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Samples

One-hundred and fifty-seven samples of the
upper cliff and caprock zones of the Tiva Canyon Tuff
were collected from the conceptual controlled area
(fig. 2). Sampling sites were located by superimpos-
ing a rectilinear grid with a spacing of 500 m on the
geologic map of Yucca Mountain (Scott and Bonk,
1984), and specific sites were selected as close to the
grid nodes as possible within the constraints of out-
crops of the upper cliff. Map coordinates for samples
were obtained using a portable Global Positioning
System (GPS) receiver and are accurate to £100 m.
Additionally, 38 samples from a measured strati-
graphic section (Geslin and Moyer, U.S. Geological
Survey, written commun., 1993) of the Tiva Canyon
Tuff at Solitario Canyon were collected. These sam-
ples were processed identically to the upper cliff and
caprock zone samples; however, only a limited set of
geochemical data were obtained from them.

Approximately 1 to 2 kg of sample were col-
lected from outcrops using standard steel hammers.
Veins and coatings of surficial calcite, large pumice
clasts, and lithic clasts were avoided in collecting the
samples. In the laboratory, subsamples were obtained
from hand-specimen-size pieces using a 0.5-inch-
diameter diamond drill with deionized coolant water.
Two cores approximately 2 inches long were taken
with emphasis on the rock matrix. The cores were
rinsed in deionized water, dried, and pulverized to
approximately 200 mesh using a hardened steel ring
and puck mill. Splits of the 200-mesh powders were
used for oxygen isotope, neutron activation, and x-ray
fluorescence analyses.

Methods

Oxygen isotope compositions were measured at
the Department of Geological Sciences, University of
Saskatchewan, Canada. Oxygen was obtained by
decomposition of about 10 mg of a sample powder
using bromine pentafluoride. Samples with calcite
were leached with 5 percent acetic acid or 10 percent
hydrochloric acid prior to analysis. The isotopic com-
position of oxygen is reported in units of permil devia-
tions (8'*0 values) from Standard Mean Ocean Water
(SMOW). Replicate analyses of samples and stan-
dards indicate that 8'*0 values are reproducible within
0.5 permil. Instrumental neutron activation analysis

was performed by Activation Laboratories, Ltd. in
Ontario, Canada. Major elements and common trace
elements are determined with a precision of 10 percent
or better; uncommon trace elements may have preci-
sions approaching 100 percent at their detection limits.
X-ray fluorescence analysis was performed at the
U.S. Geological Survey using an energy-dispersive
detector; these concentrations are precise to

+10 percent. Accuracy of all geochemical data was
assured by calibration to a suite of internationally
accepted standards.
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OXYGEN ISOTOPES AND TRACE
ELEMENTS IN THE TIVA CANYON TUFF

The Tiva Canyon Tuff is the uppermost welded
unit of the Paintbrush Group and consists of a basal
high-silica rhyolite and an overlying unit of quartz
latite that were deposited from an eruption of the
Timber Mountain-Oasis Valley caldera complex
(Lipman and others, 1966) at 12.7 Ma (Sawyer and
others, 1994). Where exposed in incised canyons
around Yucca Mountain, the crystal-poor high-silica
rhyolite is about 100 m thick, and the overlying
crystal-rich quartz latite has a thickness of about 30 m.
Both units show varying degrees of welding, vesicu-
larity, devitrification, and lithophysal development
that have been used by Singer and others (1994) as a
basis for dividing the Tiva Canyon Tuff exposed at
Antler Ridge into five zones. Although these zones
are also present in the section of the Tiva Canyon Tuff
exposed at Solitario Canyon, which is part of the
present study, there are some subtle distinctions perti-
nent to the variations in 8'®0 values and some elemen-
tal contents of the samples.

OXYGEN ISOTOPES AND TRACE ELEMENTS IN THE TIVA CANYONTUFF 5



SOLITARIO CANYON REFERENCE
SECTION

Petrography and Geology

Samples collected from a measured reference
section of the Tiva Canyon Tuff on the east side of
Solitario Canyon (Geslin and Moyer, U.S. Geological
Survey, written commun., 1993) traverse a series of
zones having distinct physical and petrographic char-
acteristics (table 1, fig. 3). The bottom 13.6 misa
moderately welded tuff consisting predominately of
glass shards and 1 to 3 percent phenocrysts of quartz
and sanidine. The glass shards are yellow-brown in
transmitted light, although a few of the larger frag-
ments have darker cores that may be relict glass less
affected by later alteration. Alteration of the shards
must be limited to hydration of the glass because alter-
ation minerals are not observed with the petrographic
microscope (400 x). Only samples from this subzone
in the Solitario Canyon section contain significant
quantities of glass. Spherulitic and axiolitic inter-
growths characteristic of devitrification are rare in this
subzone, as are lithophysal cavities. This subzone is
below the hackly zone of the Antler Ridge section
described by Singer and others (1994).

Above the moderately welded subzone of the
Solitario Canyon section is 5.1 m of crystal-poor vitric
tuff, which is also below the hackly zone in the Antler
Ridge section of Singer and others (1994). The degree
of devitrification is high at the base of the zone and
increases upsection, culminating in complete devitrifi-
cation at the contact with the overlying lower non-
lithophysal zone (table 1). Both devitrification and the
presence of lithophysae will have significant effects on
the 8'30 values of the whole-rock samples, as will be
discussed. The lower nonlithophysal zone, the upper
part of which is correlative to the hackly zone at the
Antler Ridge section, is a 36 m thick, devitrified
welded tuff with shards that are completely microcrys-
talline to axiolitic. The degree of welding and con-
tents of spherulites and lithophysae increase upsection
in this zone grading into the lower lithophysal zone
(table 1), a 6.4-m-thick lithology with relatively abun-
dant lithophysae, tridymite-filled microvesicles and
granophyric textures. These textures are indicative of
relatively slow cooling in this part of the section and
crystallization of tridymite and feldspar from a vapor
phase (Smith, 1960; Ross and Smith, 1961; Singer and
others, 1994).

The next overlying unit exposed at Solitario
Canyon is a crystal-poor nonlithophysal zone (30.6 m
thick) that corresponds to the clinkstone zone at Antler
Ridge (Singer and others, 1994). The Tiva Canyon
Tuff in this zone is moderately to densely welded, and
the edges of the shards are obscured by microcrystalli-
zation or microgranophyres. The tuffs are totally
devitrified, as they are in most of the other sections,
but fibrous devitrification textures are sparse.

The crystal-poor nonlithophysal zone is overlain
by the crystal-rich lithophysal zone near the top of the
Solitario Canyon section (table 1, fig. 3). This zone is
13.5 m in thickness and is similar to the lower litho-
physal zone, but with more variable, although fewer,
lithophysae and pumice fragments. Many of the
pumice fragments have granophyric textures, and the
moderately welded tuff has been completely devitri-
fied. The abundance of phenocrysts increases upward
near the top of the section as this unit grades into the
quartz latite in the caprock zone. The lower part of
this zone (crystal transition subzone) of the Solitario
Canyon section is equivalent to the upper cliff zone
described by Singer and others (1994) at Antler Ridge.

Oxygen Isotope and Chemical
Compositions

Delta '30 values of whole-rock samples of the
Tiva Canyon Tuff from the Solitario Canyon section
range from +7.9 to +11.8 %o (table 2, fig. 3). This
range is within the range reported for pristine siliceous
volcanic rocks (Taylor, 1968), unlike the low values
(less than 6 %o) from rhyolites that have been hydro-
thermally altered or have a genesis involving meteoric
waters, brines, or hydrothermally altered crustal rocks
(Hildreth and others, 1984; Taylor, 1986). The 6'*O
values of the tuffs do not vary systematically with
stratigraphic height (fig. 3), although the lowest values
are in nonlithophysal zones and the highest values are
from the high-silica rhyolite of the lowest unit, the
moderately welded subzone with relict glass. Within
other zones of the high-silica rhyolite, the §'%0 values
are lower than in the glass-rich, moderately welded
subzone, but samples with more lithophysae or axi-
olitic textures tend to have higher values. In the
uppermost zones, most values are near +8 %o, although
the highest 8'*0 values are in samples having more
pumice fragments with microcrystalline or granophy-
ric intergrowths.
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Flgure 3. Delta %0 values of whole-rock samples as a function of stratigraphic height in the Tiva Canyon Tuff from
the Solitario Canyon reference section. Datum is the base of the Tiva Canyon Tuff. The subunit abbreviations are
described in table 1.
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In marked contrast to the irregular variation in
8'%0 values with stratigraphic height in samples from
the Solitario Canyon section, the titanium, zirconium,
barium, niobium, lanthanum and cerium contents of
the tuffs vary more regularly (table 2, figs. 4-6). The
concentrations of most of these elements are lowest
and constant in the crystal-poor, high-silica rhyolite,
but higher and increase regularly upsection in the crys-
tal-rich zones culminating in quartz latite. Niobium
contents in the high-silica rhyolite are slightly higher
than in the overlying quartz latite. Inasmuch as the
high-silica rhyolite was erupted prior to the quartz
latite and presumably represents the top of the magma
chamber, the increase in both phenocryst content and
concentration of these elements in the quartz latite rep-
resents a deeper part of the magma chamber. Virtually
identical variations in these elements with strati-
graphic position have been reported for other sections
of the Tiva Canyon Tuff (Broxton and others, 1989;
Peterman and Futa, 1996), the underlying Topopah
Spring Tuff (Schuraytz and others, 1989; Flood and
others, 1989; Neymark and others, 1995), as well as
many Quaternary ash-flow tuffs from other areas,
including the Bishop Tuff in California (Hildreth,
1979; 1981) and Los Humeros volcanic center in
Mexico (Ferriz and Mahood, 1987). Among the pro-
cesses that have been proposed to account for these
gradients in the chemical composition of silicic mag-
mas are crystal fractionation (Hildreth and Michael,
1983), contamination by roof rocks (Taylor, 1986),
selective diffusion (Hildreth, 1979), or combinations
of these. Exactly which processes were operating in
the magma chamber that produced the apparent gradi-
ents in the Tiva Canyon Tuff are as yet unknown and
beyond the scope of this study, except to note that the
gradients were magmatic in origin and not the result of
later alteration.

Concentrations of rubidium, strontium, potas-
sium, and especially calcium in the tuffs from the
Solitario Canyon section, vary less regularly with
stratigraphic height than most other elements
(table 2, figs. 7 and 8). The most significant variation
is in the calcium contents of samples from the top of
the section. The concentrations of strontium and
potassium are higher and the rubidium contents lower
in the quartz latite relative to the earlier deposited
high-silica rhyolite, but the variation in the contents of
these elements within each rock type is greater than
that of most other elements. As with most elements,
the higher strontium and potassium and lower rubid-

ium contents of the quartz latite, which represents a
deeper portion of the magma chamber than the high-
silica rhyolite, are typical of the chemical gradients
observed in many silicic magma chambers
(Hildreth, 1981).

Discussion of Results

Elements such as titanium and zirconium are
typically immobile during later alteration events in
volcanic rocks (Pearce and Cann, 1973) and, therefore,
ratios of their concentrations should reflect magmatic
processes. The contents of barium, cerium, zirconium,
and niobium not only vary regularly with stratigraphic
height, as shown in figures 46, but also vary directly
with titanium concentrations, and hence with each
other, for all lithologies of the Tiva Canyon Tuff from
the Solitario Canyon section (fig. 9). The high-silica
rhyolite was the first eruption in the series, represent-
ing the top of the magma chamber, and is crystal-poor
(less than 2 percent phenocrysts) in part because of the
paucity of cumulates. In contrast, the quartz latite pre-
sumably represents a higher temperature and deeper
portion of the chamber that contained significantly
more cumulates as evidenced by S to 10 percent modal
phenocrysts. Thus, the quartz-latite from the top of
the Solitario Canyon section is higher in titanium and
other compatible elements than the high-silica rhyolite
from the lower portions of the section.

Neither the calcium contents nor §'%0 values of
samples from the Solitario Canyon section vary regu-
larly with titanium contents (fig. 10). To a lesser
extent, the strontium, rubidium, and potassium con-
tents do not vary regularly with titanium contents,
especially for samples in which the strontium and
potassium contents are the lowest (fig. 9). Given that
the elements that correlate directly with titanium con-
tents do so because of magmatic processes, those that
do not vary with titanium contents most likely reflect
nonmagmatic processes, such as post-eruptive alter-
ation.

The lack of correlation between calcium con-
tents and stratigraphic height can be attributed prima-
rily to capricious amounts of secondary carbonate
present in the samples from the Solitario Canyon sec-
tion. Strontium is less affected because strontium to
calcium ratios are higher in the tuff than in pedogenic
carbonate. This carbonate has high 6'30 values near
+19, similar to those of vein-filling calcite from the

10 Oxygen Isotopes and Trace Elements In the Tlva Canyon Tuff, Yucca Mountain and Vicinity, Nye County, Nevada
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Figure 4. Titanium concentration as a function of stratigraphic height in the Tiva Canyon Tuff from the
Solitario Canyon reference section. Datum and abbreviations as in figure 3.
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Figure 6. Niobium, lanthanum, and cerium concentrations as a function of stratigraphic height in the Tiva
Canyon Tuff from the Solitario Canyon reference section. Datum and abbreviations as in figure 3.
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Figure 7. Rubidium and strontium concentrations as a function of stratigraphic height in the Tiva Canyon
Tuff from the Solitario Canyon reference section. Note the variations in concentration near the base of the
section. Datum and abbreviations as in figure 3.
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Figure 8. Potassium and calcium concentrations as a function of stratigraphic height in the Tiva Canyon Tuff from
the Solitario Canyon reference section. Note the general scatter in calcium and the variations in both elements near
the base of the unit. Datum and abbreviations as in figure 3; typical 2c errors are within the size of the symbols.
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Figure 10. Variation of calcium and 6'80 as a function of
titanium congcentration in the Solitario Canyon reference
section. Enrichments in 80 relative to the estimated original
magmatic values of +6 to +8 %. are evident as well as
significant variation in calcium contents; these trends are
atypical of pristine igneous rocks. Typical 2o errors are shown
by the crosses.

Yucca Mountain area and was formed via precipitation
from meteoric waters at temperatures of about 25°C
(Szabo and Kyser, 1990). Whole-rock 530 values
should not be affected by this process because the
maximum amount of secondary carbonate (as esti-
mated from both petrographic observations and the
amounts of added calcium) is less than 5 percent,
thereby resulting in a maximum increase of about

0.5 %o. Furthermore, samples were selected to mini-
mize the amount of secondary carbonate, and many
samples were treated with acetic or hydrochloric acid
to remove any small amount of carbonate present.
The only other elements that would be affected by

low-temperature fluids would be those that are easily
mobilized by meteoric waters, such as rubidium,
potassium, and strontium. The lack of correlations
between potassium and titanium and between stron-
tium and titanium is most pronounced in samples with
the lowest potassium and strontium contents

(fig. 9), as would be expected if these elements were
affected by low-temperature fluids. On the other hand,
rubidium contents are most variable in samples with
the highest rubidium concentrations, which may
simply indicate samples most affected by alteration
because rubidium is so easily mobilized relative

to most other elements. The effect of this low-
temperature alteration was both subtle and differential
in that those components most likely to have been
affected, namely 8'%0 values, calcium, rubidium,
potassium, and strontium, do not correlate with each
other.

The original 5'*0 values of high-silica rhyolite
and quartz latite prior to any post-eruptive alteration
can be ascertained from the isotopic composition of
phenocrysts and the values reported for other ash-flow
tuffs. Lipman and Friedman (1975) and Farmer and
others (1991) reported 8'*0 values of +6.4 to +7.0 for
sanidine phenocrysts in samples of the Tiva Canyon
Tuff, and +6.8 to +8.1 for sanidine phenocrysts from
the underlying Topopah Spring Tuff. These data
imply magmatic §'*0 values of about +7 to +8 %o
because the fractionation of oxygen isotopes between
felsic silicate liquids and feldspar is small (Taylor and
Epstein, 1962). Although the oxygen isotopic compo-
sition of the Tiva Canyon Tuff magma may have var-
ied because of the irregular distribution of phenocrysts
or interaction between the top of the magma and coun-
try rocks, other studies of genetically related ash-flow
tuffs (Halliday and others, 1984; Taylor, 1991) indi-
cate that such variations are usually less than 1 %o,
thereby constraining the original 8'80 values of the
high-silica rhyolite and quartz latite of the Solitario
Canyon section to between +6 and +8 %o. In addition,
Halliday and others (1984) reported 8'*O values from
+6.7 to +8.0 for sanidine phenocrysts from the Bishop
Tuff, and McCulloch and others (1994) measured 5'*0
values from +6.1 to +7.0 for feldspar phenocrysts in
rhyolites from the Taupo volcanic zone of New
Zealand. A range of +6.3 to +7.3 for the 8'%0 values
has been reported for feldspars in rhyolites from the
Los Humeros volcanic center in Mexico (Ferriz and
Mahood, 1987), and Taylor (1991) suggests values of
+6 to +8 for the historic Obsidian Dome rhyolites from
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the Inyo volcanic chain in California. Only the
Yellowstone rhyolites, for which 8'*O values of quartz
phenocrysts range from +0.7 to +7.7 (Hildreth and
others, 1984), have significant variations in their
phenocryst and whole-rock values. Such low %0
values have been attributed to contributions from
meteoric waters (Hildreth and others, 1984) or from
hydrothermally altered country rocks (Taylor, 1986)
added to the magma prior to eruption, processes that
are clearly not recorded by the §'%0 values of the tuffs
from the Solitario Canyon section.

Only a few of the samples from the Solitario
Canyon section have whole-rock 8'*0 values near
those estimated for the original magma, and most are
higher. In the few studies that report both phenocryst
and whole-rock 8'*0O values of the same sample, the
whole-rock values are usually near, but can be signifi-
cantly higher or lower than, the original magmatic
values estimated from the phenocrysts. For example,
Stuckless and O’Neil (1973) reported significantly
higher 8'*0 values (up to +20.5 %) for whole-rock
samples relative to phenocrysts of silicic volcanic
rocks from the Superstition-Superior area in Arizona.
They proposed that the high values resulted from low-
temperature alteration, including hydration of volcanic
glass, a process that Taylor (1968) demonstrated could
substantially increase the 8'*0 value of glass. In
another study, three out of the six samples of the
Bishop Tuff examined by Halliday and others (1984)
have whole-rock §'#0 values that are less than
| permil higher than those of their sanidine pheno-
crysts. Whole-rock values in two samples are signifi-
cantly higher, but lower in another, relative to their
sanidine phenocrysts. Elevation of the whole-rock
8'*0 values was attributed to low-temperature
exchange with ground waters, whereas '*0 depletions
of the whole rock result from post-emplacement,
hydrothermal alteration.

The conspicuous lack of any whole-rock 8'*0
values less than those of the original magma in the
Solitario Canyon section indicates that these samples
have not been affected by hydrothermal alteration.
Moreover, the lack of correlation between 880 values
and titanium contents, the latter of which appear to
faithfully record magmatic processes, indicates that
variations in the oxygen isotopic composition of sam-
ples from the Solitario Canyon section are not mag-
matic. The 8'*0 values of samples from the Solitario
Canyon section do not vary with the contents of any of
the elements measured, including those elements that

correlate poorly with titanium, such as calcium. How-
ever, 8'*0 values do correlate with certain petro-
graphic features of the samples.

The highest 8'*O values are in the samples from
the base of the section (fig. 3) where the glass contents
are highest. These glasses have petrographic
characteristics typical of oxidation and hydration.
Ross and Smith (1955), Friedman and Smith (1960),
Taylor (1968), and Taylor (1991) have demonstrated
that hydration of silicic volcanic glass by meteoric
waters at low temperatures results in high 8'*0 values.
This process is analogous to the formation of alter-
ation minerals at low temperatures wherein the alter-
ation product is enriched in '*O by up to 30 %o relative
to the water. Hydration, and the concomitant increase
in 8'%0 value of the glass, is ubiquitous in all volcanic
glasses because of their inherent instability in low-
temperature environments and is absent only in young
(less than 1 Ma) volcanic glasses. Hydration of volca-
nic glass in the basal zone of the Solitario Canyon sec-
tion via exchange with low-temperature meteoric
water with §'%0 values near -12 %o (Benson and
McKinley, 1985) could easily result in glass with 3'*0
values as high as +11.8 %e.

The lowest 8'*0 values are in nonlithophysal
zones (fig. 3), although most of these are slightly ele-
vated relative to primary magmatic values. These
tuffs are totally devitrified and, therefore, were not
altered by hydration but could have exsolved volatiles
from the glass as it crystallized during cooling. Those
samples with higher granophyric, spherulitic, and
vapor-phase mineral components tend to be more
'*0 rich than proximal samples where these compo-
nents are less abundant (fig. 3). Thus, intervals of the
Tiva Canyon Tuff in this section that were more
affected by the fluids exsolving from the slowly cool-
ing ash-flow have slightly more elevated &'80 values.

Exsolution of fluids and crystallization of the
glass shards occur at subsolidus temperatures (less
than 600°C), and the fluids released are likely to have
8'%0 values equal to, or in excess of, those of the orig-
inal glass. Quartz and feldspar precipitated at 600°C
would be enriched in '*O by 2 and 4 %o, respectively,
relative to the fluid, if the minerals and fluid were in
isotopic equilibrium. Thus, recrystallization of slowly
cooling tuffs, especially in the presence of deuteric
fluids released during devitrification, could result in
higher 8'%0 values in some samples. In support of this
process, 5'*0 values of +11.1 and +12.5 have been
measured in vapor-phase tridymite from the
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underlying Topopah Spring Tuff (Moscati and
Whelan, U.S. Geological Survey, written commun.,
1995). As with post-emplacement hydrothermal alter-
ation, ground water trapped in the ash-flow and
involved with recrystallization of the tuffs would have
resulted in lower 8'*0 values of the whole-rock sam-
ples, instead of the relatively high values observed in
this study. Only deuteric alteration would result in
slightly elevated 8'®0 values relative to estimated orig-
inal magmatic values.

Taylor (1991) reported only small differences in
the 8'#0 values of obsidian, vesicular glass, devitrified
glass, and pumice from the Obsidian Dome rhyolite in
California. However, these rhyolitic tephra and ash-
flows, which were emplaced only 600 years ago, have
hydrogen isotopic compositions and volatile contents
that indicate that the hydrous melts had extensively
degassed prior to and during eruption so that devitrifi-
cation occurred after degassing. These results contrast
with those from the tuffs of the Solitario Canyon
section, in that the Tiva Canyon Tuff is significantly
older, contains glass that has been hydrated, and was
most likely degassed as a result of devitrification.
Moreover, a few rhyolitic dike rocks from the
Obsidian Dome area have slightly lower '*0 values
than most of the other samples because of later hydro-
thermal alteration. The lack of low 8'*O values from
the Solitario Canyon section indicates that hydrother-
mal alteration has not affected these samples.

UPPER CLIFF AND CAPROCK ZONES

Geology

Samples of the upper cliff and caprock zones of
the Tiva Canyon Tuff were collected from throughout
the conceptual controlled area (fig. 2). The upper cliff
zone was sampled preferentially, but limited exposure
dictated that the stratigraphically higher caprock zone
was sampled in many cases. Samples from the strati-
graphically lower portions of the outcrops are equiva-
lent to the uppermost part of the Solitario Canyon
reference section (both upper cliff and caprock zones).
Lithologically distinct samples within the caprock
zone have higher phenocryst contents and are more
reddish; they are less welded and therefore tend to
have a higher secondary carbonate content. These
samples are also characterized by barium contents in

excess of 1,500 ppm and represent the quartz latite
(Flood and others, 1989) within the caprock zone. For
the purposes of the following discussion, we refer to
these lithologically distinct samples as the caprock
zone. These samples are within the upper portion of
the caprock zone as defined by Scott and Bonk (1984).

Oxygen Isotope and Chemical
Compositions

Delta '*O values for samples from the upper cliff
and caprock zones range from +6.9 to +11.8 (table 3),
virtually identical to the range of values from the Soli-
tario Canyon section. Most of these 6'*0 values are
higher than estimated original magmatic values of
approximately +6 to +8, and none are less. There is no
relation between 8'%0 values and proximity to known
faults in the area or other geologic features; there is lit-
tle spatial regularity to the oxygen isotope composi-
tions in general (fig. 11).

The concentrations of barium, cerium, zirco-
nium, niobium, strontium, rubidium, potassium, and
thorium vary regularly with titanium contents in the
upper cliff and caprock zone samples (tables 4, 5, and
6; fig. 12), overlapping and exceeding the contents of
these elements in samples from the Solitario Canyon
section. The trends with titanium contents for barium,
cerium, and potassium in the caprock zone samples
are distinct from those from the upper cliff zone,
whereas the other elemental trends in the upper cliff
zone samples overlap and are continuous with those
from the caprock zone (fig. 12). The higher titanium
contents of samples from the caprock zone relative to
those from the upper cliff zone reflect a higher phe-
nocryst content and, by inference, a deeper and less
siliceous portion of the magma chamber. The trends
in these elements are virtually identical to those in
samples of the Tiva Canyon Tuff from the Solitario
Canyon section and in ash-flow units in general and
are emblematic of the magmatic processes that operate
in these systems. The rare earth elements also show
typical magmatic trends (figs. 12 and 13), with the
upper cliff samples showing a relative depletion in
europium, probably resulting from crystal fraction-
ation of plagioclase phenocrysts in the high-silica
rhyolite.

Calcium, sodium, iron, and uranium contents
and 6'*0 values for samples of the upper cliff and
caprock zones do not correlate as well as other

UPPER CLIFF AND CAPROCK ZONES 19



Table 3. Map coordinates, sample numbers, and oxygen isotope compositions of
the Tiva Canyon Tuff

[Sample site number plotted on figure 2; Universal Transverse Mercator coordinates in Zone 11]

s’,::ﬁ:ﬁ::'e f:g&i UTMeasting  UTM northing 5(’/8?
] MR-1000 547841 4083341 T0.1
2 MR-1001 547718 4083217 8.6
3 MR-1002 547842 4083279 9.2
4 MR-1003 547647 4082724 8.4
5 MR-1004 548291 4082604 8.5
6 MR-1005 548409 4087905 8.1
7 MR-1006 547973 4081924 8.2
8 MR-1007 548073 4081678 9.1
9 MR-1008 548223 4081433 7.

10 MR-1009 548323 4081310 7.6
1" MR-1010 548616 4082051 7.4
12 MR-1011 548766 4081713 7.2
13 MR-1012 549114 4081499 8.9
14 MR-1013 549067 4081068 8.8
15 MR-1014 550478 4081107 6.9
16 MR-1015 550402 4081384 8.8
17 MR-1016 549905 4081751 8.6
18 MR-1017 549607 4081903 9.3
19 MR-1018 549432 4082148 8.2
20 MR-1019 549782 4081657 8.2
21 MR-1020 550006 4081351 7.6
2 MR-1021 549339 4081131 8.0
23 MR-1022 549514 4080762 8.7
2% MR-1023 549268 4080576 8.0
25 MR-1024 549368 4080361 8.5
26 MR-1025 549618 4079962 8.4
27 MR-1026 549917 4079686 8.4
28 MR-1027 553712 4078723 8.4
29 MR-1028 553636 4078846 8.1
30 MR-1029 553266 4078659 8.8
31 MR-1030 553068 4078657 9.4
32 MR-1031 553046 4078226 9.2
33 MR-1032 553204 4078227 8.6
34 MR-1033 553160 4079798 8.4
35 MR-1034 553013 4079551 92
36 MR-1035 553336 4079368 9.1
37 MR-1036 553389 4078813 9.2
38 MR-1037 552918 4078965 9.2
39 MR-1038 550094 4078978 77
40 MR-1039 549698 4079038 8.5
41 MR-1040 549721 4079284 9.2
42 MR-1041 550171 4078640 8.2
43 MR-1042 550319 4078764 8.6
44 MR-1043 550221 4078517 8.7
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Table 3. Map coordinates, sample numbers, and oxygen isotope compositions of
the Tiva Canyon Tuff—Continued

[Sample site number plotted on figure 2; Universal Transverse Mercator coordinates in Zone 11]

San':‘:':i::'e f::s: UTMeasting  UTM northing 5(':?
%5 MR-1044 550247 4078301 85
46 MR-1045 547654 4081460 9.4
47 MR-1046 547853 4081184 8.6
43 MR-1047 548104 4080662 9.4
50 MR-1049 552220 4075632 10.8
51 MR-1050 552169 4075909 10.4
52 MR-1051 551009 4075163 9.7
53 MR-1052 551235 4074609 9.0
54 MR-1053 551457 4074703 10.0
55 MR-1054 551629 4075043 9.3
56 MR-1055 552804 4077300 95
57 MR-1056 552756 4076991 1.8
58 MR-1057 552635 4076683 10.3
59 MR-1058 552339 4076373 9.4
60 MR-1059 552416 4076034 8.4
61 MR-1060 552639 4076005 9.8
62 MR-1061 552763 4076005 8.8
63 MR-1062 548329 4080262 9.6
64 MR-1063 548477 4080325 7.1
65 MR-1064 549597 4079284 7.6
66 MR-1065 549347 4079683 7.1
67 MR-1066 549123 4079928 8.3
68 MR-1067 548109 4079676 7.9
69 MR-1068 548482 4079524 8.8
70 MR-1069 548610 4078692 8.8
71 MR-1070 548885 4078324 9.2
7 MR-1071 548273 4077057 9.8
73 MR-1072 548274 4076811 8.4
74 MR-1073 548671 4076782 9.5
75 MR-1074 548846 4076475 8.3
76 MR-1075 549194 4076231 9.4
7 MR-1076 549415 4076602 9.2
78 MR-1077 550008 4076852 10.2
79 MR-1078 549808 4077159 9.5
80 MR-1079 550259 4076329 8.2
81 MR-1200 548116 4074098 9.3
82 MR-1201 548139 4074499 8.9
83 MR-1202 547570 4074249 9.6
84 MR-1203 547494 4074557 9.7
85 MR-1204 547567 4074896 9.5
86 MR-1205 547614 4075328 9.6
87 MR-1206 547563 4075513 10.7
88 MR-1207 547358 4076713 9.2
89 MR-1208 547529 4077269 8.1
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Tabie 3. Map coordinates, sample numbers, and oxygen isotope compositions of
the Tiva Canyon Tuff—Continued

[Sample site number plotted on figure 2; Universal Transverse Mercator coordinates in Zone 11]

Sar:‘::b::'e f:::g:: UTMeasting  UTM northing ?;: ©
90 MR-1209 547517 4077485 93
91 MR-1210 547648 4078071 8.9
92 MR-1211 547645 4078533 7.5
93 MR-1212 547643 4078995 9.5
94 MR-1213 547616 4079365 7.7
95 MR-1214 547785 4080167 8.1
9% MR-1215 547513 4080135 8.2
97 MR-1216 547585 4080443 8.1
98 MR-1217 548777 4075519 9.3
99 MR-1218 548877 4075428 8.8

100 MR-1219 548952 4075243 9.0
101 MR-1220 548906 4074627 9.7
102 MR-1221 549005 4074720 8.9
103 MR-1222 549745 4075279 9.2
104 MR-1223 549719 4075402 9.7
105 MR-1224 550065 4075558 10.0
106 MR-1225 550042 4075311 10.6
107 MR-1226 550018 4075188 8.8
108 MR-1227 549995 4074879 9.4
110 MR-1229 549744 4075309 10.2
i MR-1230 549356 4073920 10.9
12 MR-1231 549206 4074197 8.5
13 MR-1232 549308 4073612 8.8
114 MR-1233 549824 4074324 10.6
s MR-1234 549924 4074324 9.9
16 MR-1235 550026 4073770 8.5
17 MR-1236 551417 4073224 9.8
118 MR-1237 551167 4073592 9.7
19 MR-1238 551115 4073962 8.6
120 MR-1239 550819 4073683 8.3
121 MR-1240 550893 4078028 7.7
122 MR-1241 550889 4078552 8.6
123 MR-1242 550037 4078798 8.3
124 MR-1243 550899 4076949 9.0
125 MR- 1244 550828 4076363 10.4
126 MR-1245 550907 4075686 9.3
127 MR-1246 550609 4075653 7.5
128 MR-1300 547410 4080781 9.2
129 MR-1301 547236 4080934 8.7
130 MR-1302 546936 4081364 8.1
131 MR-1303 546759 4082164 7.8
132 MR-1304 546433 4082809 8.7
133 MR-1305 546484 4082563 8.6
134 MR-1306 546389 4081946 8.9
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Tabie 3. Map coordinates, sample numbers, and oxygen isotope compositions of
the Tiva Canyon Tuff—Continued

[Sample site number plotted on figure 2; Universal Transverse Mercator coordinates in Zone 11]

Sa:"p;:z::te s::g‘:r UTM easting UTM northing 5(;:0?
135 MR-1307 546341 4081576 8.8
136 MR-1308 546293 4081391 9.0
137 MR-1309 546765 4081086 9.0
138 MR-1310 547163 4080687 7.8
139 MR-1311 547115 4080348 8.7
140 MR-1312 545491 4078521 9.1
141 MR-1313 545514 4078799 9.7
142 MR-1314 545611 4079261 9.5
143 MR-1315 545807 4079601 9.1
144 MR-1316 545979 4079910 8.8
145 MR-1317 546124 4080466 9.0
146 MR-1318 547044 4079762 9.2
147 MR-1319 546875 4079083 9.7
148 MR-1320 546801 4078898 9.2
149 MR-1321 546680 4078528 8.2
150 MR-1322 546584 4077849 7.7
151 MR-1323 545321 4077842 9.8
152 MR-1324 545149 4077533 10.0
153 MR-1325 545322 4077596 8.7
154 MR-1326 545618 4077967 10.4
155 MR-1327 545747 4076982 9.3
156 MR-1328 545674 4076704 9.4
157 MR-1329 545726 4076273 10.3
158 MR-1330 545945 4077044 83
159 MR-1331 545916 4077784 7.8
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Figure 11. Conceptual controlled area and 680 values for the upper cliff and caprock zones. Areas of high
8'®0 indicate more post-eruptive low-temperature alteration and lithophysal crystallization of silica. Fault
traces generalized from O’'Neill and others (1992).
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Table 4. Chemistry of major elements

[In percent by weight]

Sample site Na' K2 Ca2 T2 Fe!
number

1 3.06 422 0.53 0.23 1.23

2 3.04 431 0.89 0.28 1.33
3 3.06 425 1.26 0.24 1.28
4 3.07 422 1.09 0.25 1.33
5 3.16 429 0.71 0.24 1.26
6 3.01 441 0.69 0.26 1.24
7 3.00 4.56 1.15 0.26 1.28
8 2.93 4.35 1.05 0.26 1.22
9 3.08 4.36 0.72 0.26 1.33
10 3.08 4.30 0.87 0.23 1.30
11 3.00 448 1.21 0.28 1.29
12 2.88 420 0.80 0.26 1.27
13 294 493 217 0.33 1.50
14 3.02 4.32 1.29 0.24 1.21
15 3.15 4.57 1.23 0.21 1.28
16 3.04 423 0.79 0.23 1.36
17 2.80 4.18 0.94 0.21 1.15
18 2.93 4.19 0.72 0.23 1.22
19 3.00 4.97 1.57 0.30 1.40
20 3.13 431 0.85 0.25 1.28
21 3.22 5.16 0.95 0.32 1.58
22 3.14 4.31 0.92 0.25 1.33
23 3.39 4.75 1.15 0.24 1.44
24 3.38 5.00 1.17 0.30 1.65
25 3.18 498 2.57 0.28 1.41
26 3.15 4.85 1.37 0.25 1.34
27 3.36 4.68 0.73 0.23 1.47
28 3.17 4.72 0.63 0.24 1.37
29 3.32 4.84 1.10 0.27 1.55
30 3.19 4.41 0.78 0.20 1.17
31 3.13 4.46 1.77 0.21 1.31
32 3.36 4.72 0.54 0.22 1.40
33 348 4.68 1.19 0.24 1.49
34 3.56 453 0.57 0.21 1.41
35 3.29 4.69 332 0.23 1.45
36 3.54 438 0.49 0.19 1.28
37 3.42 4.36 0.72 0.19 1.26
38 3.37 4.58 0.96 023 1.45
39 3.28 4.10 0.42 0.17 1.07
40 3.53 4.81 0.63 0.24 1.56
41 3.43 4.60 0.86 0.22 1.45
42 3.66 4381 0.66 0.25 1.60
43 3.49 4.84 1.19 0.23 1.51
44 3.27 451 1.77 0.19 1.24
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Table 4. Chemistry of major elements—Continued

[In percent by weight]
Sample slte Na' K2 Ca? Ti2 Fe!
number
45 3.33 4.33 0.53 0.19 1.24
46 347 4.66 0.69 0.23 1.37
47 345 4.35 0.51 0.20 1.32
48 3.82 493 0.76 0.30 1.78
50 3.57 4.49 0.50 0.20 1.28
51 3.05 3.71 1.12 0.08 0.70
52 3.35 4,52 0.91 0.21 1.34
53 3.27 4.56 1.33 0.21 1.34
54 2.96 3.72 1.99 0.09 0.74
55 3.24 4.63 247 0.22 1.27
56 343 3.99 0.49 0.15 1.16
57 3.34 4.28 0.90 0.18 1.27
58 3.58 431 0.46 0.18 1.25
59 3.70 4.60 0.58 0.21 1.42
60 3.64 4.80 0.56 0.23 1.41
61 344 441 0.57 0.20 1.34
62 346 4.24 0.41 0.18 1.22
63 3.25 3.82 0.35 0.12 0.99
64 3.66 4.65 0.56 0.22 1.55
65 347 4.63 1.62 0.22 1.36
66 3.70 4.76 0.69 0.25 1.52
67 341 4.65 0.60 0.22 1.43
68 3.16 4.65 0.80 0.24 1.36
69 3.36 4.36 0.54 0.20 1.23
70 3.33 4.29 0.48 0.17 1.16
71 3.26 4.06 0.86 0.16 1.07
72 3.22 3.58 0.24 0.09 0.77
73 3.49 423 0.44 0.18 1.32
74 3.36 4.55 0.72 0.22 1.38
75 3.14 3.92 1.33 0.13 1.01
76 3.66 441 0.50 0.19 1.29
77 3.36 445 0.52 0.20 1.30
78 3.28 4.34 0.71 0.19 1.25
79 3.34 4.33 0.43 0.19 1.31
80 3.33 4.21 0.63 0.18 1.28
81 3.36 4.28 0.78 0.19 1.31
82 3.59 4.36 0.49 0.19 1.37
83 3.7 3.99 1.68 0.14 0.99
84 3.37 431 1.11 0.18 1.20
85 3.10 4.50 2.17 0.20 1.15
86 3.07 3.73 0.53 0.13 0.89
87 3.16 4.06 1.73 0.15 1.1l
88 3.14 3.97 1.86 0.13 1.01
89 3.31 3.92 0.42 0.15 1.06
90 3.59 423 0.53 0.18 1.28
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Tabie 4. Chemistry of major elements—Continued

[In percent by weight]

Salmﬂg:te Na' K2 Ca2 T2 Fe!
91 3.29 4.08 1.06 0.16 1.23
92 3.47 423 0.59 0.17 1.28
93 3.44 448 1.74 0.22 1.42
94 3.54 4.71 0.59 0.24 1.50
95 3.58 4.60 0.84 0.23 1.56
96 3.59 4.62 0.87 0.24 1.62
97 3.66 4.63 0.84 0.23 1.55
98 3.01 3.69 0.87 0.10 0.88
99 3.31 432 0.66 0.17 1.18

100 3.46 4.49 0.57 0.20 1.27
101 3.41 4.19 0.49 0.18 1.28
102 3.22 4.16 1.28 0.17 1.20
103 3.19 3.54 0.32 0.11 0.87
104 3.02 3.61 1.00 0.10 0.84
105 3.18 3.75 0.27 0.12 0.95
106 3.06 3.76 1.07 0.12 0.85
107 3.19 3.85 2.55 0.13 0.96
108 3.34 3.73 0.34 0.11 0.96
110 3.08 3.83 0.66 0.12 0.85
111 341 427 0.48 0.19 1.23
112 3.29 4.34 1.00 0.19 1.26
113 3.29 4.06 0.50 0.18 1.23
114 3.16 4.44 1.37 0.13 0.98
115 3.34 3.97 1.36 0.14 1.10
116 3.48 454 0.85 0.20 1.26
117 3.21 3.81 0.31 0.13 0.95
118 3.35 4.52 2.18 0.19 1.19
119 3.14 3.74 0.29 0.12 0.92
120 3.50 437 0.77 0.18 1.22
121 3.46 445 0.48 0.19 1.33
122 3.50 3.97 032 0.13 1.09
123 3.58 4.41 0.57 0.22 1.42
124 294 3.64 0.55 0.11 0.89
125 3.06 3.72 0.51 0.12 0.84
126 2.98 3.59 0.42 0.11 0.81
127 292 4.12 2.85 0.14 0.97
128 3.16 3.99 0.42 0.15 1.12
129 3.15 4.16 0.38 0.17 1.12
130 3.23 436 0.48 0.19 1.21
131 3.10 4.16 0.54 0.18 1.11
132 3.28 4.86 1.50 0.35 1.58
133 3.34 4.87 1.23 0.33 1.55
134 3.33 448 0.79 0.22 1.61
135 3.21 4.50 0.74 0.21 1.24
136 3.17 4.34 0.63 0.18 1.12
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Table 4. Chemistry of major elements—Continued

[In percent by weight]

Sample site Na' K2 Ca? 2 Fe!
137 3.12 4.14 0.50 0.17 1.08
138 3.20 4.58 0.71 0.22 1.27
139 3.13 4.10 0.96 0.16 0.98
140 3.24 4.29 0.84 0.19 1.12
141 3.17 4.17 1.11 0.16 1.11
142 3.12 3.98 0.40 0.15 1.01
143 3.00 4.12 1.27 0.16 1.00
144 3.01 3.62 0.34 0.11 0.85
145 3.03 3.99 0.62 0.15 1.01
146 3.37 4.18 0.51 0.16 1.12
147 3.30 4.21 0.42 0.16 1.17
148 3.06 3.81 0.41 0.12 0.94
149 3.15 4.21 0.72 0.17 1.11
150 3.01 3.92 0.99 0.14 0.94
151 3.10 4.08 0.71 0.16 1.05
152 3.00 4.14 0.91 0.15 0.97
153 3.25 4.07 0.40 0.14 1.03
154 3.04 4.06 1.77 0.16 1.05
155 3.04 4.00 1.08 0.15 1.04
156 3.08 4.12 0.90 0.16 1.04
157 3.46 3.95 0.76 0.15 1.22
158 340 3.97 0.84 0.14 1.18
159 3.65 3.99 0.92 0.15 1.29

INeutron activation.
2X-ray fluorescence.
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Table 6. Chemistry of rare earth elements in the Tiva Canyon Tuff
[in ppm by weight; <, less than]

Sample site Lal La2 Ce' Ce? Nd' sm’ Eu' Tb! Yb! L
number

1 150 152 250 251 82 11 2.8 1.1 34 0.50

2 160 139 270 282 88 11 3.2 0.9 3.0 0.38

3 140 148 250 258 75 11 2.9 1.4 34 0.46

4 150 151 260 261 81 11 2.9 1.3 35 0.48

5 150 146 250 249 91 11 3.0 1.0 3.5 0.46

6 150 171 260 279 91 11 3.1 1.4 3.7 0.51

7 160 165 270 279 87 11 3.1 1.3 35 0.51

8 160 169 260 277 83 11 3.0 1.0 3.2 0.44

9 160 153 270 275 90 11 3.2 1.0 33 0.47
10 140 144 250 238 82 11 2.8 1.0 3.1 0.46
il 160 180 280 292 93 11 3.0 1.0 34 042
12 140 151 250 263 80 10 2.8 1.2 3.0 043
13 210 229 360 383 120 13 4.2 1.4 2.7 0.42
14 140 156 260 252 85 10 2.9 1.1 32 0.46
15 170 192 300 302 98 13 2.4 1.4 3.5 0.51
16 150 149 250 254 80 10 2.8 1.4 3.4 0.46
17 120 134 210 224 75 9 2.2 1.4 3.2 0.43
18 140 138 240 240 78 10 2.6 1.0 34 0.43
19 210 228 360 372 120 13 3.8 0.9 31 0.47
20 160 156 270 267 91 13 3.1 1.2 2.7 0.46
21 230 251 410 406 130 15 4.3 1.2 32 0.44
22 160 153 270 272 91 11 3.1 1.2 33 0.46
23 190 207 340 314 110 16 3.0 1.2 32 0.56
24 240 231 420 386 140 18 4.6 1.2 3.1 0.58
25 210 209 360 334 130 16 3.8 1.2 3.0 0.47
26 180 212 310 329 110 13 3.0 1.5 33 0.48
27 200 206 330 331 120 17 33 1.1 3.0 0.48
28 180 220 320 330 95 13 2.8 1.4 3.7 0.48
29 200 217 360 340 120 14 34 1.2 34 0.49
30 150 178 280 277 94 12 2.2 1.5 3.7 0.48
3] 160 187 290 284 100 13 2.2 1.5 3.9 0.50
32 170 195 310 306 110 13 2.5 1.5 3.8 0.52
33 200 198 360 317 130 17 33 1.1 33 0.58
34 180 189 330 285 120 17 2.7 1.4 3.8 0.57
35 200 199 360 301 120 16 3.0 1.1 34 0.60
36 150 158 290 264 100 16 2.3 1.2 4.1 0.58
37 160 160 290 245 100 15 2.3 1.5 3.8 0.61
38 190 202 350 17 110 17 3.0 1.5 39 0.56
39 120 131 230 212 85 13 1.8 1.1 3.9 0.58
40 210 234 380 346 130 18 3.5 1.2 3.8 0.61
41 180 198 330 290 120 16 2.9 1.3 35 0.56
4?2 220 215 400 34] 120 18 3.5 1.6 3.9 0.59
43 200 205 360 314 120 18 2.9 1.0 3.7 0.61
44 160 173 290 271 100 15 2.2 1.1 3.6 0.61
45 140 176 260 270 96 15 2.2 1.4 3.6 0.59

34  Oxygen Isotopes and Trace Elements in the Tlva Canyon Tuff, Yucca Mountaln and Vicinity, Nye County, Nevada



Table 6. Chemistry of rare earth elements in the Tiva Canyon Tuft—Continued
[In ppm by weight; <, less than]

Samplesite La' La2 Ce' Ce? Nd' sm'! Eu’ To! Yb! Lu'
number
46 180 208 330 318 110 17 3.0 1.5 34 0.57
47 150 173 280 259 96 15 2.2 1.3 3.6 0.57
48 260 223 460 368 160 20 4.7 1.2 3.6 0.59
50 160 172 300 279 110 16 2.5 1.5 39 0.58
51 33 53 74 83 30 7 0.3 1.3 38 0.51
52 170 177 310 281 100 16 2.6 14 37 0.62
53 160 177 290 269 99 15 24 1.2 3.6 0.59
54 35 57 80 70 30 8 0.5 1.0 4.0 0.57
55 i80 178 320 276 120 16 2.7 1.2 33 0.59
56 100 106 210 172 76 13 1.6 1.2 4.3 0.68
57 150 152 280 238 100 15 2.2 1.5 3.7 0.64
58 150 158 290 253 98 15 24 1.7 4.5 0.65
59 190 198 350 296 130 17 29 1.2 43 0.65
60 210 192 370 314 130 18 33 1.7 39 0.64
61 160 i84 300 271 97 13 2.2 1.7 4.1 0.56
62 130 151 250 238 77 12 1.9 1.5 4.1 0.55
63 71 88 140 144 53 9 1.0 1.4 4.1 0.53
64 200 195 350 307 130 18 3.1 0.8 4.0 0.57
65 190 217 340 326 110 14 2.6 1.5 38 0.52
66 210 234 400 342 140 19 3.6 1.4 38 0.59
67 180 187 320 306 it0 14 2.7 1.7 4.0 0.60
68 180 210 310 329 94 13 2.9 1.2 3.6 0.47
69 150 178 280 257 97 13 2.2 1.3 42 0.57
70 130 154 240 241 86 12 1.9 1.4 4.1 0.55
71 100 133 190 198 68 10 1.3 1.1 3.9 0.54
72 35 46 81 78 31 8 0.4 0.9 43 0.62
73 140 155 250 225 94 15 2.0 1.3 44 0.63
74 170 185 310 275 110 14 2.5 1.4 4.2 0.58
75 74 104 150 152 51 9 0.9 1.2 4.2 0.54
76 160 171 300 266 110 16 2.4 1.6 4.1 0.62
77 130 150 250 230 85 12 1.9 1.5 4.0 0.56
78 150 171 270 272 90 12 2.2 1.0 4.0 0.55
79 150 169 230 266 94 12 2.1 1.3 4.1 0.54
80 140 164 260 240 93 14 2.0 1.6 3.7 0.58
81 140 160 260 240 87 12 2.0 14 4.1 0.56
82 150 154 280 251 97 13 2.1 1.7 4.4 0.56
83 82 101 170 163 61 10 1.0 1.4 4.1 0.55
84 140 i53 270 233 100 16 2.2 1.5 43 0.69
85 140 164 260 246 89 14 2.1 1.1 3.3 0.54
86 63 87 130 134 46 8 0.7 14 4.1 0.53
87 100 113 200 178 70 12 1.5 1.2 3.9 0.55
88 78 96 150 151 53 9 1.0 1.2 4.0 0.52
89 100 131 190 186 72 10 1.4 1.3 4.2 0.56
90 150 158 270 246 97 16 2.2 14 42 0.67
91 120 134 220 204 74 11 1.7 1.2 4.1 0.57
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Table 6. Chemistry of rare earth elements in the Tiva Canyon Tuff—Continued
[In ppm by weight; <, less than]

Sempleste  La La? Ce Ce? Nd' Sm! Eu’ Tb! Yb' Lu!
) 60 173 300 263 710 6 23 2 20 0.62
93 180 189 330 279 120 17 3.0 L1 38 0,61
94 200 216 370 328 130 18 33 15 34 0.56
95 200 193 360 320 120 18 3.2 1.6 3.5 0.60
9 200 225 370 351 130 18 34 17 33 0.55
97 200 207 370 325 130 18 31 <0S 36 0.62
9% 41 as 91 84 0 9 0.5 L1 42 0.60
99 130 146 240 217 80 14 1.6 13 40 0.61

100 160 190 300 283 110 16 23 <05 38 0.61
101 150 158 270 230 100 15 21 LS 4.0 0.63
102 120 134 230 214 87 13 1.6 LS 3.9 0.59
103 46 59 100 105 39 9 0.6 1.4 3.9 0.57
104 37 55 81 67 31 8 05 <05 3.6 0.49
105 54 69 120 101 51 10 07 LS 44 0.65
106 56 69 120 114 as 10 08 13 40 0.61
107 75 85 150 135 54 11 L1 12 3.9 0.56
108 56 69 120 12 49 10 08 L1 40 061
110 54 63 120 105 38 10 0.6 1.4 4.0 0.57
m 150 168 290 256 100 16 23 LS 39 0.64
12 150 162 280 276 90 15 24 13 38 0.54
13 140 157 270 241 97 14 20 <05 42 0.66
114 77 91 160 140 63 1 Ll <05 4. 0.56
115 88 89 180 150 66 12 L1 1.5 43 0.64
116 160 170 310 262 110 16 25 <05 40 0.63
17 75 99 150 152 57 i 10 13 4. 0.62
118 150 152 280 253 98 15 22 15 4.0 0.59
119 68 85 140 143 a8 10 08 1.0 43 0.58
120 140 157 270 245 100 15 20 12 42 0.61
121 170 177 320 271 120 16 26 1.5 4. 0.63
122 o 106 190 177 67 12 13 <05 45 0.68
123 180 185 340 289 110 17 26 <05 4. 0.61
124 42 53 100 ) 39 9 0.5 10 42 0.54
125 52 70 110 109 40 8 0.7 L1 34 0.49
126 42 63 88 108 34 7 0.5 L1 36 0.50
127 69 93 130 147 47 9 09 1.0 36 0.46
128 93 13 170 177 64 10 13 1.3 36 051
129 o1 100 220 234 54 8 1.4 1.0 3.0 0.4
130 130 170 240 251 82 12 1.8 1.4 35 0.52
131 120 150 220 235 76 1 16 L1 36 0.46
132 240 230 400 389 130 15 45 13 27 0.42
133 240 240 400 388 120 15 45 1.2 28 0.37
134 200 196 340 295 120 15 27 12 42 0.60
135 160 199 290 297 88 13 2.3 12 32 043
136 130 158 230 232 74 I 17 12 3.5 0.48
137 120 144 210 226 71 i 1 1.4 3.6 047
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Table 6. Chemistry of rare earth elements in the Tiva Canyon Tuf—Continued
[In ppm by weight; <, less than]

s"n':‘]z::::'e La' La2 Ce! Ce? Nd' sm! Eu To! Yb! Lu!
138 170 200 780 313 %3 12 72 13 31 0.47
139 10 138 190 220 60 10 1.4 1.3 3.5 0.48
140 130 162 230 238 74 12 1.9 1.2 3.6 0.48
141 10 140 200 220 66 1 1.5 1.0 3.9 0.49
142 88 13 170 183 52 10 11 1.4 37 0.49
143 90 121 170 193 53 9 1.2 1.4 3.5 0.44
144 41 54 90 95 30 8 0.5 1.4 3.6 0.47
145 89 1 170 165 60 9 1.0 1.0 33 0.4
146 98 135 180 191 66 1 1.3 13 4.0 0.53
147 100 12 180 178 65 10 1.4 13 3.9 0.51
148 64 90 130 140 47 10 0.8 13 3.7 0.54
149 120 159 210 247 7 1 1.5 11 3.8 0.49
150 85 107 150 I 54 9 1.0 1.3 3.7 0.47
151 100 133 190 192 62 10 13 11 3.7 0.50
152 91 125 160 197 50 9 11 12 3.6 0.46
153 93 110 170 175 61 10 1.2 13 3.8 0.50
154 92 10 170 182 61 10 11 1.2 3.7 0.49
155 9 107 170 175 57 10 11 13 3.5 0.49
156 97 s 180 183 58 10 1.3 1.3 4.0 0.50
157 93 108 190 167 67 T 13 13 43 0.59
158 93 106 190 170 67 1 1.5 1.5 42 0.54
159 10 120 230 177 7 12 1.6 1.7 47 0.62

"Neutron activation.
2X~ray fluorescence.
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Figure 12. Variations of barium, cerium, zirconium, niobium, strontium, rubidium, potassium, and thorium
concentrations as a function of titanium concentration in the Tiva Canyon Tuff upper cliff and caprock samples.
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elements are typical of differentiation in magmatic systems, although the caprock trends are more diffuse.
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Figure 13. Average rare earth element concentrations (normalized to chondritic [Taylor and McClennan, 1985]) of
the upper cliff (filled symbols) and caprock (open symbols) samples. The enrichment in light rare earth elements is
typical of felsic igneous rocks. The only element showing a significant difference between upper cliff and caprock is
europium, presumably because of plagioclase fractionation. Although the average values for europium are different
for upper cliff and caprock, the ranges of the individual analyses overlap.

elements do with titanium contents (fig. 14), indicating
that these components do not solely reflect magmatic
values. In particular, calcium and 8'*0 values in sam-
ples from both zones vary the least systematically with
titanium contents, similar to what was observed in
samples from the Solitario Canyon section. The trend
between calcium and titanium clearly shows the effect
of the addition of secondary calcite. Unlike titanium,
elements such as sodium, uranium and iron are easily
mobilized by post-emplacement, water-rock interac-
tions that could result in the variations shown in
figure 14.

Certain elements such as arsenic, selenium,
mercury, silver, gold, and copper have been used as
pathfinder elements for epithermal precious-metal
deposits (Levinson, 1980). For example, the epither-
mal gold deposit in Fluorspar Canyon near Beatty,

Nevada, has elevated arsenic, silver, and mercury con-
tents that correlate directly with gold concentrations
(Greybeck and Wallace, 1991). With few exceptions,
however, both the concentrations of typical pathfinder
elements and the precious metals themselves are char-
acteristically low in the upper cliff and caprock zone
samples (table 7). Selenium, silver, and mercury are
below detection limits, and both arsenic and gold are
only marginally higher than typical magmatic levels in
siliceous igneous rocks (Connors and others, 1993).

Discussion of Results
The correlations of barium, cerium, zirconium,
niobium, strontium, rubidium, potassium, and thorium

with titanium in the upper cliff and caprock samples
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Figure 14. Variation of calcium, sodium, iron, and uranium concentrations and 880 as a function of titanium
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are shown by the crosses.

result primarily from magmatic processes. Most of
these correlations are also present in rocks of the
Solitario Canyon reference section where the varia-
tions in each element can also be correlated with strati-
graphic position. By analogy, the more extreme
variations and poorer correlations with titanium con-
tents for relatively mobile elements (calcium, sodium,
iron, and uranium) imply that these elements do not
record magmatic effects only, but vary because of sec-
ondary processes, such as low-temperature or deuteric
alteration, in the same way that they did in samples
from the Solitario Canyon reference section. The lack
of high concentrations of pathfinder elements or sig-
nificant variations in elements such as potassium,

rubidium, and strontium that are typically mobilized
by high-temperature fluids, make hydrothermal alter-
ation or epithermal mineralization of these samples
highly unlikely.

As with the tuffs from the Solitario Canyon sec-
tion, the 3'%0 values of most samples from the upper
cliff and caprock zones are higher than estimated
original magmatic values and do not correlate with
any of the elements measured in this study. Post-
emplacement processes that can lead to '*O
enrichments in siliceous volcanic rocks include low-
temperature hydration of glass, crystallization of
quartz and feldspar from deuteric fluids, and addition
of pedogenic carbonate and silica. The upper zones of
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the Tiva Canyon Tuff are devitrified, contain biotite
phenocrysts, and have vapor-phase minerals lining the
pumice cavities (Singer and others, 1994). High-
temperature devitrification of glass shards prevented
subsequent low-temperature glass hydration. How-
ever, post-emplacement recrystallization of the tuffs
and alteration by deuteric fluids would have resulted in
slight and variable enrichments in '*0, as proposed for
some of the samples from the Solitario Canyon sec-
tion. Deuteric alteration would have little effect on the
distribution of most other elements and would be
enhanced in zones that cooled slowly. The lack of
correlations between 6'%0 values and other elements,
fault zones, or specific areas are further evidence that
increases in '*0 in the upper cliff and caprock samples
are unrelated to specific fluid events other than those
associated with emplacement of the unit. The absence
of any low 8'*0 values indicates that hydrothermal
alteration by meteoric waters, either during or after
emplacement, was minimal (Taylor, 1974).

The addition of small quantities of low-
temperature carbonate and silica, which have high
8'%0 values in excess of +19 %o (Vaniman and
Whelan, 1994), to the upper cliff and caprock samples
cannot be totally discounted as a process that elevates
the whole-rock 8'80 values. However, there is no cor-
relation between 6'20 values and calcium contents as
would be expected if pedogenic calcite were the
source of the high 8'%0 values. Small quantities of
pedogenic carbonate may have resulted in elevation of
the original calcium contents, but the effect on whole-
rock 8'#0 values is minimal as discussed above for the
samples from the Solitario Canyon section. The addi-
tion of low-temperature silica is more difficult to
assess, although none was observed during petro-
graphic examination. Late-stage fracture coatings of
chalcedony are present in areas of the upper cliff zone,
but these areas were avoided during sampling. The
6'%0 value of one such coating from the sample at map
location 108 (fig. 2) is +28 %o. The adjacent tuff has a
value of +9.4 %o, indicating that infiltration of late-
stage silica, if present, is minimal.

CONCLUSIONS

Most of the variations in the chemical composi-
tions of the high-silica rhyolite and quartz latite from
the Tiva Canyon Tuff reflect magmatic processes.
Only elements such as sodium, calcium, and uranium
that can be easily mobilized by low-temperature fluids
appear to have been affected by post-eruptive fluid-
rock interactions. However, these interactions are
restricted to deuteric alteration, in which magmatic
fluids precipitated silica and feldspar, and to low-
temperature alteration, in which silica and carbonate
were precipitated from meteoric waters. None of the
samples of the Tiva Canyon Tuff have high concentra-
tions of trace elements such as arsenic, silver, mercury,
or gold that would indicate hydrothermal alteration or
epithermal mineralization.

The 6'®0 values of whole-rock samples of the
Tiva Canyon Tuff range from +6.9 to +11.8 %o. Most
are higher than the presumed magmatic values of +6 to
+8 %o, but none are lower. Whole-rock §'%0 values
have been elevated primarily as a result of deuteric
alteration during cooling of the ash-flow unit. Minor
addition of carbonate and silica from low-temperature
meteoric waters and low-temperature hydration of vol-
canic glass, where not devitrified, also may have con-
tributed to the high 6'®0 values in some samples.

Most significant from a mineral resources per-
spective is the lack of similarity between both oxygen
isotopic compositions and pathfinder elements in
proximal mineralized areas and those measured in this
study. O’Neil and Silberman (1974) reported 6'*0
values less than 5 permil for silicate minerals from
epithermal gold and silver deposits in Nevada and
attributed such low values to precipitation from
hydrothermal meteoric waters. Quartz from the
Bullfrog gold mine near Beatty and the Goldfield
gold mine near Tonopah have 8'%0 values of 5.2 and
-1.2 permil, respectively. These values are signifi-
cantly lower than any of those measured in samples
from the Tiva Canyon Tuff, indicating an absence of
hydrothermal alteration and significant epithermal
mineralization in this part of the volcanic section at
Yucca Mountain.
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