plagioclase phenocrysts.
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SAMPLE

QMIIQN DEFTH (ft)
2641
2698
2790
2854
2868
2901
2937
3001
3116
3196

3258

. 3321
3371

3500 -

AUTHIC
FRAGMENTS

LITHIC FRAGMENTS
60%

2L rXCe—-TOTMTMOO®> N

PHENOCRYSTS &0 MATRIX

Portion ot
Biagram Shown

Moo ¥ v, LV IRN Y ISR VIR ¥ AU VIR V)
£0% 40% 0% 20% 10% 0%
PHENOCRYSTS B o o - (100% MATRIX)

Fig. 20. Proportions of 1lithic fragments. phenocrysts. and matrix in thin
~sections of Tram tuff. o _
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LETTER SAMPLE
IDENTIFICATION DEPTH (ft)}
284
2698
2790
2854
2863
2901
2337
3001
3118
3198
3258
3321
3371
3500

QUARTZ

ZErAC—IOMMOOD>

Y. . M. S M M. M. M Y
ALKAU FELDSPAR PLAG:OCLASE

Fig. 21. Relative proportions of those felsic phenocrysts having the largest
areas in thin section for Tram tuff.
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ALKAL! FELDSPAR PLAGIOCLASE
820, wt% Or4Cn, MOLY - An,MOL%

15 77 €@ & 0 20 30 4 &N 6

0
@ a. Sample depths 2641-3321 ft.
-l
4
Z
1 1
o o 20 1 64-
| ] +
& 10- ]
| | ]
4 LA J A A ST AN S 'y | . rTfilrrrgrre ey ryryrrev vy v
.0 15 ’ 70 6 &0 10 - 20 3.4 . 80 - 60

" b. Ssmple depths 3371-3500 fr. . Diagona! pattern for plagioclase
_in lithic fragments.

- Fig. 22. Histograms of wt%¥ Ba0 and: mol% orthoclase + celsfan. in alkalf
: - feldspar and mol% anorthite {n plagioclase of Tram tuff. These

components were obtained from complete chemical analysis by electron

microprobe. . | ' R ‘ :

Biotite, having a maximum individual phenocryst area in thin section of
‘0.52 mm¢, {s present within the Tram tuff, but hornblende {s present only in
1ithic . fragments. Bfotite comprises 0.2 to 0.5%2 of the rock in the upper
unit, 0.1-0.2% in the middle unit, and 0.05 to 0.1% in the lower unit. The
hornblende in the middle unft occurs at 3258-ft depth in 1ithic fragments -
derived from the underlying Dacite flow breccia. Most biotites in the matrix
are unaltered except for a-slfght blackening of their rims, but a few bfotites
~in the matrix are severely altered in a-manner similar to those in lithic
fragments, and these probably are xenocrysts (Fig. 23). Oxide inclusions-are
much more abundant in biotite and richer in tiny apatite and zircon within the
-upper unit than the middlie or lower units. PR -
. Biotites fn the upper unit of the Tram are appreciably more magnesium-
rich in the uppermost portion (2641- and 2698-ft depths, Figs. 24a,b) than in
.. the remainder of the upper unit (2790- .to. 3001-ft depths, Fig. 24c). The
composition of bfotite 1s similar throughout the lower and middle units of the
- Tram and all -these analyses were used for Fig. 24d. Most biotites 1in the
matrix of the lower and middle Tram are relatively magnesium-poor (median
molecular Mg/(Mg + Fe) = 0.44), but a few have higher magnesium compositions
(Mg/(Mg + Fe) >0.60) that are similar to compositions of biotite in  lithic
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Fig. 23. Reflectad plane 1ight photomicrograph of altered bfotite in matrix .
of Tram tuff at 32585ft depth.

fragments. The medfan barfum oxide content of biotite is 1.0 to 1.5 wt%
throughout the Tram tuff.

Allanfte, with a maximum single-crystal area 1in thin section of
0.05 , occurs throughout the middle and lower units of the Tram, but is
absent from the upper unit. Its pleochroism is a = pale greenish yellow, 8 =
orange, and y = dark reddish orange. Sphene is absent from the Tram tuff.

0. Summary

Quantitative characteristics such as those described for the Prow Pass
and Bullfrog Members of the Crater Flat Tuff and the Tram tuff are summarized
for all units of the USW-G1 core between 1191~ to 6000-ft depth in Table III.
These characteristics are distinct for each stratigraphic unit and will aid

greatly in their correlatfon throughout Yucca Mountain. Sets of certain

stratigraphic units have similar phenocryst compositions (Table III) that
suggest common or very similar origins for these units.

A1l units stratigraphically above the Dacite flow breccia contain bdio-
tite with median molecular Mg/(Mg + Fe) ratios <0.46, wheresas the Dacite flow
breccfa and all lower units have biotite with such ratios >0.55 (Table 1I1).
Eruption of the Dacite flow brecefa, which contains reflatively abundant,
magnesium-rich mafic phenocrysts, {s believed to have depleted the amount of
magnesium available for biotite in stratigraphically higher units.

The Tram tuff, Lithic-rich tuff, and the upper portion of the Older
bedded and ash-flow tuffs contain plagioclase having very similar dominant
An contents and broad ranges in An contents (Table III). The broad ranges in
An contents are due to an abundance of calcfum-rich plagfoclase phenocrysts
having An contents ranging from 28 to 36 in these units. Felsic phenccrysts
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Fig. 2.

ANALYSES

B Ry
MOLECULAR Mg/iMg + Fe) MY BaD, we% IN BIOTITE
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a. Upper Tram, sample depth 2641 ft.
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b. Upper Tram, sample depth 2698 ft.
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c. Upper Tram, sample depths 2790-3001 ft.

8- - I

03 ©04 ©0s 06 07 O 15 a0

- d. Lower and middle Tram, sample depths 3116-3500 ft.

Histograms of molecular Mg/(Mg + Fe) ' in biotite and hornblende
(stippled pattern), and wt% Ba0 in biotite of Tram tuff. These
components were obtained from complete chemical analysis by electron
microprobe. Oiagonal ruling for grains in 1ithic fragments.
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TABLE 111

SUMMARY OF QUANTITATIVE FACTORS THAT CHARACTERIZE STRATIGRAPHIC UNITS
BETWEEN 1191-6000-FT DEPTH IN- THE USW-G1 CORE

$ Relative Proportion of Feldspar Compositions

Those Felsic Phenocrysts
Having the Largest

Areas in Thin Section Alkali Feldspar Plagloclase Biotite Cospositions

Depth Nuber  Lithic  Pheno- : Raage for  Madian Medfan
Intarval of Thin Fumﬂts crysts . Alkal!  Plagio~ Medisa Medlan Dominant Host Aa  Moleculsr uts

Uit (te) Sections (%) Quirtz  Feldspar clase  Oriln W3 BaD A Coataats  Mg/(Wg +Fe) Bad

! nm’!m e N9)-1426 5 -8 )-3b - 1P e s .1 % -4 0.44 ©.1
Ash-flow tuff of - .

Calico Wills 1426-1736 3 1-4 3-6 50-58  17-26 2226 7 €. 20 %-23 0.3 <.
Badded/remorked tuff .

of Calica Nills 12361802 3 3 ) 32 15 53 n 2.0 ” 24-40 0.46 0.1
Ash-flow Wit of .

Prow Pass or 1802-2162 5 1-2 918 815  A1-49  4)-48 53 0.1 n e 0.42 6
Bedded/reworked tuff )

of Prow Pass or  2162-211) 1 2 1Y) 0 % o 60 0.4 1} 14-20 0.44 1.2
Upper Billfrog bor  2173-2420 7 0-3 15-27  13-33  26-40  35-58 6 0.6 13 13-19 0.39 .3
Lower Bullfrog dbr  2420%2639 & -5 12 §-13 152 42-54 ] 0.6 11 13- 0.40 0.3
Upper Tram tuf? 26393083 9 2410 n-18 d-6d® w0 2 61 0.5 21 -8 0.41¢ 1.4€
Hiddle Tranm tuff 3083-2350* & 2-21 918 60-69 13-26 12-27 6 0.§ 21 17-41 0.44 1.0
Lower Tras tuft 0s0*3s22 2 M- N w043 19-37 20-4 67 0.6 Y] 28-63 0,44 1.0
Lava of flow breccfa  3568-3920 4 0 B-2% 0 0 100 - - ] 54-809 ¢ -
Lower tuff of flow : . "

breccla 3520-3946 1 ? 113 0 0 100 .. -- 4 38-50 0.66 1.9
Lithic-rich tuff 39464580 12 go—zn‘ 7-18 012 %N 2-588 M3 0.7 19 164 0.58 1.0
Upper older tuffs 4840-5320 0 2-g W25 2-49 19-55  19-38 6 0.5 " 15-37 0.55 0.8
Hiddle older tuffs  §320-5434 2 N2 W3 154 818 487 67 0.9 29 15-36 0.58 1.3
Lower older wifs 5434-6000 6 P 15-32 ‘0 -6 94-100 72 3.4 32 26-45 0.62 1.2

Depth givea s accurate to #20 ft.

Excludes values for o single sample.

Excludes values for two samples. ..

Excludes values for three siaplas. ¢
Nedian for hornblends = 0.68.

Blotite rare: wadisa for harnblends = 0.66.

ODominaat Aa = €7, raage = 45-52 for microphanocrysts.
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within the 1{thic fragments abundant in the Tram tuff, L{thic-rich

upper and middle portfons of the Older tuffs are mostl’y calciun-:ic:ugig:gf
clase (An contents >28). More complete fragmentation. of tdentifiable lithic
clasts would result in calcfum-rich plagioclase xenocrysts that might differ
from plagioclase produced by magmatic processes by their lack of zoning and

------small, angular shapes (features that have been recognized in the Tram tuff).  _

The Tower portfon of the Older bedded and ash-flow tuffs contains abundant
calcfun-rich plagfoclase but few alkali feldspar and quartz phenocrysts:
(Table 111), and 1ithic fragments of this unit have been found in the Lithic-
rich tuff. Therefore, it {is suspected that the Tram tuff, Lithic-rich tuff,

- -and upper and middle portions of the Older bedded and ash-flow tuffs incor-__

.——...porated xenocrysts of plagfoclase as they were erupted through the lower
portion of the Older bedded and ash-flow tuffs. - T

, The number of allanite and sphene grains in thin section is summarized

for the USH-G1 core in Table IV. The abundances of these accessory minerals

di ffer strikingly between portions of some units such as the Lithic-rich tuff

that do not differ for any characteristic summarized {in Table 1Il1. Conse- -

quently, abundances of allanfte and sphene might allow recognition of specific
gortioas of : stratigraphic unit and aid detailed correlatfons of units within
ucca Mountain. coo- o ,

V. ZEOLITIZATION AND ALTERATION PROCESSES

" Zeolite-grade metamorphism has been "defined as the lowest grade of
regional metamorphic alteration of rocks by Fyfe et al. (1958) based on the
early work on burial metamorphism of Coombs (1953). It occurs at temperatures

- below 200°C .and pressures below 300 MPa (for example, see Winkler, 1965;

Turner and Verhoogen, 1960) and {s typical of dfagenetic and low-temperature
hydrothermal - alteration. - It {s best developed in tuffs or other rocks that
inftially contained significant amounts of thermodynamically unstable volcanic
glass (Hay, 1966; Coombs, 1970; Sheppard, 1971; Hay, 1978; Barrows, 1980). It
is also common in argillaceous graywackes and desert alkaline Takes (for ex-
ample, see Shepard and Gude, 1968, 1969) and is widespread in both shallow and
deep marine sediments (for example, see Boles, 1977).

Only recently the zeolfte grade has been subdivided into zones that are
consistent, mappable, and can be correlated between rocks of differing bulk
composition (Ifjfma, 1975). 1Iijima and coworkers tentatively assigned zone
boundaries from downhole temperature measurements in Japan to marine tuffs
that are currently undergoing zeolitization {I1i1jima, 1975, 1978, 1980; Iijima
and Owha, 1980; Ifjima and Utada, 1971). Some applications of recent studies
on-zeolite zonation to radfoactive waste isolation are being reviewed by Smyth
and Caporuscio (1981). , o o

’ _The process of zeolitization involves. significant exchange of water and
cations between pore fluids and solid phases. The zeolfte may appear as fine-
- grained replacement of glass, as shard overgrowths, and as veins or irregular
masses that fi11 cavities and fractures. Nonwelded and partially welded glass
shards and pumice clasts with large effective surface areas are most affected
by zeolitizatfon, whereas densely welded unfts are least affected. As
- temperature fncreases, analcime, laumontite and other zeolites, or albite plus
- potasssium -feldspar and quartz may replace precursor zeolites such as clinop-
tilolite, mordenite, and heulandite. Rocks in the deeper zeolite zones may
have recrystallized three or more times, effectively oblfterating primary
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TABLE IV

SUMMARY OF THE NUMBER OF ALLANITE AND SPHENE GRAINS IN THIN SECTION FOR
STRATIGRAPHIC UNITS BETWEEN 1191-6000 FT DEPTH IN THE USW-G1 DRILL CORE

Total Number of

grains
Depth Interval Number of
Unit (ft) Thin Sections Allanite Sphene
Topopah Spring Member ‘

(lower part) 1191-1426 5 1 0
Tuff of Calico Hills  1426-1736 4 1 0
Prow Pass Member 1802-2173 6 2 0
Upper Bullfrog Member 2173-2420% 7 0 0
Lower Bullfrog Member 23202-2639 5 5 "0
Upper Tram tuff 2639-3083 8 0 0
Lower and middle Tram

Tuff 3083-3522 6 20 0

-Flow breccfa . -~ 3558-3946 - 5 0 .0 -

Lithic-rich tuff " 3997-44502 6 11 20
44503-4940 6 5 - 0

Upper Older tuffs . 4930-51102 3 4 0
’ 51002-5320 5 3 15

Middle Older tuffs 5320-5492 2 2 2
Lower Older tuffs 5492-58002 4 22 19
58002-6000 2 1 2

2 Depth given is accurate to +50 ft.

shard taextures and the outlines of earlier zeolites. Phenocrysts in nonwelded
and welded units that crystallized at high temperature to anhydrous phases are
generally unaffected by early diagenetic zeolitization, except for some frac-
ture fi11. As is typical of higher grade regional metamorphism, retrograde
metamorphic zeolite minerals are rare. In general, only the mfnerals of the
highest zone attained are preserved, although, in places, minerals typical of
lower grades may persist as relict phases or may fi11 fractures developed
subsequent to the highest grade attafned.

The specific minerals that develop during zeolite-grade metamorphism are

a function of temperature, fluid-phase composition, and initial composition of
the rock. Pressure does not appear to be a significant variable in the pres-
sure range below 100 MPa (1 kbar) typfcal of most zeolfte-grade metamorphic
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regimes (I1jima, 1980). Iijima (1975, 1978, 1980) defined two compositionally
distinct zeolite sequences: an alkali series dominated by sodium and potas-
sium zeolites typical - of altered silicic volcanics, and a calcic series
dominated by calcium zeolites typical of altered andesitic to basaltic tuffs.
Each series 1s divided into zones, and temperatures are assigned to zona)
boundarfes based on extensive temperature measurements in boreholes drilled in
the search for petroleum in Japan. These marine tuffs are currently undergoing
dfagenetfic. alteration beneath the water table. The mineralogies typical of
each series are given in Fig. 25. The temperatures of boundaries between
Zones I1 and I1I, and III and IV, have been given as a function of sodium {fon
cong:ntriztgion,in the fluid phase by Iijima (1975). His diagram {s reproduced
as g' L] - » b . . .

VI. CLAY MINERALS

The smectite group of clay minerals,  including montmorillonite,
sagon!te. and befdellite, {s closely associated with zeolites in dfageneti-
cally altered tuffs. These common clays occur as 100% expandable minerals in .
low-temperature environments; with increasing temperature, smectites can be
interstratified with a nonswelling clay mineral, usually {11ite. The transi-
tion from a predominantly swelling clay mineral, to an interstratified {11{te/
‘smectite, and -then to a nonexpanding {11{te-rich material {1s well documented
in argillaceous sediments subject to low-temperature metamorphism (Perry and
‘Hower, 1970, 1972)}. This transttion, however, has not been fully examined for
tufficeous rocks. Interstratification has I{mportant consequences on the
physical and chemical properties of clay minerals. Cation exchange capacities

i
| g

: ALBITE
| eus

X SMEICTITE
SERES | ongeiii

0!
o
ANALCIME

--_“r-_-_-_t_--_l

T,

-2 ] “an 130-124

TEMPERATURE (°C)

Fig. 25. Zeolfte zone mineralogy for alkalf and celcic ~zeolfte series.

-, Approximate temperatures of boundaries between zones at bottom of

~ figure are from If{jima (1980) for marine tuffs with high concen-
trations of ‘sodfum fon fn pore fluids (Iijima and Ohwa, 1980).
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Tite + silica + Hp0 - analcime + quartz + Hp0 + albite + quartz
+ Ha0 (I1jima, 1975). Yucca Mountain data added (Smyth and

Caporuscio, 1981). Stability fields of the above phase assemblages
are labeled.
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Fig. 26. Sodfum fon concentration vs temperature for reactions c¢linoptilo-



decrease fram 80 to 130 meq/100 g for some pure smectites

15 meq/100 g for {111ite-rich 1nterstrat1f1cationi. Swelling am:o dgﬁys:ra:?::
properties are affected in a similar manner; the ¢ dimension of smectites may
vary by more than 50% with small ‘changes fn temperature and water pressure,
while {l111tes are only slightly affected. Smectites commonly lose between
5 and 15 wtt water on heating to 100°C, 111ite/smectites lose 4 to 10%, and

1{11{tes lTose less than 2% water.

Dioctahedral sodium-potassium smectites with 1fttle or no ‘Interstrati-

fied 1111te may be abundant in Zeolite Zone I of Iijima (1975), especially in
nonwelded units. Smectites may completely replace welded tuff units. Clays
are present in at least minor amounts in all zones of the tuffs from Yucca
Mountain (Heiken and Bevier, 1978; Sykes et al., 1979). 1In general, complete
clay alteration of welded, devitrified tuff from the Yucca Mountain area tends
to be confined to borders of significant fractures. Chlorites have been iden-
tified 1n Zones III and IV fn thin section but have not been unequivocally
Ydentified by x-ray diffraction. (Chlorites are easfly confused with kaolin-
1te by x-ray methods.) In the Tower portions of Zone 1V, “secondary biotite
appears to replace some clay-rich bands observed in thin sections.

In nonwelded zones, clays .occur finely disseminated throughout the
matrix, and fn the Topopah Spring Member a few {solated horizons are complete-
ly replaced by smectite clays.. Finely disseminated clays also may be the
product of postcooling alteration of residual glass in welded units. In some
cases, major clay alteration in the Topopah Spring appears to be related to

fractures and. occurs as an alteration rind up.to several centimeters on efther.

side of fractures,- partfcularly fn and adjacent to -the basal vitrophyre.
Clearly, fracture permeability is an important factor in the formation of
clays in tightly Awelded tuff. .

VII. SYNOPSIS OF ALTERATION ZONES IN USW-G1

Zone I of Iijima comprises the’ Towest temperature and pressure regime

and ranges from no alteration to local complete replacement by smectite clays”

and opal. The dominant clay mineral {is a dfoctahedral Na-K smectite with

minor opal and chalcedony. 1In USW-G1, this zone extends from the surface to

(t:._li 12;:?' portion of the Topopah Spring Member of the Paintbrush Tuff
go . . ' T

The first unit encountered in drilling USW-Gl was the Yucca Mountain
Member, below which s the Pah Canyon Member, both of the Paintbrush Tuff.
Both members are nonwelded where exposed in upper Drill Hole Wash. These
upper members of the Paintbrush Tuff were not cored in USW-Gl, but drill chips
and nearby outcrop samples were examined. Alteration :in these units f{s
principally confined to local clay-rich horizons. The nonwelded units show
pervasive and locally extensive development of smectite; however, most samples
appear essentially unaltered and fresh.

The Topopah Spring Member s a thick, compound cooling unit of ash-flow
tuff. It shows a densely-welded, devitrified central zone approximately
1000 ft thick, a lower vitrophyre approximately 50 ft thick, and a basal
_norwelded zone. Minor amounts of nearly 100% expandable smectites are present
‘throughout the welded portion of this member., These clays may comprise up to
10% of 'samples 1n this unit and are disseminated through the finely
crystallized matrix. Locally, along fractures, clays may completely replace
the matrix of the tuff and comprise 40% or more of some samples (for example,
see 995 ft, 1286 ft).
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Fig. 27.
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~ YUCCA MOUNTAIN LITHOLOGIES
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Lithology diagram for USW-G1, UE25a-1, and J-13 drill holes.
Zeolite 2zones are shown as Roman numerals, and boundarfes are

correlatad between holes. (For explanation of stratigraphic symbols
see Fig. 2.)
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The top of Zone Il (Fig. 27), at about 1280 ft, §s placed at the first
occurrence of pervasive replacement of matrix by clinoptilolite. A few minor
occurrences of this zeolfte” fill fractures and:line cavities above this

- Jevel. At the 1280-ft level, clinoptilolite is associated with extensive
smectite alteration around fractures just above the basal vitrophyre. The
zeolite at this first cccurrence is more properly termed heulandite because it
1s rich in calcium and low in silica, similar to the first occurrence in drill
. ‘hole UE252-1 (Sykes et al., 1979). Only minor amounts of smectite were noted
fn the center of the vitrophyre; however, appreciable (true) clinoptiloifte s
present at the bottom of the vitrophyre, particularly in compacted pumices. _

Extensfve clinoptflolite alteration has affected the Bedded tuff of

Calico Hi1ls and extends into the nonwelded top of the Prow Pass Member of the
~ Crater Flat Tuff. The clinoptilolite here 1s a true alkalf clinoptilolfite as
‘ . defined by Boles (1972) with high Si and Jow Ca. It may comprise 80% or more
o of some horizons. The ceatral portion of the Prow Pass Member was densely
.- - welded, and it devitrified during cooling to alkall feldspar, quartz, and
. er{stobalite. Zeolites were not observed in samples from the 1883-, 1942-,
and 1982-ft levels in this drill hole. Below the welded central portion of
this. unit, zeolite alteratfon s again extensive in the nonwelded base and
into the nonwelded to partly welded top of the Bullfrog Member. ODfoctahedral
smectites are sporadically developed in the top of the Bullfrog. Also in this
. member, we begin to see extensive development of mordenite, which appears as
. sprays of fibrous crystals (Fig. 28). The relationship between clinoptilolite.
. and mordenite is not understood. They havé very simiTar compositions, and the
- mordenite may have replaced clinoptilolite as temperature increased. However,
this 1s difficult to document or infer from textural evidence because the only
mordenite positively 1identified 1{n thin section .grew 1into cavitfes.

| ﬂg' 28. :Sprays of mordenite needles and [éiinopti'lo‘liié_ prisms project {nto
L " cavity 1n:nonwelded upper portfon of Tram tuff at depth of 2698 ft.
USW-G1, plane 1ight, 100 X magnification. v _
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Development of mordenite is sporadic through the upper subunit of the Bullfrog
and increases in the upper nonwelded portion of the lower subunit. ‘

The moderately to densely welded core of the lower subunit is devitri-
fied to predominantly quartz and alkali feldspar with only minor cristobalite.
This contrasts with densely welded units above this level (Prow Pass and
Topopah Spring) in which cristobalite predominates over quartz. It may be
- that the temperatures and pressures of middle-to-lower Zeolite Zone Il have
" {nverted the metastable cristobalite to quartz, the stadble form of $102 in -
this P-T range. In the welded, devitrified zone, we observed a slight in-
crease fn dioctahedral smectite content over zeolitized units above; these are
Na-K smectites randomly interstratified with less than 10% 1111te. :
T " Balow the welded central portion of the Bullfrog, we again see extensive
zeolitization of the non- to partly welded lower portion of the Member. Smec-
tites are scarce or absent in this region. There i3 extensive development of
mordenite in samples from 2555- and 2600-ft depths; however, the percentage of
mordenite appears to decrease with depth and is in low abundance in zeolfitized
samples from the upper portfon of the Tram. The percentage of clinoptilolite
then decreases with increased welding, and zeolites are absent from the welded
central porticn of the Tram, except as minor fracture fill. :

The moderately to densely welded, nonzeolitized core of the Tram extends
from about 2750 ft to about the 3050-ft depth. As in the welded portion of
the Bullfrog, there are pervasive dioctahedral Na-K smectites with less than
10% {11ite comprising up to 10% of samples .from the welded portion of this
- unit. Here again, quartz predominates over cristobalita. S

The top of Zone III (Fig.-27) is placed at about the 3100-ft level ba-
cause of the pervasive development of analcime and quartz replacing precursor
clinoptilolite, although traces of analcime occur as high as the 3000 ft
.level. Na-K dioctahedral smectites similar to those in Zones I and II are
comon in the top of Zone III. These smectites are interstratified with less
than 15% 111ite, and preliminary data show no clear trend of {ncreasing inter-
stratification with depth. The Tlower 490 ft of the Tram Tuff {is non- to
partly welded ash-flow tuff, and replacement of clinoptilolite by analcime 1s
somewhat sporadic. Such a replacement involves a major exchange of alkali and
alkaline-earth cations: the principal alkali cation in analcime is sodium,
whereas clinoptilolite and mordenite contain variable proportions of sodium,
potassfum, and calcium. The replacement of precursor zeolites by analcime is
a function of sodium-ion concentration in fluids as well as temperature
(I1jima, 1975), so {1ts development is likely to be strongly controlled by
permeability, particularly near the edge of its stability zone.

Also in the nonwelded base of the Tram, we observed secondary sulfides
with pyrite replacing and surrounding oxide minerals and growing freely in
open fractures. The presence of ferrous iron and reduced sulfur {indicates
fairly low-oxygen fugacities during alteration of these rocks, although it may
be lowered by proximity to the lava flows and breccias immediately below the
base of the Tram. : :

Below the Tram {is the Dacite flow breccia. The groundmass, which was
inftially glassy, fs now altered to smectite {interstratified with less than
20% 111ite. Alteration appears to be controlled by fluid access with smec-
tites forming along fine fractures observed in thin section. Substantial
amounts of unaltered periitic glass were observed in thin section. Coarse
crystals of clinoptilolite up to 2 mm in length partially f111 fractures in
this unit, but pervasive development of zeolites in the groundmass was not
observed. Microprobe chemical analysis of this zeolite indicates that it is
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a sodfum-rich, high-sflica clinoptilolite, and thus fs an exceedingly rare
occurrence of coarsely crystalline clinoptilolite.

Below the Dacité.flow breccfa, the 1ithology.returns to silictic ash flow
in the unft termed Lithic-rich tuff. This §s a thfck non- to partly welded
ash-flow sequence that has been extensively altered. The groundmass phases
are typically analcime, quartz, and potassium feldspar. Clay alteration fis
extensfve, especfally in and near fractures and in pumice clasts. o
. The first authigenic albite in the core was noted in sample 4341 and

again in 4400, where it has partly replaced coarsely crystalline analcime and
grows fnto or fills cavities and vugs (Fig. 29). Authfgenic albfte was not '
~observed again until below the 5000-ft 1level. ' However, posftive -
" fdentiffcation at 4340 and 4400 ft, where 1t clearly replaces analcime, would
place the top of Zone IV at about 4350 ft for purposes of estimating the
maximum temperatures to which the rocks were exposed. Authigenic albite in
these rocks 1s nearly pure albfte with Tess than 3 mol¥ potassium feldspar and
no detectable calcium, barfum, magnesium, or fron. This is consfistent with
fts growth from a nearly pure sodic analcime. ‘ '

Below 5000 ft, authigenic albite and potassfun feldspar become the
dominant secoridary minerals in the nonwelded as well as in welded units.
These interbedded welded and nonwelded ash-flow, airfall, and reworked tuffs
have, 1n some cases, become so recrystallized that original textures are
difficult to recognize in thin section. Chlorite and celadonite are both
common in these lower units and appear to replace clays and oxide minerals.
- Micro ggbe chemical analysis indicates that some chlorites .contafn 25 wt% or-
more Fe0. - . ' o o '

A. Maximum Geothermal Gradient '

From zeolite-zone boundaries, 1t s possible "to estimate a maximum
galeogeothermal gradient for USW-Gl., Following the temperature zones of
1jima (1975, 1978, 1980) and Ifjima and COhwa (1980), 1t {s possible to
estimate temperatures of zone boundaries achieved in the rocks of the core.
Sodium concentrations present in pore fluids are estimated to be 200 to
1000 ppm based on well water compositions between 200 and 500 ppm (Winograd
and Thordarson, 1975). This would place the Zone 1-1I boundary at 40 to 65°C,
the Zone 11-1II boundary at 95 to 105°C, and the Zone 1Il-IV boundary at 130
to 145°C (I1jima, 1975 and Fig. 26). Plotting our cbservations of these zone
boundaries, we obtain an estimated maximum paleogeothermal gradient for USW-G1
(Fig. 30) substantially above what . fs currently measured within the drill
hole. The three points plot reasonably close to a straight 1ine intersecting
the surface near 20°C. - : _ :

This is evidence of Tow-grade hydrothermal activity in this area in the
past, not surprising for a thick pile of volcanic rocks. This hydrothermal
activity 1s sufficiently low in grade that one would not expect to find a
shallow pluton within 1 or 2 km of the bottom of USW-Gl. The activity may be
related to Crater Flat Caldera or to the much higher grade hydrothermal
alteration that {s present in Calico Hills to the northeast. The nearly
straight 1ine of the maximum paleogeothermal gradient may be taken as evidence
that the maximum temperatures were reached after the youngest units (that fis,
~ Paintbrush Tuff) were in place. The lack of zeolites in the current Zone 1 is
~evidence that the “upper unfts - have  never -been : deeply burfed and that
~ temperatures in this zone never rose above about 50°C for any -length of time
(see Fig. 30). This may be taken as evidence that Yucca Mountain has remained
a relatively stable structural block since emplacement of the Pafntbrush Tuff.
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Fig. 29.
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Photomicrographs of authigenic albite growing in nearly isotropic
coarsely crystalline analcime. Slight anisotropy in analcime can be
seen at right in A. This sample from 4400-ft depth marks the top of

zeolite Zone IY¥. USW-G1, 30 X magnification, A. crossed polars, B.
plane-polarized light.
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~ Fig. 30. Approximate current geothermal gradient of drill hole USW-Gl f{s
shown by ‘solid 1ine. Estimate of maximum paleogeothermal gradient {is
shown by dashed lime. 0Data points are probable temperature ranges
of boundarfes between zeolite Zones I, II, III, and IV in the cores.

-+ The -temperatures estimated from zeol{te-zone boundaries, however, do not
‘agree with the temperatures expected from the degree of interstratification in
the smectites. Perry and Hower (1970) found that the percent expandabiliity in
smectite/1111te decreased to 60% at 60°C, 40% at 80°C, and 20% at 100°C in
Gulf Coast ofl wells. The lack of agreement between zeolite and 111te/
smectfte temperatures- suggests that the zeolites and clays may have formed at
-geparate times. o ‘ S B —

B. Oxide Mineral Alteration Trends T - '

quitous Fe-T1 oxides are observed both as microphenocrysts and as
‘alteratfon products in the ash flows and lavas. Morphologies indicate that
both cubfc [magnetite-ulvospinel solid ‘solution serfes (Mt-Uspge)l: and
rhambohedral [{lmenitehematite solid solution serfes (Ilm-Hemge)] phases are
‘present. Subsequent oxidation of the Fe-T{ oxides after erup%: on ‘produced a
series of oxidation exsolution stages in the original grains. Haggerty (1976)
-has devised & series of empirfcal oxidation exsolution stages for both the
cubfc (C; to C7) and rhombohedral (Ry to- R7) phases, where: 1 denotes
unoxidized and 7 denotes complete oxidation. That classification fs used in
“this report to {identify the relative maximum oxfdation state of the samples
(Table V). In all cases, the oxfdation state of the Iim-Hemgg closely
parallels that of the Mt-Uspgg. Therefore, all oxides reported are given a
C-fdentification for consistency. The oxidation state -of the Fe-Ti oxides fs

51




TABLE ¥

EXSOLUTION OXIDATION OF Fe-T{1 OXIDE CUBIC AND RHOMBOHEDRAL PHASES2

Cubic Rhombohedral

C; magnetite Ry 1lmenite

C2 magnetite (+ 1imenite) Rz {Ilmenite + rutile

C3 ilmenite + magnetite R3 rutile + ilmenite

C;4 mottled {Imenite + magnetite + rutile + titanohematite +
rutile + hematite + pleonaste ferrian rutile + ferrian
(meta-11menite) ilmenite

C5 rutile + titanohematite Rs rutile + titanohematite

Cs rutile + titanohematite Rg Rs rutile + titanchematite
(+ pseudobrooki te) (+ pseudobrookite)

pseudobrookfte + (titano-

hematite + rutile) .

Ry pseudobrookite + (rutile +
titanohematite) - -

3 After Haggerty, 1976.

dependent on the ambfent fop, which in turn can be correlated to the
permeability and degree of welding of the tuffs. For nonwelded tuffs (hfgh
permeability), the Fe-T1 oxides typically are highly oxidized (Cg-C7).
Densely welded tuffs (low permeabflity) record 1low oxidatfon states
(C1-C3). Exceptions are notable near the base of the Tram and the lower
portion of the Older bedded and ash-flow tuffs. In both fnstances, the fluids
that permeated the tuffs had low fop and, therefore, the ox{ides are only
partly oxidized. The oxidation state for tuff units having comparabta degrees
of walding also decreases slightly with depth. This effect may be related to
the paleogeothermal gradient or a change in the fop of the ground-water
system. :

The upper half of the core shows an inverse ralationship between oxida-
tion state of the Fe-Ti1 oxides and the degree of welding of the tuffs. The
Topopah Spring tuff oxide microphenocrysts are virtually unaltered fa the
vitrophyre, show slight oxidatfon in the densely welded portions (C3), and
higher oxidation in the partly welded zone (C5). The Calico Hills oxidas
reflect maximum oxfdation states (C5-Cy) in the non- to slightly welded
tuffs that comprise the unit. The Prow Pass Member ranges in degree of
welding from non- to moderately welded, and the the oxides range from C7 to
C2, respectively. In a similar manner, the two major cooling units of the
Bullfrog Member show the same relationship between permeability and maximum
oxidation state. Only in a portion of the Tram {s there deviation from this
pattern. The upper portion of the Tram 1s quite consistent with the results

presented above, but lower in the Tram (3253 to 3500 ft) nonwelded tuffs have
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oxfdes that are virtually unoxidized (C2). This effect can be correlated to
the presence of pyrite in veins at that fnterval;: fndicating that reducing
fluids permeated the tuffs.

- In the Dacite flow breccla, axides close “to fractures are highly
oxidized, whereas oxides any appreciable distance from fractures are
unaltered.  The oxide grains associated with the tuffs from 3940 to 5200 ft
show similar relatfons to degree of welding stated above. The dffference f{s
that the oxfdes are oxidized one step less for comparab'ly welded tuffs (that
is, -Cg for nonwelded and C3-C5 for - partly ‘welded). In the un-
divided sequence of tuffs from 5200 to 6000 ft, the opaque oxidation state 1s
dictated only in part by the degree of welding. These oxides show appreciable
reduction in thefr oxidation states. The slight reduction in oxidation from
3940 to 5200 ft may be due in part to paleotemperature effects or else to
" changing ground water chemistry. The substantfally reduced oxidation states
from 5200 to 6000 ft can reasonably be explained by fluids with lower f
values. These fluids were carbon dioxide rich; ervasively deposite oﬁ
calcite 1n all samples 1n the ‘lower Older bedded and ash-g‘low tuff. ,

C.. Comparison of USH-GI with UEZSa-l and J- 13

~ The 11thologies and zeolite zones of USW-G1 are compared fn Fig. 27 uith
those observed §n UE25a-1 and J-13. From the relative positions of the
~zeolite-zone boundarfes, one can see some trends that may be -sfgnificant for
interpretation of regional alteration and hydrothermal history. The Zone I-II
- §s -diffifcult to place exactly in.all three holes because {t appears to occur
in the weldéd portion of the Topopah Spring Member where it would not be seen
because of primary devitrification to anhydrous phases on cooling. The Zone
- 11=111 boundary 1s observed in USWN-G1 and J-13 and provides an fndication of
. maximum thermal gradients -in each hole. The much narrower Zone Il and higher
“level of Zone I1-I1I boundary in J-13 indicates & substantially ‘higher maximum
geothermal gradient in J-13 than in USW-Gl. This {s consistent with J-13's
closer proximity to higher grade'alteration zones {n Calico Hills. The Zone
11-111 boundary was not observed in UE25a-1, but the apparent thickness of
~Zone Il {s consistent with this hole's intermediate position between USH-G1
and J-13. A deepening of UE25a-1 would allow firmer inferences to be drawn
concerning past thermal -regimes at the Yucca Mountain sfte. -The Zone III-IV
boundary was observed only in USW-G1, although careful examination of samp'les
from the lower units of J-13 was not made.

VIII. X-RAY POIIDER DlFFRACTION ANALYSES

A. __0b ectives S ' ‘ '

e two principal ohjectives of these ana'lyses were to characterize the
“bulk uinerﬂogy ‘of the drill core for mineral phases and to estimate their
“proportions. The mineralogy of special features, such as fracture and cavity-
fi1ling minerals, and replacement phases after shards and pumice were aliso
- studfed. - Phase proportfons are desired for qualftative fnterpretation of
mineralogical changes, not for quantitative property determinatfons. Because
of the extremely fine fgrain size of some of the secondary minerals and:over-
lapping composftions of some of these phases, it is frequently difficuit to
~fdentify phases by electron” mcroprobe analysis. Sample preparation and x-ray
df ffraction (XRD) analysis were selected approximately every 15 m. Where
mineralogical changes are evident, samples were more closely spaced.

———
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8. Ana‘lyltical Technique . ,
or bu analysfs, approximately 1 g of sample was removed from

returned core using a steel hammer, if required. Harder (more welded) speci-
mens were crushed in a steel stamp mill. A1l specimens were then ground in
acaetone in a porcalain mortar to less than 10 micron grafn size (estimated).
The ground sample, suspended in acetone, was dispersed on a 5- x 5-cm glass
slide so that the sampla covared the center 2- x 2-cm area to an approximate
thickness of 100 to 200 microns. :

Dfffraction patterns were obtained using a Siemens model D-500 powder
df ffractometer equipped with a Cu-target x=-ray tube and diffracted-beam mono-
chromator. Patterns were run from 2° to 36° 28 and recorded on a stripchart
recorder. Samples were glycolated and patterns rerun from 2° to 15° 2e.
Excess ground sample material {is stored in the Taboratory for future reference.
Rletaﬂed procedures are outlined in Quality Assurance documents on file at Los

amos.

C. Phase Identification _

Minerals were {dentified from standards recorded by the Joint Committee
on Powder Diffraction Standards (JCPDS) and secondary standards developed at
this Laboratory. The minerals can be rapidly identified by recognition of
characteristic peaks or pafrs of peaks of distinctive relative intensities.
In some cases, particularly for zeolite minerals, observed lattice spacings
(d) were systematically smaller than those for JCPDS standards. This was
attributed to differences in-hydration states, and secondary standard patterns -
" were prepared -and used. Standard ‘patterns, -characteristic " peaks, and

interpretations are listad below. : .

1) Montmorillonite (JCPDS 13-239). This included various smectites
(for example, montmorillonite, saponite, beidellite) plus {interstratified
smectite/i111tes. A low-angle peak occurs between 5 and 7° 2e. The low-angle
peak generally occurs at lowaer 20 (4 to 6°) after glycolation, indicating a
predominance of swelling clays in {nterstratifications. -

: 2) Mica/Illite (1114te JCPDS 2-462, biotite JCPDS 2-45, muscovite JCPDS
7-25). A characteristic peak occurs at 8.3 to 8.9° (9.9 to 10.0 &). Because
noninterstratified 1111te has not been {identified in this core, this peak is
almost certainly from various primary or secondary micas.

-3) Clinoptilolite/Heulandite (JCPDS 21-131). Most peaks appear shifted
to slightly larger 20 (smaller d) perhaps as a result of differences in
hydration state. Characteristic peaks occur at 22.8° and 22.5°, plus two
smaller peaks at 9.85° and 11.25°.

4) Mordenite (JCPDS 6-239). Mordenite has peaks that overlap main
peaks of clinoptilolite; however, characteristic peaks occur at 25.7° and
19.8°. If major amounts of mordenite are present, minor amounts of clinop-
tilolite are difficult to distinguish. o ,

5) Analcime (JCPDS 7-363). In decreasing order of. height, character-
istic peaks occur at 26.15°, 15.9°, 30.8°, 33.5°, and 18.45" 2¢. Serious
overlap problems with these geaks were not encountered. ,

6) Quartz (JCPDS 5-490). Characteristic peaks occur at 26.55° and
20.9°. In samples in which a secondary peak of alkali feldspar at 26.65°
possibly overlaps the main peak, the minor peak was used to determine small
amounts of this mineral. ' , B

7) Cristobalite/Opal (JCPDS 11-695). Opal in these specimens {s,
almost exclusively, opal-ct, which 1s an extremely fine-grained mixture of
cristobalite, quartz, and amorphous material. In patterns of bulk specimens,
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sufficient detail 1s not available to distinguish opal from cristobalfte,
which {s a comon primary mineral occurring with sanidine in spherulftes and
in cavities within densely welded zones. The single characteristic peak at
21.9° §s overlapped by a minor peak of alkali feldspar so that identification
of minor amounts of cristobalite and/or opal is difficult. .

. 8) Alkali feldspars. A range of compositions and structures gives rise
to some varfability In peak locations and intensities. Strong characteristic
peaks occur at 27.4°, 27.8°, and 28.05° 2e. o o

= §) Caleite (JCPDS 5-586). A single characteristic peak without
substantfal overlap problems occurs at 29.5° 2e. In calcite-rich samples
minor peaks at 23.15° and-31.6° were also observed. . S

10) Glass. X-ray-amorphous silicate glass gives a broad {ntensity
maximum between 20 and 30° 2e. Minor amounts (<20%) of glass are not deter-
minable in samples containfng several phases that cause crowding of peaks in
the range 20 to 30° 2e. ‘ L

11) Tridymite (JCPDS 14-260). The main peak occurs at 21.8° with a
slightly less intense peak at 20.7°. The larger peak {s adjacent to
cristobalite (21.9) and the smaller to quartz (20.9); however, in general,
these are easily distinguished. ' , R
20.7° %2) Sfderite (JCPOS 8-133). Characteristic peaks occur at 32.05° and

. . ‘ C

. Percentage Estimates ‘ : : -
.- - The concentrations of various minerals present .have beep qualftatively .
estimited based on peak hefghts and areas (integrated intensities) relative to
observed hefghts and areas in pure specimens. 1In dofng this, several assump-
tions are made. First, all minerals have approximately the same average
atomic number and thus have similar total scattering and absorption param-
eters. Second, significant preferred orfentations are not present (but this
{s certainly not true for most clay- and mica-rich samples). Third, major
varfations fn composition and structure do not occur within any given phase
{not strictly true for feldspars). Feourth, sample preparation is the same for
each sample. . . : f
Estimates reported in the Appendix are {intended for qualitative inter-

- bretation of major mineralogical changes and are not for quantitative appli-
- cations. Any application of these data should include consideration of. the
. validity of the eabove assumptions and the overlap problems assocfated with

specific mineral pairs cutlined 1in the previous section. Approximate con-
centrations- of phzses are shown diagrammatically as a2 function of d_epth in

Fig. 31.

IX.  CONCLUSIONS AND RECOMMENDATIONS e
A large volume of information about the hydrblogy. geology, geophysics,

~ . seismicity and Quarternary geomorphology of the Mevada Test Sfite has been

published, some on open-file, by the U.S. Geological Survey. Many other
organizations, including the Nevada Operations Office of the Department of

 Enmergy, Los Alamos Natfonal Laboratory, Sandia Natfonal Laboratory, and.other
- natfonal laboratorfes have added to this data base. The core drilling of

USW-G1 at Yucca Mountain was -done by the Nevada Nuclear Waste Storage
Investigations as an fimportant first step in determining whether this area
contains a suitable stratigraphic unit of tuff in which to site a repository
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for permanent storage of nuclear wastes. Additional drilling 1s {n progress.
Thus, this preliminary report on stratigraphic and petrologic characterization
of selected specimens from USWN-G1 core {s only<a small part of a large,
"ongoin?'endeavor. SN - i SR .y

he data contained in this report, however, tzken {in connection with
Spengler and associates’ log of the core, are sufficient to fdentify certain
favorable (and unfavoreble) stratigraphic tuff units in the search for a
nuclear waste -reposftory. A particularly promising candidate s a 975-ft-
thick ash-flow tuff within the unit cored as Lithic-rich tuff. It extends
from 3946 to 4921 ft in USW-Gl. This ash fiow has been tightly sealed by
recrystallfzation of {its original glass components by burial metamorphism.
This tuff had reached the point in its alteration history where the typical
minerals characteristic of the highest stage of Ii{jima's zeolite zones were
befng replaced by minerals that mark the lowest stage of the Greenschist
metamorphfc facfes. (A petrographicdescription of this tuff s in section
I1I-H of this report.) .

Thick sectfons of densely-welded ash-flow tuff have certain character-
fstics attractive for a waste repository. Among these are  better mechanical
© strength and thermal conductivity than is typical of less-welded, glass-rich
~ tuff (Johnstone and Wolfsberg, 1980), and reduced cifnoptilelfte abundance,
which lessens the potential for disadvantageous, near-field, thermally induced
mineral changes (Smyth and Caporuscic, 1981). In the USW-G1 core, representa-
" tive sectfons of such densely welded tuff - &re found -in the lower cooling
- unft of the Topopah Spring Hember, the Bullfrog Il cooling unit and the upper
part of the Tram tuff. In the light of thermal modeling (Bulmer and Lappin,
1980), the.latter two units may be too thin to absorb the fncreased heat from
the repository before zeoljtized horizons are affected. The Topopah contains
& much thicker section of densely welded tuff [approximately 900-ft thick
(Spengier et al., in preparation)]. It is above the water table--a character-
istic whose relative advantages or disadvantages are a matter of debate.
Resolution of this question demands a more thorough characterization of the
‘mineralogy -and physical properties of these unfts. EE

Further detailed work on the petrologic, chemical, and physical char-
acterization of tuff should be concentrated on the most favorable unit (or
units) for a repository. It is time to focus the numerous experiments now
being conducted on the chemical and physfcal nature of “tuff as a rock™ finto
site-specific experiments on particular kinds of tuff present in those units
of sufficient size and competence to form suitable candidates for & repository.,
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APPENDIX

X-RAY DIFFRACTION ANALYSIS OF TUFF
SAMPLES USW-G-1, 292 TO 5980 FT
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X-RAY DIFFRACTION ANALYSIS OF TUFF

e
N
Samples USW-G-1, 292 to 5980 FT
Depth .
of MHontso- Niite Clino- Cristo-. Alkali Tridy-
Sample rillonite Muscovite ptilolite Mordenite Analcime (Quartz balite/Opal Feldspar Calcite Glass  aite Coauent
252 - 2-5 - - - - 30-40 . 40-70 - - -
352 - Ir - - - - 20-30 . 4070 - - 510
3y Tr r? - - - - %40 ~  40-70 - - 10-15
45GA  10-20 Tr? - - - - Ir 30-40 - - 4060 Lithophysal linings
4508 2-5 Tr - - - Tr 30-40 25-40 - - 10-20 Hulk
SURA 5-10 - - - - 10-20 2-5 20-30 - - 40-60 Lithophysal )inings
S48 5-10 - - - - 20-40 2-5 20-30 - - 30-50 Lithaphysal limings
S04C $-10 Tr - - - - 40-60 -4 - - 5-10  Bulk possible contam.
8534 2-5 - - - - 2-5 30-50 30-40 - - - Bulk
5538  10-15 - - - - 10-20 10-20 - 30-40 - - 20-30  Cavity linin? coatam,
619A $-10 - Ir - - 20-40 5-10 . 20-30 - - 30-40 Lithophysal lining; Str.
contaa,
. 6198 5-10 - - - - 510 30-50 30-40 - - Ir  Bulk
673 2-5 Ir . - - 10-20 2545 . 30-4% - - Tr?
1227  10-15 - - - - Tr 25-45 30-40 - - - Bulk
1228 16-15 - 15-25 - - Tr? 20-40 . 10-20 - - - Fru:?;‘e Vining contam.
v. slight
I5A  Tr - - - - 2-5 30-50 - 30-% - - - Bulk
%78 «x X - - - X . x - - - x?  Fracture lining contam.
819 2-5 - - - - 2-5 30-50 30-40 - - Tr?
874 Te - - - - 25-40 10-15 30-45 - - -
936A 2-5 - - - - 20-40 Tr 5-10 30-50 - - Vein(?)
938  Tr - - - - 35-60 5-10 20-40 - - - Bulk
9958 5-10 - - - - 20-40 - . 20-30 - - 20-35 Cavity lining contam.
9958  30-40 Tr - - - 2-5 30-50 25-40 - - - Bulk
1063 2-5 - - - - 10-15 30-50 - 25-40 - - -
1A 10-15 - - - - 10-15 20-30 - - 20-30 Fracture lining contam.
11048 5-10 - - - - 10-20 30-50 25-40 - - -  Bulk
nAa 5-10 - - . - 10-20 30-45 25-40 - - -
1179 2-5 Ir - - - 10-20 40-60 30-50 Tr - -
1191 5-10 Tr - - - 10-20 0-60 . 2040 Tr - -
1240 2-5 - - - - 10-20 20-10 30-50 - - -
1214 - - - - - 10-20 30-50 ° 30-50 - - -
1281A 5-10 Tr - - - 2-5 50-40 " 10-20 - - - Cavity lining
12818 2-5 - - - - 15-25 30-60 30-%0 - - - Bulk
1286 20-30 - 10-20 - - Tr 25-40 ' 10-20 - - -
1292 Tr - - - - - $-10 © 5-10 - 80-9%0 -
1319 - - - - - Tr Tr 2-5 - 80-95 -
1M1 - - - - - Ir 2-5 2-5 - 80-90 -
1357 Ir Tr - - - Tr 5-15 ‘ 5-10 - 75-90 -
1392 Tr - 5-10 - - 1r Tr Tr - 80-45 -
1400 Tr Tr 60-90 - - $-10 5-10 5-15 - - -
1436 - Tr 65-85 - - 10-20 2-5 . 5-10 - - -
1492 Ir - 50-60 - - 2-5 -5 510 - - -
1539 Tr . 30-50 - - 5-10 2-5 30-50 - - -
156) Ir - 60-85 - - 10-20 2-10 . 10-20 - - -
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X-RAY DIF!-;RACTION ANALYSIS OF TUFF (cont‘d.)
Samples USW-G-1, 292 to 5980 FT

Depth . . .

of Montmo-  [1)ite Clino- ' Cristo- - Alkali ' Tridy- :
Sample rillonite Muscovite ptilolite Mordenite Analcime (Quartz balite/Opal Feldspar Calcite Glass  mite o Comment
1639 10-20 Tr 60-90 - - 2-5 2-5 2-5 - - -

1693 Ir - 40-70 - - $-10 s-15 1525 - - -

18 - - 40-60 - - 5-10 20-30 | 1530 - - -

m.  Ir Te 30-70 - - 10-20 2-5 20-30 - - -

1784 1r? 5-10 15-39 - - 15-30 5-10 30-50 . - -

1799 Tr Tr 40-70 - - 5-10 15-25 5-10 - - -

1419 ) R - 20-30 - . 5-10 20-30 20-40 - - -

1854 Tr 2-5 25-40 - - 2-5 20-30 ° 20-40 - - -

1883 - - - - - 25-40 5-10 40-60 Tr - -

1992 - 2.5 Tr - - - 25-40 10-20 * 40-60 - - -

1982 Tr - - - - - . 40-60 30-50 Tr - -

09 T - 50-80 - - .25 $-10 16-20 - - -

2083 r . - 40-60 Tr - 2-5 10-26 ° . 10-20 - - -

2136 2-5 Tr 25-50 20-40 - Tr $-10 . 15-25 - - -

2166 - Tr 30-60 15-30 - Tr 5-10 5-10 - - -

an Tr 2-5 30-70 - - Tr 10-20 - . 10-20 - - -

2198 Ir 2-5 50-80 - - Ir 10-20 10-20 - - -

2233 Tr 2-5 20-40 15.30 - 5-10 10-20 " 15-25 - - -

2247 - 2-5 30-60 - - 10-30 5-10 . 20-30 - - -

2289 - Tr 25-50 30-50 - Tr 2-5 10-20 - - -

2% 2-5 Tr 30-60 30-50 - 2-5 2-5 16-20 - - -

2316 Tr . 2-5 20-30 30-60 - , 2-5 2-10 . 10-20 - - -

2218 10-20 2-10 - - . - 25-40 5-10 25-40 - - -

2163 2-5 2-5 - - - 25-40 510 40-60 - - -

2436 Tr 2-5 - - e 25-40 5-10 - 30-50 - - -

M8 . 2-§ - - - 2540 10-20 40-60 - - -

2555 Ir 2-10 20-50 20-40 - 5-10 5-10 - 16-20 - - -

2600 -, Ir 30-60 20-40 - 2-5 2-5 10-20 - - -

2607 - Tr 20-50 10-20 - 15-30 2-5 .10-20 - - -

262240 Tr 2-5 . 20-50 10-20 - 25-40 5-10 10-20 - - - Dk, Green Incl,
28 - 2-5 20-40 10-20 - 20-40 2-5 10-20 - - - Bulk .
20641 Tr 10-20 25-40 - - 5-10 15-25 30-50 - - -

2698 r . 5-10 30-60 - - 10-20 10-20 . 20-30 - - -

271488 1r 5-10 5-10 - - 25-40 10-15 15-30 - - - Bulk
2nm T Tr 2-5 - - 20-40 10-1% . 20-35 - - - Mjwhitish altn,
2190 Tr 2-5 - - - 30-50 2-5 “ 4D-60 - - -

2804 2-5 5-10 - - - 25-40 2-5 '15-25 - - -

2054 25  5-10 , - - - 25-40 - 510 . 2030 Tr - -

2088 Tr. 5-10 - - - 25-40. . 2.5 . 30-50 - - -

290A Tr 2-5 - . - 2540 $-10 ~. 40-80 2-5 - -  Bulk
2901 Tr 2-5 - - - 20-30 . 510 30-50 30-50 - - Cc vein
2986 Tr 2-5 - . - 25-40) $-10 40-70 Tr? - -

k11 2-5 2-5 - - 2-5 20-40 - 510 40-60 - - -

w53 Tr 10-20 15-30 - T .- 2640 - §r ‘3050 .- - -

alle 2-5 2-5 16-20 - 2D-40 2-3% 5-10 " 20-30 - - -

ny 5.10 2-5 - - 10-20 25-40 2-5 "10-20 - - -



X-RAY DIFFRACTION ANALYSIS OF TUFF (cont'd.)

e
+
Samples USW-G-1, 292 to 5980 FT

Depth

of Montwo- Nlite Clino- Cristo- Alkali Tridy-
Sample rillonite Muscovite ptilolite Hordenite Analcime Quartz balite/Opal Feldspar ‘Calcite Glass  mite Cament
319%A 20-30 5-10 30-60 - - 10-20 Tr 20-40 - - - White altn.

3968 Tr 2-5 10-15 - - 25-40 2-5 20-30 Ir? - -  Bulk

3218 10-15 5-10 5-10 - - 20-30 2-5 30-50 - - -

3258 10-15 2-5 10-20 - - 20-40 2.5 . 203 - - -

3321 10-15 5-10 10-20 - 2-5 20-40 Tr 10-20 - - -

B3NA 10 - - - - - - ) - - - «  Green altn,

33718 2-5 2-5 - - 40-80 10-20 2-5 5-10 - - - \eia

3nc  10-15 5-10 2-5 - 2-5 20-40 2-5 20-30 - - - Bulk

33724 50-80 2-5 2-5 - - 5-10 - 2-5 - - -  Greea altn.

v 10-15 $-10 5-10 - 5-10 20-40 2-5 15-30 - - -  Bulk

34334 W-50 15-30 - - - 5-10 2-5 30-45 - - - Large green clot
3433 S-10 5-10 Tr - 2-5 20-40 2-5 T3040 - - - Bulk

3500 15-30 5-10 - - 2-5 25-40 2-5 . 15-30 - - -

3549 15-20 - - - 30-50 20-40 810 - 10-15 - - -

3559 20-40 2-5 5-10 - 5-15 15-3% Tr 10-20 Tr - -

35948 - 2-5 - - - 15-30 20-30 40-60 - - - Non-brec. lava
35948 5-10 $-10 - - - 20-40 15-25 20-30 Tr - -  Matrix of breccia
36214 20-30 - - - - 2-5 5-10 . 40-60 - - - Bulk flow breccia

] red vein
6218 15-20 Tr 30-50 - - 2-5 5-10 . 20-30 - - - Bulk flow breccia
red veln

3658 40-80 - - - - .- 5-10 30-40 Gosid.-like

Jisen W-40 - - - - Ir 2-5 " 40-60 Tr - - lLava block

37068 20-30 - - - - 2-5 5-10 30-50 - - - Matrix

3755A 2-5 - 5-10 - - 30-50 20-30 - 10-20 - - -  Red ? white alt'a, of

matrix

3558 20-30 - - - - - 10-20 20-30 - - - Lt. lava block
3755C 2-5 Tr Tr - - 2-5 30-40 30-50 - - - Dk, lava block
350 Tr - 5-10 - - 30-60 40-10 2-5 - - Vein siderite 2-5
I7S8E 10-20 Tr 10-15 - - - 153 . 20-0 - -  Matrix altn. siderite 2-5
3810 40-60 - - - - - 2-5 20-40 Tr - -

38504  20-30 - 5-10 - - - 2-5 .  20-4 - - - Bulk

08 10-20 - 5-10 - - - 10-20 . 20-40 - - - Alta, in vein

) siderlite 10-15

9144 20-30 - Ir - - - 5-10 40-60 Tr - Bulk

94 20-30 - - - - Tr 5-10 " 40-60 - - Slickensides
3925 30-50 5-10 - - - 15-30 2-5 15-28 - - -  Kaolin 2-5

K7, ] 10-20v 5-10 - - 510 20-3% $-10 20-30 - - -

9404 =70 10-1% - - - 10-20 - 5-10 - - - Altered pusice kaol 2-5
s 15-20 2-5 - - - 15-30 ITe . 10-)5 - - - Kaol 2-5 bulk
354 10-20 5-10 - - 5-10 20-40 Tr ° 10-15 - - -

ki) Tr 5-10 - - 30-50 15-30 2-5 10-20 - - -

4052 Ir Tr - - 30-50 25-40 Tr 16-20 - - -

4045 Tr 2-5 - - 35-55 25-40 2-5 10-20 - - -

4149 2-5 5-10 - - 15-25 25-40 2-5 - 20-40 - - -

4204 2-% 5-10 - - 15-2% 254 5-10 . 20-40 - - -
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X-RAY DIFFRACTION ANALYSIS OF TUFF (cont'd.)
Samples USW-G-1, 292 to 5980 FT

PO N

Pepth

of Momtmo-  Nlite Clino- Cristo- Alkali Tridy-

Sample rillonite Muscovite ptilolite Fordenfte Analcime Quartz balite/Opal Feldspar Calcite Glass mite Comment
42467 %-10 - - - 40-60 30-50 - . 8-10 - - -  White vein
42468 10-15 2-5 - - Ir 25-40 2+5 44-50 - - - Bulk

4295 2-5 Tre - - 30-50 25-40 2-5 30-50 - - -

4321 10-15 5-10 - - 2-5 25-40 2-5 -20-40 - - -

4241A 60-80 Tr - - - 10-15 . 5-10 - - -  Cream-gray altd, pumice
4118 2-5 2-5 - - 5-10 25-40 2-5 °  20-80 - - - Bulk

4357 2-5 - 25 - - 5-10 25-40 5-10 - 20-40 - - - Bulk :
43518 50-80 5-10 - - - 5-10 2-5 . 510 - - «  Cream-gray inclusion
4400 10-20 Ir - - 15-2% 25-40 2-5 15-25 - - -

4451 Tr Ir - - 10-15 30-50 Tr 20-40 - - -

4503 5-10 Tr - - 2-5 30-50 Tr 20-40 - - -

4550 Tr - - - - 15-30 10-15 30-50 - - - Dk, xenolith
45598  10-20 Tr - - 10-20 20-40 2-5 20-30 - - - Bulk

4612 2-5 Ir - - 10-20 30-50 2-5 - 20-30 - - -

4626 - - - - Te 25-40 2-5 . 50-70 - - -

4652 10-20 - - - 20-40 25-40 Tr 30-50 - - -

4700 - 2.5 2.5 - - 10-20 25-40 2-5 30-50 - - -

4750 10-207 2.5 - - 10-20 25-40 2-5 20-30 - - -

4405 5-10 Tr - - 5-55 25-40 T 10-20 - - -

4848 10-15? Ir - - 10-20 25-40 2-5 20-30 - - -

4876A Tr 2-5 - - 5-10 25-40 . 15-30 - - - Pulk

®wes - - . - - 1018 2-5 -5  50-80 - -  Gray vein
M2 Tr Ir . - 5-10 40-60 ir - 1528 - - -

4911 10.20 Tr - - 10-20 25-40 . 20-20 - - -

4958 10-20 T 3 - 30-50 40-60 2.5 20-30 - - -

49987  30-50 Tr . - T e 20-38 - 30-50 - - «  Altd, pmice
49988  20-30 2-5 - - 2-5 25-40 Tr 10-20 . - - Bulk

5026 Tr Tr - - e - 25-80 “Tr 30-50 - - -

5049 10-20 10-20 - - - 15.30 - 30-50 - - -

5093 2-5 e D [ - _— 30-50 Tr 20-30 Tr - -

5126 Tr 2-5 - - 35-58 25-30 2-5 _10-20 - - -

5167 Tr Tr . - 3558 25-40 2.5 10-20 - - -

5212 Tr Tr - - 15-25 25-20 2-5 10-20 - - -

5253 Tr - - - 30-50 25-40 Tr- . 40-60 - - -

$296 Ir —Tr - - 10-20 25-40 Tr 120-30  10-20 - -

5N0 2-5 Tr i (x4 - - 20-30 T - 40-60 - - -

s - ‘- - - - 30.50 5.-10 25-40 - - -

5329 Tr Tr - - 15-28 25-40 2-5 .- 20=30 - - -

5334 3-50 Tr Tr - - 25-40 - 15-25 Tr - -

5487 TIr Ir - - - 20.3% 2-5 - 30-60 - - «  Bulk

S8  Ir . . - - 28 - Ce 0D - - Wide vein
5378 16-20 2-5 10-20 - - 15-30 Tr ; 15-25 - - -

5412 Ir Tr - - 10.25 25-40 2-5 - 20-30 . . -

5433 20-30 2-5 Tr - - s-10 Tr 20-30 - - -

5458 20-30 2-5 10-20 - - 20-40 Tr - 25-40 - - -

.
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X-RAY DIFFRACTION ANALYSIS OF TUFF (cont'd.)
Samples USW-G-1, 292 to 5980 FT

99

Pepth . .
of Montmo- lite Clino- Cristo- Alkali Tridy-

Sample rillonite Muscovite ptilolite Mordenite Analcime Quartz balite/Upal Feldspar Calcite Glass wite Causuent

41 Tr 2-5 - - 15-25 25-40 Tr - 25-40 - - -

S494 2-5 2-5 - - 15-30 25-40 2-5 20-30 - - -

5534 10-20 $-10 5-16 - Tr 10-20 Tr 30-50 Tr - .

§560 $-10 10-1% 10-20 - - 20-40 . Tr 15-25 - - -

5596 Tr 2-5 - - 10-20 25-40 Te - 18-25 - - = HNeph? {10-20)

8637 Ir 2-5 - - 10-20 25-40 2-5 40-60 Ir - -  Kal? Tr

6679 Tr 2-5 - - 5-10 25-40 2-10 25-40 Tr? - - -

8699 r 2-5 - - 10-20 25-40 2-5 " 30-50 Ir - -

8746 Tr 2-5 - - 10-20 20-35 2-§ - 10-50 Tr - -

5803 Ir 2-§ - - Tr? 20-40 10-15 . 3W-5 Tr - -

8447 Ir - - - - 25-40 5-10 40-60 - - -

S448 2-5 Tr? - - Tr? 15-30 2.5, 40-00 Tr - -

S9477  10-20 Tr - - - 2-5 5-10 . 40-60 - - - Kao:? Tr, Green altered
punice

59428 Tr - - - 10-20 25-40 -% . 0% 15-30 - - Bulk (Ma-Calcite?)

S350 5-10 2-5 2-51 - 200 - Tr 30-50 - - -
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