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Report on Static
Hydrothermal Alteration
Studies of Topopah
Spring Tuff Wafers in
J-13 Water at 150°C

Abstract

This report presents the results of preliminary experimental work done to define the
package environment in a potential nuclear waste repository in the Topopah Spring Mem-
buer of the Paintbrush Tutf. The work is supported by the Nevada Nuclear Waste Storage
Investigations (NNWSI) Project as a part of the Waste Package task to design a package
suitable for waste storage within volcanic units at the Nevada Test Site.

Siatic hvdrothermal alteration experiments were run for 4 months using polished
wafers either fully submerged in an appropriate natural ground water or exposed to
water-saturated air with enough excess water to allow refluxing. The aqueous results
agreed favorably with similar experiments run using crushed tuff, and the use of solid
polished wafers allowed us to directly evaluate the etfects of reaction on the tuff. The
results are preliminary in the sense that these experiments were run in Teflon-lined, static
autoclaves, whercas subsequent experiments have been run in Dickson-type gold-cell
rocking autoclaves. The results predict relatively minor changes in water chemistry, very
minor alteration of the host rock, and the production of slight amounts of secondary
mincrals, when liquid water could return to the rock pores following the temperature
maximum during the thermal period.

Introduction

The NNWS] Project has chosen the Topopah
Spring tuff as the candidate horizon for a poten-
tial high-level -nuclear waste repository to be lo-
cated at Yucca Mountain, Nevada. The Waste
Package task has been charged with designing an
appropriate waste package and thus must under-
stand the environment surrounding the package.
The emplacement of the waste will alter the envi-
ronment and this new hydrothermal environment
must also be understood to predict waste form
and package performance. To investigate the
post-emplacement environment, we studied the
changes in water chemistry and rock chemistry/
mineralogy as a result of hydrothermal interac-
tion. These studies also provide data needed to
develop the geachemical modeling codes that will
be used to make long-term predictions of condi-
tions in the package environment.

The necessity for doing some of these hydro-
thermal experiments using outcrop samples of

Topopah Spring tuff has been explained else-
where (Knauss, 1984b). To accurately define the
hydrothermal repository environment, analogous
experiments are being run using drillcore samples
taken from the stratigraphic depth of the potentisl
repository horizon.

These static sxperiments using polished wa-
fers were designed to complement analogous ex-
periments (Oversby, 1984), which used crushed
tuff. When this study is considered in conjunction
with these other studies, we can determine:

@ Effects on water chemistry as a result of
surface area and sample preparation;

® Changes in the chemistry of the reacting
phases;

® Distribution and nature of secondary
phases.

These studies are similar in design to earlier
studies that focused on the Bullfrog Member of
the Crater Flat Tuff (Oversby and Knauss, 1983;



Knauss, 1984a), which also used the Teflon-lined
static autoclaves,

We report here the quantitative aralyses of
both aqueous and solid phases resulting from the
hydrothermal interaction of polished wafers of
Topopah Spring tuff with a natural ground water.
The experiments were run for up to 120 days at
150°C both swith the tuff fully submerged and
with the tuff exposed to water-saturated air. They
were also run before the completion of a hydro-
thermal experimental facility containing Dickson-
type gold-cell rocking autoclaves, and must be
considered preliminary. Subsequent rock/water

interaction experiments have been run using the
rocking autoclaves (13 completed and 4 in
progress), and some of the results are either al-
ready published (Knauss et al., 1983) or have been
submitted for publication (Knauss et al., 1984). A
comparison of analogous experiments using the
two different experimental techniques shows that
most, but not all, of the aqueous phase results are
similar. The solid phase results compare less fa-
vorably. Any data or interpretations from the ex-
periments in the static, Teflon-lined autoclaves
that disagree with the subsequent gold-celi
rocking-autoclave experiments are so noted.

Sample Preparation and Characterization

The tuff used in these experiments was col-
lected in outcrop from a location that exposed
Topopah Spring Member tuff (Tpt) strati-
graphically equivalent to that within the proposed
repository interval beneath Yucca Mountain
(Knauss, 1984b). The initial steps used to prepare
the material are described in the aforementioned
text. Cores 1 in. in diameter were drilled with a
water-lubricated diamond corer and sliced into
0.1-in.-thick wafers using an [somet saw with a
0.012-in.-thick low-conceniration diamond blade,
lubricated with a water-plus-water-soluble oil
mixture. Both sides of each wafer were then
rough-ground with 10-micron aluminum oxide
and polished opticaliy flat with 1.0-micron and fi-
nally 0.3-micron aluminum oxide. In this respect
they differ slightly from the wafers of Bullfrog
Member tuff prepared in the earlier experiments
(Knauss, 1984a), which were only fine-polished on
one side. The polished wafers were washed re-
peatedly in distilled water and cleaned in an ultra-
sonic bath to remove any adhering aluminum
oxide.

The water used in the experiments was col-
lected from well ]-13, which is the reference water
for the NNWSI program. This natural water is col-
lected in large quartities from a producing hori-
zon within 2 highly fractured interval in the Tpt
unit. The water is neither filtered nor acidified. it
is stored in plastic-lined, 55-gal drums, and water
from only one sample time is used in any given
experiment. The water, however, is periodically
discarded and replaced with a new supply.

The characterization work that was done on
the Tpt tuff used in all Waste Package experimen-

tal work is described in some detail in Knauss,
1984b. The reader is referred to this document,
which presents results of petrographic examina-
tion, as well as analysis by XRD, NAA, and
SEM/EMP using both wavelength-dispersive
(WDS) and energy-dispersive (EDS) techniques.
Especially pertinent here are the EMP analvses
presented in that report for wafers designated Tpt
FR CW0a and CWOc which are two unreacted
wafers subjected to the same types of analvses
made on the reacted wafers to be presented here.

Not presented in the characterization report
are the specific surface area measurements made
on the polished wafers. We measured the gas ad-
sorption (BET) surface areas of two representative
wafers using argon gas and a 5-point fitted curve
to the data. The results follow:

Sample Surface area (m*/g)
A 0.367
B 0.389
Average 0.378 + 0.016

Note that this specific surface area for the
polished wafers is approximately three times
smaller than the specific surface area measured
for the crushed Tpt tuff (1.15 =+ 029 m%/g;
Knauss, 1984b). Similar comparisons made for the
Bullfrog Member tuff show much smaller differ-
ences, and attest to a high inte:connected porosity
for the Bullfrog. The measured gas adsorption sur-
face areas (nominally 0.907 m®) are much higher
than the geometric surface areas calculated from
the dimensions of the wafer (nominally 0.0012 m?).



Experimental Techniques

The general experimental plan was nearly
identical to that used in the earlier Bullfrog Mem-
ber tuff static hydrothermal experiments (Knauss,
1984a). The key elements were to:

@ Characterize the starting materials.

® React the polished Tpt wafer with J-13
water at 150°C, either fully submerged or exposed
to water-saturated air with enough excess water
present to allow refluxing.

® Vary the reaction time to span 120 days
with quenched samples taken at specific time
intervals,

® Analvze filtered, acidified solutions for
cations,

o Analyze filtered. unacidified solutions for
anions.

® Mecasure pH clectrochemically on unfil-
tered solutions.

® Determine weight changes in wafers.

e Characterize solid phases (primary and
secondary) by SEM observation and EMP analysis.

Figure 2 in Knauss (1984a) shows that the wa-
fer~ could be supported on the Teflon blocks with
platinum pins in such a way as to expose the en-
tire surface area to the solution and/or refluxing

fluid. The average weight of the polished wafers
was about 2.4 g, so the surface area (as measured
by BET) exposed to reaction was on the order of
0.907 m”. This falls within the range of surface
areas covered in the analogous experiments with
crushed tuff (Oversby, 1984).

In the fully submerged experiments approxi-
mately 80 g of J-13 water were used, while in the
water-saturated air experiments 35 g of J-13 water
were used.

The cleaning procedure used for the Teflon-
fined autoclaves, as well as a description of the
sampling procedure used, are provided in Knauss
(1984a). The analytical methods and operating
conditions used for cation analvsis (ICP-ES), an-
ion analysis (IC), and EMP analysis are also the
same as those detailed in this earlier report. The
following sample code is used in the discussion of
the aqueous and solid phase analytical result<:

Time {(davs) Submerged  Water-saturated air
14 Cw1 CW5
28 cw2 CWe
56 CW3 CW7
112 Ccwi CW8

Results of Aqueous Phase Analyses

Table 1 contains the results of the 1ICP cation
analyses, the quenched (25°C) pH, and the wafer
weight loss, The anion analyscs are presented in
Table 2. These data have also been plotted vs re-
action time and are presented in Figs. 1 through 9.

The trends in the solution chemistry data for
the fullv submerged wafers are reviewed here,

and show an initial increase in both aluminum
and potassium followed by a regular decrease ap-
proaching a steady-state value. The calcium was
removed from solution exponentially to a steadyv-
state value, while magnesium and iron were effec-
tively removed very rapidly from solution, The
silicon rose asvmptotically to a value slightly

Table 1. 1CP cation results for Tpt wafers.

Sample Mass Element {(ppm) . Wt loss
no. g Al ] _ ke Si Ca K Mg Na pH {0)
]-13 0.012 0.122 0.006 27.0 125 5.1 1.91 43.6 7.56 4]

1 0.537 0.207 0.003 87.2 414 1.9 0.028 46.5 7.52 116
2 0.442 0.202 0.010 102. 3.84 9.04 0.047 47.5 £.06 1.38
3 0.367 0.257 0.000 119. 336 83 0.01D0 47.6 8.51 1.40
4 0.358 0.309 0.000 132. 4.24 7.12 0.007 61.0 8.70 1.43
5 0.000 0.605 0.050 25.2 7.10 41.85 0.292 443 7.33 0.09
3 0.000 0.495 0.000 28.5 6.27 7.56 0.258 49.7 7.35 0.11
7 0.024 0.356 0.003 27.7 5.68 6.37 0.174 48.9 7.40 0.10
8 0.000 0.334 0.000 357 6.16 6.96 0.040 58.5 8.50 0.12

Detection

limit 0.008 0.004 0.003 0.008 0.012 0.16 0.003 0.002 o 0




Table 2. IC results for Tpt wafers.
Element (ppm)

Tpt F Cl NO, NO, S0, ? C,0,?
J13 23 68 — 9.2 18.8 0

1 35 83 0.3 10.6 194 1.2

2 35 81 0.3 10.5 19.3 11

3 33 84 0.5 10.9 193 38

4 38 86 0.6 12.2 21.0 25

5 47 72 12 9.9 18.4 21

6 55 99 1.6 14.1 18.8 21

7 92 B9 27 128 18.5 0.6

8 78 96 5.6 16.0 215 21

* Not measured. -

higher than, but not inconsistent with, cristobalite
saturation. The quench pH increased steadily dur-
ing the experiments, reaching a value of 8.70 after
112 days. The sodium, boron, and all anions
showed a step increase as a result of the presence
of a component of readily soluble material in the
outcrop material used in these experiments, This
effect wae noted by Overshy and Knauss (1983) in
earlier experiments using outcrop samples of Bull-
frog Member tuff. The necessity for establishing
baseline values for dissvlved species in rock/water
interaction experiments using outcrop samples
was provided in Knauss (1984b).’Mass balance es-
timates made from changes in solution compo-
sition show that the weight loss observed in the
wafers is consistent with dissolution of both
cristobalite and alkali feldspar (as the dominant
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Figure 1. Agqueous silicon concentrations in
the Tpt wafer experiments.
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Figure 2. Aqueous calcium concentrations in
the Tpt wafer experiments.

silicon sources) as well as the dissolution of a small,
readily soluble fraction of evaporite minerals.

The solution chemistry for the water-saturated
air experiraents showed the following trends. Alu-
minum, iron, and magnesium immediately de-
creased to very low levels. The calcium decreased
more rapidly and to lower levels than in the sub-
merged experiments, Both boron and potassium
increased to values that by the end of the experi-
ment were nearly identical to those reached at the
conclusion of the fully submerged experiments.

T T T T ml T
205 l I l I I
T 18 [; O Fuliy submerged 7
g O Water-saturated air T
g 12— 4 Starting J-13 water -
2 = . i
£ 08— -
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0
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Figure 3. Aqueous magnesium concentrations
in the Tpt wafer experiments.



0‘60 I I I I 1 I T l t I I
- o .
0.50 — -
- - a 4
g— 0.40 ~ —]
R . o o4
s 0.30 — —
E O Fully submerged 7]
2 020 : —
I O Water-saturated air
010 & Starting J-13 water |
AN .
olaol o L Ol v 1 ¢ |yl
0 20 40 60 80 100 120
Time (days)
Figure 4. Aqueous aluminum concentrations

in the Tpt wafer experiments.

The sodium concentrations were similar for sub-
merged and refluxed samples. whereas the anion
concentrations were either similar or slightly
higher for the refluxed samples. The silicon in-
creased only very slightly and only in the experi-
ment with the longest reaction time, indicating
some limited dissolution. As with the submerged
samples, the quench pH rose with time (although
not as regularly as for the submerged samples),
and reached a value of 8.50 in the longest experi-
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Figure 5. Aquecus potassium concentrations

in the Tpt wafer experiments.
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Figure 6, Aqueous sodium concentrations in

the Tpt wafer experiments.

ment. A uniform and low weight loss was ob-
served in the wafers.

The agreement between the solution compo-
sitions seen in the submerged wafer experiments
and similar experiments run using crushed tuff
(Oversby, 1984) is reasonably good. The main dif-
ferences between the experiments were in alumi-
num and silicon concentrations. The crushed iuff
experiments resulted in somewhat higher alumi-
num concentrations and slightly lower silicon

SOl L L L B L B
06l © O Fully submerged
O Water-saturated air
0.5 — O O Starting J-13 water
£
g 04 o ]
o
§ 03— o
-] ]
®o0z2l-0 0 —
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ol— I I ST S B

0 20 40 60 80
Time (days)

100 120

Figure 7. Aqueous boron concentrations in
the Tpt wafer experiments.
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Figure 8. Measured quench pH in the Tpt wa-
fer experiments.

concentrations. Note that the crushed tuff experi-
ments were run in small Teflon-lined autoclaves
that were rolied continuously during the experi-
ment, whereas the wafer experiments were not
agitated. The solution results for other constitu-
ents were quite similar.

As was noted earlier, these preliminary ex-
periments were conducted before the Dickson-
type gold-cell rocking autoclaves were installed.
Problems encountered with the Teflon-lined auto-
claves have been reported previousiy (Knauss
etal., 1983; Oversby, 1984). Briefly, these include
degassing of volatiles throughout the course of
the experiment and quenching effects during the
act of sampling.

The effect of degassing volatiles in this sys-
tem (Tpt plus J-13} is primarily CO, loss and the
resulting continuous decrease in alkalinity and in-
crease in pH with reaction time. Although the
alkalinity was not measured during these prelimi-
nary experiments, subsequent experiments that
measured alkalinity using the Teflon-lined auto-
claves found that the decrease in alkalinity as a
function of reaction time was due to degassing of
carbon dicxide (Oversby, 1984). Both the fully
submerged and water-saturated air experiments
clearly show an increase in pH due to this effect.
The speciation of dissolved constituents that are a
function of pH might also be affected to some de-
gree. For example, the slightly elevated silicon
concentration (above that expected for saturation

2.0 [ T T l T ¥ r
1.6 - —
—_ | o
= °© @
o 1.2 —
2 e}
2 i .
£
.g’ 0.Bf— O Fully submerged -
£ I O Water-saturated air ~1
0.4 |- A Starting J-13 water —
S TR T O L= R T

0 20 40 60 80 100 120
Time (days)

Tigure 9. Measured net weight loss in the Tpt
wafers.

with respect to cristobalite) might be due to the
presence of significant H,5i0,; anion. This ex-
planation can account for the measured silicon at
day 120 being 8% higher than cristobalite solubility,
since the measured pH was 8.7. At quench pH 8.7
(equivalent to an in-sity pH 7.8) the dissolved sili-
con concentration determined by saturation with
cristobalite is some 6% higher at 150°C than one
would calculate at a lower pH (say, less than 7.5)
where SiO, is the only species present (Wolery,
1984).

As for quenching effects, the only way they
can be evaluated is by comparing these results
with those obtained from analogous experiments
using the Dickson-type gold-cell rocking auto-
claves that were specifically designed to allow
sampling at in-siti conditions during the course of
the experiment.

The results of the specific rocking autoclave
experiments that are analogous to those reported
here will be published in a later report (Knauss
et al., 1984). The following comparison is made.
For silicon the results were quite similar over 64
days, the length of the rocking autoclave experi-
ment. For calcium the trends were identical, but
the Teflon-lined autoclaves produced a steady-
state value (6 ppm) slightly lower than the rocking
autoclaves (7-8 ppm). The rapid removal of mag-
nesium from solution was observed in both cases,
although it was more rapid in the rocking auto-
clave experiments. The trend for aluminum was



also identical, although the maximum concentra-
tion (1.5 ppm) and steady-state value (0.5 ppm)
achieved in the rocking autoclave experiments
were both higher than those in the Teflon-lined
autoclaves (0.55 and 0.35 ppm). Note that the first
sample taken in the Teflon-lined experiments was
at day 14; at day 16 in the rocking autoclave the
aluminum value was 1.0 ppm. In the Teflon-lined
experiments we are clearly past the peak alumi-
num value before the first sample. Also, the
hugher rocking autoclave values may be partly
due to agitation during reaction. Results for
crushed tuff reacted in rollec! Teflon-lined vessels
vave a peak concentration of 2.7 ppm decreasing
to LI ppm by day 48 at 150°C (Oversby, 1984).
The trends for potassium were again consistent,
but the Teflon-lined autoclave values were con-
siderably higher during the initial pulse and then
decreased to a steadv-state value comparable to
the rocking autoclave value. With the exception of
the last point at 120 days (which is high), the so-
dium data for the Teflon-lined autoclaves were
quite similar to the data obtained with the rocking
autoclaves. As mentioned above, the pH increased
with reaction time in the Teflon-lined autoclaves
to a maximum value of 8.70, whereas in the rock-

ing autoclave experiments the quench pH
dropped to approximately 6.8 and remained quite
constant. The anion content of the Teflon-lined
autoclave experiments tended to be higher than
the anion content observed in the rocking auto-
clave experiments. To some extent this can be ex-
plained by dissolution of a residual evaporite min-
eral phase (surviving the washing provided by
core cutting and polishing) into a smaller volume
of fluid. The Teflon-lined autoclaves were run
with 80 g of ]-13 waler, whereas the rocking auto-
clave experiments were run with about 200 g of J-
13 water.

Overall, there are measurable differences in
at least some of the aqueous measurements made,
but they are relatively minor. All of the differ-
ences seen (alkalinity, pH, and possibly calcium)
can be attributed to the degassing of volatiles
through the Teflon-lined vessels. The minimiza-
tion of quenching effects in the Teflon-lined auto-
clave experiments is a direct result of the extreme
effort made to sample thc bombs as rapidiy as
possible upon cooling and the immediate separa-
tion of the wafer from the fluid phase. Quenching
effects on the solid phase are dealt with in the
following section.

Results of Solid Phase Analyses

The solid phase analysis generally followed
the scheme outlined in Knauss (1983). The carbon-
coated reacted wafers were examined using the
scanning electron microscope (SEM) at both low
and high magnification to locate phenocrysts for
quantitative WDS analysis and to locate small sec-
ondary phases for semiquantitative EDS analysis.

The quantitative WDS analysis of primary
phases present in wafers CW2, CW3, CW4, CW7,
and CW8 is presented in Tables 3 through 7, re-
spectiv. 'y, For a comparison with unreacted wa-
fers, the reader is referred to Tables 4 and 5 in
Knauss (1964b). Note that all iron is calculated as
FeO and in minerals with high Fe'%/Fe*? ratios,
apparently low oxide totals will result. Because
what appeared to be a real difference was ob-
served in the mean composition of the plagioclase
feldspars in the Bullfrog tuff hydrothermal expeii-
ments (Knauss, 1984a), the calculated end-
member compositions of the plagioclase feldspar
phenocrysts in wafers CW3, CW4, and CW8 are
also presented as histograms in Figs. 10 through
12, respectively. For comparison, the reader

should refer to Fig. 30 in Knauss (1984b), which
shows a bimodal distribution with a main peak at
17 mol® anorthite and a minor peak at 40 mol %
anorthite.  Although not presented here, histo-
grams were also made for the data from each wa-
fer on the calculated end-member compositions of
the alkali feldspar phenocrysts and on the
Mg/Mg + Fe ratio in the biotite phenocrysts.
These plots were all made to more casily recog-
nize compositional changes in the major phases
present in the wafers as a function of the extent of
hydrothermal reaction. The following observa-
tions can be made with regard to these reacted
wafers:

1. In the submerged experiments, most of
the phenocrysts displaved minor dissolution fea-
tures such as micron-sized etch pits on their sur-
faces as a result of reaction. These suggest a
surface-reaction-controlled dissolution mechanism.

2. As seen in the histograms, the calculated
anorthite end-member composition of the plagio-
clase feldspar phenocrysts was unchanged by 4
months of reaction with J-13 water at 150°C. This



Table 3. Microprobe analyses for sample Tpt CW2. The identification Ph X Pt Y refers to the
original SEM photo number (X) and the specific point on that photo (Y) that was analyzed by
quanititative WDS.

Sanidine

Ph10 Phi0 Ph10 Ph10 Ph10 Ph18 Phi8 Ph18 Ph18 Ph25 Ph25 Ph25

Oxide Pt Pr2 Ph3 Pl Pt5 Pi1 P2 Pt3 Ped rit P2 re3
Si0, 66.02 66.07 65.97 68.73 66.71 64.88 65.88 66.07 65.93 66.65 65.82 68.15
AlLO, 16.39 18.46 18.03 18.25 18.14 19.44 18.89 19.43 19.07 19.61 18.93 19.02
K,0 9.82 10.45 10.16 10.38 10.29 9.72 9.80 9.37 9.48 9.66 10.11 9.98
Na,0 3.95 3.84 3.80 421 3.96 4.77 4.76 1.82 4.82 4.60 4.37 4.35
Ca0 0.1 0.1 0.11 0.17 0.11 0.36 0.36 0.36 0.36 017 017 0.17
MgO 0.10 0.02 0.04 0.06 0.05 0.05 0.03 0.03 0.03 8.08 0.09 0.09
TiO, 0.00 0.03 0.06 0.12 0.12 0.00 0.00 0.05 0.03 0.00 0.00 0.00
FeO 0.49 0.09 0.32 0.08 0.13 0.17 0.18 0.19 0.14 009 0132 0.09
BaO 0.04 0.04 0.07 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 98.92 a4.11 96.50 102.11 99.51 99.39 99.90 100.32 99.85 100.85 99.63 101.684

Qz — — - - - - - - - - -
Or 61.79 ©3.92 63.49 61.38 62.75 57.15 57.44 55.99 55.18 57.99 60.30 59.70
Ab 37.92 35.79 36.15 32.77 36.66 42.67 42,38 43.83 42.76 11.91 39.61 39.34
An 0.29 0.29 0.36 0.84 0.58 0.18 0.18 0.18 1.76 0.10 0.09 0.86

Sanidine

Ph26 TPh26 Ph26 Phd5 Phi5 Ph45 Phi5 Thi6 Phdé Phie Phy7 Ph47 Ph47  Phi7
Oxide rt1 Pi2 PR3 rtl re2 Pt3 Pt1 Pt1 Pt2 Pt3 il P12 re3 re
Si0; 6589 6587 6675 68.61 66.89 6732 6545 6751 6328 67.68 6696 67.68  68.87 67.19
Al,O, 1882 19.22 18.65 19.08 18.70 18.62 16.10 18.67 19.07 18.56 19.10 19.02 19.08 18.98
K,0 933 9.07 9.46 9.54 10.33 10.94  9.86 10.70 9.77 9.92 10.06 1017 9.93 9.95
Na,O 1.76 5.01 41.66 4.27 3.83 3.20 4.00 3.81 117 4.36 118 4.21 1.16 3.40
Ca0 0.23 0.23 0.23 0.13 0.13 0.13 0.1 0.19 0.19 0.19 0.10 0.10 0.i0 0.10
MgO 0.03 0.05 0.03 0.06 0.10 0.10 0.05 0.13 0.03 0.09 0.02 0.10 0.01 0.00
TiO, 0.00 9.06 0.00 0.04 0.00 0.03 0.13 0.00 0.00 0.11 0.00 0.00 000 0.01
FeQ 0.19 0.30 0.21 1.34 0.21 0.20 112 0.08 0.05 0.44 0.00 0.03 0.02 0.06
BaO 0.00 0.c0 0.82 0.08 0.60 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07
Total 99.25 99.81 100.81 102,15 100.20 100,54 98.35 101.17 101.58 10135 101.43 10130 102,18 9273

Qz - - — - — - — - - - - - — -
Or 56.27 54.31 56.58 59.21 63.65 68.90 61.50 64.46 60.24 59.44 61.10 61.i9 60.88 65.55
Ab 43.62 4557 4227 4044 36.00 30.75 37.80 35.07 39.29 39.63 38.63 38.54 38.85 3392
An 0.11 0.12 1.15 0.35 033 025 0.70 0.47 0.47 0.93 0.27 n27 0.27 0.54



Table 3, (Continued)
. Sanidine Plagioclase
Phis Ph48 Phi9 rhi9 rhi9 Ph50 Ph51 Ph51 Ph51 Phle Phe Phls
Oxide Pi1 P2 1 Pe2 3 ru It ez re3 re1 re2 Pt3
Si0, 67.46 68.99 67.72 69.31 68.27 68.84 67.13 68.50 66.88 66.37 66.90 67.03
ALO, 18.69 19.15 18.67 18.72 18.76 18.93 18.73 18.30 18.39 22.84 22.02 22,59
K0 10.74 10.16 10.71 10.03 11.01 9.78 10.06 10.53 9.91 119 1.80 1.35
Na, O 3.77 4.14 3.55 371 3.52 1.07 143 4.10 4.22 8,43 @71 8.09
Ca0 0.05 0.09 0.10 0.12 0.06 0.17 0.17 0.06 0.18 290 2.51 280
MgO 0.02 0.02 0.00 0.00 0.02 0.00 0.00 0.01 020 0.02 004 0.05
TiO, 0.03 0.03 0.07 .03 0.06 0.09 0.09 0.15 .16 0.04 0.00 0.0u
FeO 0.07 0.08 0.09 0.04 0.05 0.33 0.11 .05 0.19 (L) 0.28 0.30
BaQ Q.07 0.04 o1 0.15 015 0.00 02.00 0.00 0.00 0.k 0.10 0.00
Total 100.89 103.02 to1.01 102,10 101.90 102,21 i00.72 10170 100.42 102.41 102.85 10231
Qz - - - - - - - - - -
Or 65.10 62.19 66.19 63.68 67.13 60.77 59.49 62.73 60.19 8.40 10.06 9.04
Ab 34.66 37.34 33.29 35.70 32.54 381 39.67 36.98 38.89 76,55 78.16 76.33
An 0.25 0.47 0.52 0.62 0.33 0.89 0.84 0.30 0.93 1455 it7s 14.64
e Plagioclase __Magnpetite
Ph52 Ph52 Ph54 Phsd4 Ph55 Phs5 Ph29 h29 Ph42 Phi2
Oxide it rmz P P2 ru P2 Oxide ri P2 P PR
Si0 65.46 64.71 65.15 64.67 63.37 61.51 Si0, 0.68 169 0.00 0.00
AlLO, 23.25 22.9h 2344 23.46 24.96 25.90 ALO, 1.05 0.015 .69 .56
K.0 19 1.28 1.30 1.10 0.65 0.56 K,O - - - -
Na.(} 5.93 8.482 8.7¢ 8.60 8.20 7.64 Na, O - - - -
Ca0 3.61 346 3.63 3.93 542 6.53 Ca0 - - - -
AMgO 0.04 0.06 0.04 0.05 Q.06 .05 FeO 84.40 $1.92 86.82 84.73
TiO), 0.06 0.00 0.03 0.00 0.09 0.1t MgO 0.13 0.38 $.03 [IATY
FeQ 0.15 0.1e 0.13 0.1 0.2n 0.22 MnO 153 1.58 151 1.75
BaO 0.10 0.00 012 .00 0.18 0.13 TiO, 176 240 1.70 1.25
¥ - - - ~
Ct - - - -
Total 102.78 101,45 102.89 101.92 103.18 102.66 Total £9.84 90,02 90.76 91.46
Q7 - - - - Ti/Fe 0.014 0026 0.018 0.045
Or 670 7.28 7.37 6.30 3.70 317 Mg/Mg : Fe 0.009 0.008 0.0t 0.003
Ab 76.24 76.19 75.34 78 70.50 65.72 Ulvospine! 0.028 0.048 0.026 0.101
An 17.06 16.53 7.29 18.92 25.80 3011 Magnetite 0.972 0.952 04974 0.899



Table 3. (Continued)
Ilmenite Biotite
Th29 Ph29 Phi0 Phi0 Phi0 Ph32 Ph32 Ph32 Ph3X Ph35 Th35 Th35 Pbh3s
Oxide re "z i3] P2 Pe3 Oxide ra 2 Pt3 Pt i re ma Pt3
Si0, 057 029 000 0.1 0.00 Sio, 36.35 37.6. 3331 3792 3665 3194 3722 3716
ALQO, 022 0.15 - 0.07 - ALO, 13.23 1291 1169 1390 1344 12.89 13.6] 13.28
K,0 - - - - - K, 0 523 83T 7.67 $82 51T 805 8553 861
Na,O - - - - - Na, 0 050 042 0322 045 050 045 046 047
CaC - - - - - Cz0 012 0122 925 0.12 017 017 017 017
FeO 4.18 5493 3321 43.18 J43.85 FeO 21.03 1791 2107 18.2C 2096 2550 21.27 2022
MgO 0.81 061 000 015 000 Mg0O 1192 12,18 1105 1148 10.76 1098 1155 10.86
MnO 12.28 577 099 101 096 MnD 1.4 L1 L33 112 073 008 072 075
TiO, 42.89 3197 J48.73 S0.17 38.99 10, 297 35t 396 .21 &eB 389 363 329
r - - - - - F 000 000 000 139 000 0.0 000 004
! - - - - - a 0.2 000 000 00 000 0.00 900 Q.00
Total 9695 9372 9268 9169 93.79 Total 96,08 9424 90.76 97.60 96.07 9T.T3 9717 95.85
Tille G960 0.533 1.014 1.045 1.005 TilFe 0.170 0.'76 0.169 0.208 0201 w137 0.154 0.191
Mg/Mg - Fe  0.035 0.020 0.600 0.006 0.300 M; ‘Mg+Fe 0493 8550 0,466 0.532 0480 0437 0.493 0.492
[lmenite 0.773 0.582 0.995 1.008 0.992
Hematite 0.227 0.418 0.004 0.008 0.008
Riotlite Moatrix
Ph3e Th36 Pn36 TI'h36 Pbh37 Ph37 Ph37 TPh37 Ths? IPh7 PheD  P’hét
Oxide "t Pe2 3 red P11 ™2 B3 red Pt5 I'té Oxide M1 mi
5iC, 3660 3679 3715 373t 3553 _T7/ 3563 3678 36.10 36.90 Si0, 7743 BLIS
ALO. 13.01 1293 13.19 1353 1452 1446 14.84 1484 1396 1453 AlLO, 13.43 107
K,C 7.83 8.07 8.09 8.60 7.99 B.14 7.92 6.09 8.06 6.09 K.O 6.33 133
Na,0O 0.49 0.49 0.47 0.49 0.37 0.48 0.4¢ 0.47 0.27 0.45 Na,O 310 342
Ca0 .15 0.15 .12 .15 0.18 0.18 Q18 0.18 0.23 0.15 Ca0 0.33 036
FeQ 2195 2227 2248 )37 1894 1859 17.20 1841 1796 17.87 MpO 0.09 0.13
MgO 11,70 11,8 1184 1061 9.86 9.99 9.34 9.77 8.49 9.68 O 0.25 0.22
MnO 0.81 0.68 0.76 0.65 1.05 L13 2.62 1.05 L19 1.06 TiO, 0.01 .00
TiO, 4.32 4.12 245 4.27 4.53 4.64 4.65 4.50 4.57 4.73 MnO 0.02 0.04
F 0.00 0.00 [ X1]0) 0.00 0.00 9.00 <o 0.00 0.00 0.00 BaO 0.00 0.00
l o0.00 0.00 o.ro 0.00 0.00 0.00 0.3 0.00 0.0 0.0u
Total 96,86 9737 98.59 9599 9230 9479 9247 9403 9082 93.51 Tot2l  101.03 100.73
Ti/ke 0.177 0.166 0178 0.298 0.215 0215 0.213 0.220 0.229 238 Qz 3219 4109
Mg/Mpg -+ Fe 0490 0490 0.487 0.519 .48% 0492 0493 0.488 0.160 0.493 Or 38.14 26,03
Ab 28.30 31.18
An 1.37 1.70




Table 4. Microprobe analyses for sample Tpt CW3.

Sanidine
Ph3 Ph4 Phd Ph5 Ph5 Ph7 Ph7 Ph10 Ph10 Ph12 Ph12 Ph13 Phl3 Phl5 PhI5
Oxide re2 rt1 ri2 Pt1 Pe2 Pl P2 Pt1 P2 re P2 Pl re2 rt1 Pt2
5i0, 66.70 65.97 65.51 66.64 66,84 6594 67.06 67.31 6691 67.80 6750 6573 64.63 65.17 66.51
AlLO,; 18.29 19.07 19.30 1795 1826 19.20 18,19 1937 1985 1829 1673 19.68 19.30 18.85 18.30
K,O 11.50 8.79 9.43 10.37 1017 9.80 1083 9.42 954 1049 1063 276 942 1046 1047
Na,0 3.29 5.06 478 405 391 d.42 3.75 4.82 1.62 3.66 3.86 439 471 405 373
CaO 011 0.39 035 008 008 0.20 0.13 0.24 .23 0.08 0.15 034 042 0% 010
MgO 0.01 0.05 0.03 0.4 005 0.00 0.07 0.06 “0.03 0.03 0.06 0.03 0.03 004 002
TiO, 0.00 0.02 0.00 041 602 0.00 0.00 0.00 0.04 0.02 0.80 0.00 000 0.0 0.02
FeOQ 0.18 0.9 018 015 017 0.10 0.15 0.19 0.13 0.15 0.1 0.18 0.15 0.15 0.i5
BaO 0.00 0.00 013 o000 013 000 a.10 0.00 0.00 0.00 0.00 007 014 006 0.00
Total 100.08 99.53 100.72 99.70 99.62 99.66 10h.28 101.40 101.34 10048 101.05 100.18 98.82 98.58 +9.30
Qz - - - - - - - - —_ - - - - -
Or 69.37 5236 5551 6252 62.88 58.81 65.14 55.61 57.02 6398 6405 58.46 55.69 6150 64.61
Ab 30.06 4571 4273 37.05 3669 40.:8 3422 4318  41.83 3459  35.21 39.85 42.23 37.5] 34.89
An 0.58 193 173 042 042 102 0.64 1.21 1.16 0.13 0.74 1.69 208 099 050
Sanidine Plagioclase
Pht6é  TIhle Ph23 Ph23 Ph24 Ph24 Ph2s Ph28 Ph29 Ph29 Phid Phi4 Phis Ph1d
Oxide P P2 Py Pz Pl P2 Py P2 Pl P2 Pt Pi2 Pl P2
SiQ, 67.14 67.93 66.95 66.21 66.12 66.28 66.29 65.51 64.89 65.82 63.17 62.35 63.4: 63.06
ALO, 17.85 18.60 18.63 19.11 14.36 20.02 19.38 1512 19.40 19.35 2251 2251 23.10 23.03
K,O 10.37 .78 10.19 8,56 10.27 9.79 9.83 9.76 10.41 10.84 L30 1.18 0.90 0.52
Na, O 3.49 4.09 402 5.44 4.13 1.56 4.74 1.67 119 197 8.67 8.47 3.86 8.58
Calb n.13 06.27 0.27 0.54 0.29 0.36 0.32 0.30 0.27 0.22 3.34 3.53 3.85 3.88
MgO 0.03 0.07 0.02 0.02 0.03 0.02 0.03 0.04 0.03 0.01 0.03 0.03 0.00 0.00
TiO, n.09 0.06 0.01 Q.50 0.08 0.07 0.04 0.04 0.06 (LR 33 0.04 0.00 0.00 0.05
FeO 0.19 0.53 0.20 0.16 0.00 0.13 0.12 0.16 0.12 0.11 0.13 0.18 0.26 0.32
BaO 0.04 0.00 0.00 0.00 0.15 0.00 0.00 0.59 0.00 0.30 0.00 0.00 .00 .00
Total 99,30 10131 100.29 10054 10045 101.23 10074 100.19 99.38 100.84 99.19 98.25 100.44 99.73
Q2 - - - - - - - - - - - -~ - -
Or 65.88 60.44 61.71 19.59 61.23 57.59 56.89 57.08 61.25 63.05 7.52 6.95 5.13 4.7
Ab 33.61 38,28 36.89 37.77 37.32 40.61 4157 4144 3740 3588 76.21 75.61 76.45 76,14
An 0.51 1.28 1.39 2.64 136 1.80 1.54 147 1.35 1.07 1627 17.45 1842 19.07
Plagioclase Hmenite
Ph19 Phi9 Th2: Ph33 Thi7 Ph3; Ph27 Ph32 Ph32 Ph33 Ph33 Dh39
Qlidc rt1 re2 i3] 2 Pt} re2 3 Oxide Pt1 re2 Pt1 P2 Pl
Si0, 64.23  64.10 63.66 61.04 65.28 64.23 65.28 Si0, 0.03 0.24 0.18 0.09 0.04
AlLO; 2244 2260 2274 21.88 22.28 22.09 22.88 ALO; 0.07 0.19 0.05 0.00 0.09
K.O 1.26 1.16 1.08 1.28 .28 1.4 1.18 K,0 - - ~ - —
Na, O 8.69 8.61 892 8.9 871 8.63 8.59 Na,O - - - - -
CoO 3.33 338 335 3.0 329 3n 3.46 Ca0 - - -~ - -
Mg 0.02 0.00 0.00 o0.00 0.02  0.02 0.00 FeO 45.71  45.38  J0TE 46.22 J6.13
TiO, 0.00 0.00 000 0.0 0.00 0.6 0.00 MgO 0.22 0.41 0.09 0.18 0.23
FeO 0.17 0.23 0.17 0.18 0.14 014 0.13 MnO 4.33 104 1.77 4.13 3.34
BaO 0.00 0.00 0.00 0.00 0.00 0,00 0.00 TiO, 49.38 46,73 47.18 4192  47.54
F — - - - -
CI - - ~ - -
Total 10C.14  1450.09 9991 99.16 101.00 99.67 101.52 Total 99.71  96.99 90.05 9254 97.36
Qz - - - - - - - Ti/Fe 0972 0926 1041 0816 0927
Or 7.3 679 619 7.50 739 841 6.91 Mg/Mg+-Fe 0.009 0.016 0.004 0.007 0.009
Ab 76.46 76.56 77.65 77.27 76.60 76,10 76.14 IImenite 0930 @903 0997 0.838 0917
An 16.20 16.65 16.15 15.24 16.01 1519 16.95 Hematitce 0.070 0.097 0.003 0.162 0.083



Table 4. {(Continued)
Magneti Biotite
Ph21 Ph21 Ph30 Ph30 Ph32 Ph32 Ph17 Ph17 Ph1s Fhis Ph25 Ph25 Ph36
Oxide Pt1 Pt2 Pt1 Pt2 Pt1 Pt2 Pt1 Pt2 Ptl Pt2 i1 Pt2 Pit

Si0, 0.34 0.31 0.17 0.20 0.10 0.00 36.82 37.37 3458 37.42 36.67 36.83 17.49
Al,O, 1.44 1.55 1.78 0.73 213 1.93 12.83 13.32 1242 13.14 1347 1341 7.31
K.O - - - - - - 8.54 8.94 8.58 9.19 8.79 8.66 342
Na,0 - - - - - - 057 054 052 054 048 043  0.00
CaO - - - - - - 0.11 0.25 0.05 0.07 0.18 03 0.8
FeO 77.97 7865 8282 8532 8255 8299 1871 17.13 2439 1971 1823 1803 19.28
MgO 009 005 0.0 0.06 0.14 0.06 1202 123¢ 968 1102 10.}19 1041 6.85
MnO 1.33 1.09 0.90 0.88 .31 1.29 119 1.15 1.04 .24 314 3.27 0.72
TiO, 10.18 247 3.99 299 6.64 5.84 433 4.57 413 417 4.39 418 11.30
F P - - - - - 0.0u 0.00 0.00 0.05 0.00 0.90 0.00
! — - - — - - 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 91.36 91.13 89.65 90,19 9287 9212 9514 95.57 9538 96.54 9555 95.86 96.54
Ti/Fe 0.118 0.108 0043 0032 0072 0.063 0209 02490 0152 0190 0.217 0.223 0.206
Mg/Mg+Fe 0.002 0.001 0.000 0.001 0.003 0.001 0536 0.564 0.417 0502 0502 0.509 0.29¢
Magnetite 0.702 0.721 0.889 0923 0.816 0.840
Ulvaspinel 0.238 0279 0111 0.077 0184 0.160

_ Matrix Pumice

Ph13 PR19 Ph20  Phit Ph8 Phs PhI1 Phil  Ph20 PhI0 Phaz
Oxide Pt1 Pt1 )3} Pt1 Pt1 re2 Pl P2 Pt1 Pt2 Pt1
Si0, 71.30 86.42 64.93 67.63 71.52 91.74 85.91 88.62 67.21 85.25 90.42
AlO, 14.63 8.58 17.43 17.94 15.53 4.75 8.12 5.88 17.32 49.71 5.68
K,0 5.81 0.66 5.71 7.99 5.25 214 0.73 0.55 6.5% 2.46 1.98
Na,O 3.97 4.02 5.61 4.62 4.86 134 3.49 251 4.53 3.05 1.81
Cao 0.60 0.79 0.63 0.38 0.65 0.20 0.80 0.73 0.60 0.73 0.26
MgO 0.52 0.05 0.18 0.22 0.10 0.12 0.09 0.36 013 0.09 0.41
FeO 0.80 n37 0.48 0.20 0.31 0.32 1.64 0.57 1.09 0.25 0.20
TiO, 0.11 0.05 0.07 0.14 0.02 0.00 0.06 0.00 0.00 0.10 0.12
MnO 0.00 0.00 0.03 0.06 0.00 0.05 0.21 0.01 0.03 0.00 0.02
BaO 0.00 0.14 0.14 0.00 0.05 0.08 0.00 0.02 0.03 0.08 0.00
Total 97.75 101.07 95.21 99.17 98.30 100.75 101.01 99,29 97.51 101.70 100.89
Qz 294 55.81 8.17 8.40 20.33 73.41 58.51 69.02 13.09 53.60 69.30
Or 36.36 3.99 35.56 47.81 31.81 13.41 4.56 3.49 40.89 14.94 12.33
Ab 37.72 36.95 52,99 41.83 44.65 12.69 33.10 2417 42.90 28.02 17.02
An 298 3.25 3.27 1.92 33 0.50 3.83 3.32 313 3.43 1.34
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Table 5. Microprobe analyses for sample Tpt CW4.

Sanidine .
Ph3 Ph3 Ph3 Ph3 Phi2 Phiz Phiz Ph14 Ph14 Ph1d Ph17
Oxide rt1 P2 Pt3 Ped Ptl P2 Pt3 P Pt2 Pi3 Pi1
Si0. 67.03 67.11 66.57 67.60 65.14 64.92 68.04 67.29 66.95 67.52 67.45
ALO, 19.31 20.18 18.99 19.50 19.36 18.75 1543 1924 19.36 19.32 19.31
K,O0 9.48 9.34 9.64 9.08 10.39 10.36 5.26 9.99 9.50 9.69 7.61
Na,0 4.98 4.89 4.59 5.08 37 3.82 443 348 473 471 5.68
CaO 0.34 0.28 0.53 0.43 0.25 1.17 100 0.33 0.37 0.32 0.36
MgO .04 0.03 0.01 0.06 0.06 0.05 0.35 0.02 0.03 0.02 0.0
TiO- 0.32 0.00 0.00 0.06 0.00 0.02 0.14 0.00 0.02 0.03 0.08
FeO 0.11 0.1z 0.12 0.15 0.07 0.06 0.90 0.18 0.15 0.13 0.10
BaO 0.06 0.00 0.00 0.13 1.28 113 0.59 0.07 0.13 0.16 0.00
Total 101.67 101.95 100.43 102.07 100.33 100.27 96.11 101.72 101.23 101.90 100.74
Qz - - - - - - - - - - -
Or 54.73 54.97 56.53 52,99 63.63 .47 41.07 58.54 55.93 56.67 45.82
Ab 43.63 13.64 40.87 44.92 35.11 3381 52.37 39.83 12.26 41.75 51.84
An 1.64 139 2,60 2.10 1.26 5.72 6.56 1.64 1.8z 1.59 233
Sanidine
Ph21 Ph21 Ph22 Ph22 Ph22 PhzZ Ph23 Ph33 Ph33 Ph33 Ph33
Oxide Pt1 P2 ri re2 Pt3 P Pr1 Pt1 Pt2 re3 Pid
5i0, 68.26 67.08 67.20 66.99 66.84 67.93 67.64 66.65 65.66 66,70 65.25
ALO, 18.33 18.59 18.09 19.24 19.38 19.37 14.92 18.96 19.17 19.02 19.61
K,0 10.52 10.:1 9.50 9.88 8.98 9.12 7.98 9.38 9.50 9.39 9.22
Na,3 4.1e 4.36 4.55 4.57 5.08 4.87 3.38 4.81 4.72 4.93 479
Ca0 Q.19 0.18 0.52 0.40 0.2 0.52 0.32 0.4 0.36 0.41 0.46
MgO 0.03 0.31 0.06 0.03 0.02 0.04 0.1~ 0.05 0.06 0.04 0.04
TiO, 0.00 0.10 0.03 0.00 0.00 0.07 0.23 0.11 LURE] 0.00 0.04
FeO 0.12 1.16 0.21 0.13 .17 013 298 0.26 0.24 0.21 0.18
BaO 0.06 0.00 0.11 0.09 0.00 0.10 0.00 0.00 0.05 0.0¢ 0.00
Total 101.67 101.69 100.29 101.32 100.88 10217 97.89 100.56 99.79 160.70 99.60
Qz - - - - - - - - - - —
Or 61.91 59.92 56.41 57.65 52.73 53.83 59.83 55.01 56.06 54.56 54.68
Ab 37.i5 39.18 40.98 10.41 45.21 43.61 38.12 42.81 42.18 43.42 43.04
An 0.94 0.89 2.61 1.94 2.06 256 2.04 218 177 2,02 2.28
Sanidine
Ph3q Ph34 Ph341 Ph31 Ph39 Ph39 rh39 Ph39 Ph39 Ph39
Oxide Pt1 Pt2 Pt3 Pt4 Pl P2 Pt3 Pt Pt5 Pté
Si0, 66.24 65.23 65.60 65.89 66,00 65.08 65,83 66.4¢ 65.60 65.99
ALO, 19.32 19.28 19.10 19.41 18.92 19.56 19.33 19.10 19.54 19.06
K,O 9.38 9.39 9.14 8.86 9.81 9.32 9.37 9.56 9.13 9.73
Na,O 4.94 .85 493 5.13 1.85 1.83 5.09 5.00 5.11 477
Ca0 0.33 0.36 0.38 0.42 0.50 0.58 0.52 .36 0.52 0.50
MgO 0.00 0.00 0.01 0.04 0.05 0.03 0.06 0.00 0.04 0.00
TiO, 0.00 0.00 0.00 0.07 0.03 0.00 0.03 0.00 0.04 0.00
FeQ 0.15 0.21 0.17 0.14 0.15 0.12 .17 0.42 0.13 0.15
BaO 0.16 0.10 0.09 6.09 0.17 0.23 0.00 0.12 0.00 0.09
Total 100.52 99.42 99.43 100.05 100.48 99.77 100.40 101.06 100.10 100.37
Q2 - - - - - - - - - -
Or 54.70 55.10 53.98 52.18 55.80 54.37 53.47 54.78 52.75 55.96
Ab 43.68 43.15 .11 15.77 41.84 42.78 44.03 43.47 4473 41.62
An 1.62 1.75 191 2.05 236 285 2.50 175 . 2.53 242
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Table 5. (Continued)
Plagioclase
Ph4 Ph4 Ph4 Ph4 Phé Phs Phé Ph28 Ph28 Ph28
Oxide P P2 Pt3 P4 Pt1 P12 Pt3 Pt1 P2 Pi3
Si0, 64.78 65.51 65.43 64.46 65.21 64.32 65.28 58.00 65.20 65.20
ALO, 23.29 2256 23.14 2291 23,07 21.66 23.03 27.40 22.88 22.68
K,0 1.15 LI2 1.18 1.18 117 114 102 0.41 128 113
Na,O 8.58 8.67 8.28 8.72 8.67 8.51 8.66 6.2 8.77 8.65
CaO 3.67 3.80 3.03 3.55 3.66 3.73 3.71 834 3.63 350
MgO 0.25 0.04 0.03 0.00 0.00 0.04 0.05 0.06 0.03 0.09
TiO, 1.07 0.00 0.07 0.00 0.08 0.00 0.00 0.02 0.n7 0.04
FeO 0.02 0.12 0.15 0.19 0.13 0,15 0.00 0.14 0.14 0.19
BaO 0.00 0.00 0.04 0.07 0.03 0.04 0.07 0.09 0.00 0.00
Total 102.81 101.81 102.36 101.08 102.02 99.60 101.82 100.74 101.99 10149
Qz ~ - - - - - - - - -
Or 6.66 6.41 6.91 6.80 6.71 6.62 591 245 7.26 6.57
Ab 75.48 75.34 73.33 76.04 75.62 75.12 76.04 56.14 75.44 76.33
An 17.86 18.25 19.76 17.16 17.67 18.26 18.05 4141 17.30 17.10
Plagioclase
Ph29 Ph29 Th29 Ph29 Ph32 Ph32 Ph32 Ph32 Ph35 Ph35 Ph35 I'h35
Oxide Pt1 T2 re3 Tt Pt1 rt2 Pt3 Pty Pt1 Pt2 Pt3 Pt4
Si0, 65.75 65.02 64.77 65.58 62.92 63.82 64.89 64.52 63.38 64.07 63.79 64.00
AlLO, 21.76 22.21 22,94 22.50 2272 23.32 2290 2263 2291 22.80 23.12 22.65
K,O 1.62 143 115 1.25 117 1 1.22 0.90 1.09 1.09 1.01 1.01
Na,0 8.81 8.61 8.42 8.88 8.47 8.49 8.76 8.59 9.25 5.98 9.10 9.13
CaO 2.83 3.30 3.85 31 3.64 3.73 2.46 3.89 3.40 3.40 3.66 3.64
MgO 0.03 0.02 0.04 0.04 0.03 0.04 0.04 0.04 0.00 0.00 0.00 0.00
TiO, o.or 0.00 0.00 0.02 0.02 .05 0.00 0.05 L07 0.05 0.06 0.03
FeO 0.21 0.20 0.12 0.25 0.23 023 0.19 0.24 0.17 0.17 0.78 0.17
BaO 0.07 0.00 0.00 0.03 0.00 0.00 1.88 0.00 0.11 0.02 0.00 0.00
Total 101.08 100.78 101.28 101.66 99.20 99,79 103.33 100.86 102.38 100.57 101.51 100.65
Qz —_ - - — - - - - - - - -
Or 9.36 8.27 6.72 7.19 6.85 6.47 6.99 5.25 6.06 6.20 5.65 5.63
Ab 76.97 75.67 74.45 77.73 75.27 75.23 76,32 75.76 75.06 77.56 77.18 7729
An 13.68 16.05 18.82 15.08 17.88 18.30 16.69 19.00 15.89 16.24 17.17 17.07
Plagioclase Biotite
Fh36  Ph3s Ph36 Ph3c Phl Pht Phi Phi Ph2  Phz  ThZ
Oxide Pt1 2 Pt3 Pt Pt1 P2 Pt3 Pt4 P11 P2 Pt3
Si0, 55.90 56.09 56.49 55.96 Sio, 37.99 36.98 3743 36.38 33.56 30.74 33.54
Al,O, 28.45 27.88 27.72 28.57 AlLO, 1311 12.98 12.63 12.98 13.44 13.27 13.33
K,0 0.25 0.43 0.49 0.32 K,O 9.11 8.76 8.88 8.71 7.38 7.08 6.76
Na O 5.84 6.26 6.38 5.96 Na,O 0.63 0.95 0.50 0.18 0.54 a.34 0.93
Ca0 9.58 9.06 8.49 9.55 Ca0 0.15 0.16 0.23 0.19 0.28 0.25 0.29
MgO 0.02 0.02 0.02 0.19 FeO 18.50 20.19 18.20 17.89 19.18 22.65 22.19
TiO, 0.00 0.04 0.02 0.01 MgO 11.77 12.25 1140 11.44 12.84 12.09 9.56
FeO 0.35 0.31 0.27 0.28 MnO 0.72 0.71 0.75 0.76 1L.24 143 L13
BaO 012 0.17 0.12 017 F 0.00 0.05 0.04 o.00 0.07 0.05 2.04
Ci o.00 0.00 0.00 0.00 0.00 0.00 0.00
Total  100.50 100.27 99.99 101.02 Total 96.21 97.45 9403  93.08 9294 9202 9186
Qz - - - - Ti/Fe 0.206 0.196 0.197 0.214 0.207 0.164 0.166
Or 147 247 2.82 1.86 NMg/Mg-+Fe 0.534 0.522 0.530 0.535 0.547 0.490 0.437
Ab 51.65 54.13 55.99 52.03
An 46.88 4340 41.20 46.11
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Table 5. (Continued)
Biotite Magnetite
Phi6 Ph16é TPhlé Ph16é Ph25 Ph25 TPh25 Ph37 Ph37 Ph8 Ph8
Oxide Pt1 gl Pt3 Ptd Pt1 P2 3 Pt1 Pe2 Pt1 L2
Si0. 3296 3673 3644 3149 3732 3164 3674 3243 3142 5i0, 032 086
AlLO, 11.92 1295 1283 11,55 1330 1149 1331 1135 11.98 ALO, 0.71 0.58
%, 7.73 8.62  8.51 7.22 8.77 7.17 806  8.10 8.25 X,0 - -
Na,0 0.46 0.51 0.52 0.32 0.53 0.42 0.51 0.39 0.57 Na,0 - -
Ca0 0.53 0.31 0.4 0.79 0.15 0.14 0.32 0.26 0.36 CaO - -
FeQ 229+ 1830 1883 25.32 1829 2996 23.21 24.89 20.23 FeO 8429 83.62
MgO 1059 1215 1177 1092 1149 9.96 1167 893  9.54 MgO 014 0.21
MnO 1.27 1.44 1.26 127 1.4 1.31 1.39 0.83  0.89 MnO 190 221
TiO, 4.43 1.40 4.61 3.16 4.38 4.99 wn 3.64 4.94 TiO, 2.02 1.99
F 0.04 0.00 0.04 0.00 0.54 v.00 0.09 0.00 0.00 3 - -
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.90 0.00 0.00 Ct ~ -
Total 92,86 9542 9527 9228 96.21 96.57 9941 90.82 9117 Tota) 89.37 87239
Ti/%e 0.174 0217 0220 0.123 0216 0.135 0.159 0.132 0.220 TilFe 0.022 0.022
Mg/Mg Fe 0453 0544 0.529 0337 0531 0374 0475 0393 0459 Mg/Mg+Fe 0.003 0.005
Magnetite 097¢ 0974
Ulvospinei 0.030 0.026
Magnetite Hmenite
Ph11 Ph30 Ph30 Ph31 Ph3l Ph30 Ph3¢ Ph31 Ph31 Phi0 Ph40 Phi0
Oxide Pt1 Pt1 Pt2 Pt1 P12 Pl P12 Pt1 "t2 Pt1 P12 "3
5i0, 057 029 034 024 030 Si0, 032 o016 024 027 052 053 101
AlO, 0.95 0.72 0.68 0.62 0.72 Al,O, 0.04 0.03 0.03 0,03 0.02 0.00 0.06
K,O ~ - - - - K,0 - - - - - - -
Na,0 ~ - — - - Na,0 - - - - - — —
Ca0 -~ - - - - Ca0 - - - - - - -
FeO 81.29 8149 7890 79.60 80.55 FeO 45.76 45.35 46,14 4406 4481 1511 46.43
MgO 0.11 0.10 0.10 0.16 0.17 MgO 0.19 0.10 0.22 0.1 0.44 0.36 0.35
MnO 0.59 159 181 149 125 Mn(} 71 4200 422 472 620 580 529
TiO, 5.49 8.93 9.09 .43 9.79 TiO, 48.06 49.12 48.69 18.92 47.22 4731 42.24
F -~ - - - - F - - - - - - -
Cl -~ - - - - Ci - - - - - - -
Total 89.00 93.10 90.C1 91.55 92.77 Total 98.15 98.07 99.53 98.17 99.22 99.11 94.23
Ti/Fe 0.061 0.099 @.101 0.107 0.105 Ti/Fe 0.995 0974 0949 @999 0948 0.943 @799
Mg/Mpg i ¥e  0.002 0002 0.002 0.004 0.004 Mg/Mg +Fe 0.008 0.004 0003 0.007 C.017 0.014 0.013
Magnetite 0.837 0.755 0.746 0734 0.723 Magnetite 0923 0.935 0719 0.939 0.885 0.89¢ 0.807
Ulvospinel 0.163 0.245 0.254 0.266 0.277 Hematite 0.077 0.065 0.081 0.061 0.115 0.110 0.193
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Table 5. (Continued)
Pumice Matrix
Ph7 PH41 Phd3 Phaa Phil
Oxide Pt1 rt1 Oxide Pt2 Pt1 Pt2
5i0, 94.04 95.68 Si0, 64.73 83.86 87.68
AlLO, 0.44 1.53 AlLD, 20.98 9.83 7.29
K,0 0.03 0.05 K,O 8.72 5.28 2.70
Na,O 0.24 0.66 Na,0 4.29 2.33 2.29
cao 0.13 0.26 CaO 0.43 0.23 0.44
MgO 0.02 0.03 MgO 0.14 0.05 0.05
MnO 0.00 0.60 MnO 0.05 0.06 0.02
TiO, 0.00 0.02 TiO, 0.08 0.00 0.00
FeO 0.04 0.00 FeO 0.31 0.22 0.11
BaO 0.00 0.00 FeO 0.00 0.00 0.00
Totai 96.01 98.22 Total 99.72 101.85 100.52
Qz 97.28 92,40 Qz 4.80 16.40 60.64
Or 20 0.32 Or 52.67 31.68 16.56
Ab 2.48 6.50 Ab 39.31 21.22 21.26
An .30 0.78 An 2.18 0.71 1.54
Table 6. Microprobe analyses for sample Tpt CW?7.
Sanidine
Ph1 Phl Ph2 Ph2 Ph3 Ph3 PhY PhY Ph9 Ph10 Ph19 ~ PhI9
Oxide P11 P2 Pt1 re2 Ptl Pt2 Pt Pt2 Pt3 Pti Pt1 P2
5i0, 66.05 66.96 65.82 66.42 65.50 €523 6525 6540  65.59 65.23 66.04  65.42
ALD, 19.24 19.28 19.69 19.68 19.33 1934 1939 1950 19.26 19.50 19.46  19.71
K.O 10.41 10.76 10.12 9.37 10.36 10.55 1053 1041 1015 10.19 9.16 9.72
Na,0 4.93 1.46 4.45 5.12 4.33 4.48 1.28 1.36 444 4.51 1.96 1.72
Ca0 0.21 0.16 0.38 0.56 0.26 0.28 0.23 0.22 0.24 0.26 0.43 0.37
MgO 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TiO, 0.00 0.04 0.00 0.05 0.00 0.00 0.03 0.00 0.05 0.00 0.00 0.03
FeQ 0.10 0.12 0.15 0.11 0.96 0.09 0.09 0.07 0.08 0.12 0.13 0.13
BaO 0.02 0.00 0.00 0.11 0.19 0.07 0.11 0.00 0.05 0.22 0.00 6.00
Total 10096  101.82 100,61 10142  100.03  100.0¢  99.87  99.96  99.86  100.03  100.19  99.57
Qz - - - - - - - - - - - -
Or 57.604 60.92 58.90 53.20 60.43 60.05 61.17 6049  59.41 59.10 53.77  56.53
Ab 11.40 38.30 39,23 44.12 38.31 38.64 377 3842 39.39 39.03 44.09  ited
An 0.96 0.78 1.86 2.68 1.27 1.31 112 1.09 1.19 1.25 LA L] 1.83
Sanidine Plaginchi _
Ph27  Ph27 Ph28 Ph28 Ph31 Ph31 Ph31 Ph2 Ph2 Ph2
Oxide Pt P12 Pt P12 P11 P12 P13 Oxide Pt1 P12 P
Si0, 66.94  65.55 65.60 66.31 66.71 66.69 6594 $i0, 64.43 60.79 61.04
ALO, 18.96  18.88 19.60 18.82 19.25 19.23 1913 AlLO, 23.12 24.97 25.32
K.0 1029  10.27 10.35 10.71 10.27 10.00 8.44 K,O 1.53 0.74 0.66
Na,0 4.28 145 143 4.23 1.4 4.46 5.47 Na,O 8.73 7.85 7.80
Ca0 0.16 0.15 0.19 0.18 0.15 0.18 0.60 CaO 2.95 5.47 5.70
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 MgO 0.00 .00 0.03
TiO, 0.02  0.00 0.03 0.03 0.04 0.00  0.00 TiO, 0.01 0.00 0.00
FeQ 0.06 0.06 0.08 0.04 0.03 0.07 003 FeO 0.19 0.21 0.17
BaO 0.05 0.02 0.00 0.00 0.00 0.00  0.00 BaO 0.00 0.08 0.00
Total 100.77  99.38  100.27 10032  100.89  100.63  99.62 Total 100.96 10010 100.72
Qz - - - - - - - Qz - - -
Or 60.83  59.92  60.09 6197 59.98 59.16  49.98 Or 8.89 432 3.83
Ab 3839 39.34 38.97 3715 39.28 39.96  48.10 Ab 76.76 69.05 68.49
An 0.78 075 0.94 0.88 0.73 0.88 293 An 14.35 26.64 27.68

16



Table 6. (Continued)
Plagioclase
Ph7 Ph7 Ph?7 Phl4 Ph14 Ph14 Ph15 Phl15 Phi1s Ph32 Ph32 Ph32
_Oll_lll.: r't1 P12 i3 Pi1 P2 re3 P rr2 Pt3 Pl M1 re3
5i0, 63.35 63.16 65.33  63.00 63.66 64.48 61.70 62.16 61.71 65,22 65.02 64.32
AlLO, 23.47 23.12 2318 2294 23.24 23.45 24.81 24.74 24.26 22.15 22.46 22.92
KO 1.08 110 1.10 129 L4 1.31 0.80 0.90 0.90 1.48 135 1.36
Na,0O 8.74 8.66 9.54 8.60 8.66 8.59 7.90 B.19 8.28 8.89 597 8.87
Ca0 3.83 3.81 3.4 3.69 3.75 349 5.48 4.96 4.86 299 297 3.22
MgO 0.02 0.00 0.02 0.02 0.02 0.01 0.02 0.02 0.03 0.00 0.02 0.03
TiQ, 0.00 0.04 0.03 0.00 0.00 0.01 0.00 0.00 0.00 0.03 0.00 0.03
FeO 0.18 0.17 0.20 0.1 0.55 0.20 0.12 on on 0.19 Q.15 0.13
BzO 0.00 .00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.67 100.07 102.84 99.67 101.02 101.54 100.83 101.08 100.15 100.95 100.95 100.90
Qz ~ - - - - - - - - - - -~
Or 6.15 6,33 5.91 7.38 6.54 7.61 4.61 5.13 5.13 8.18 7.74 T.76
Ab 75.53 75.33 78.40 74.86 75.38 75.1, 6£8.94 71.03 71.59 77.14 77.98 76,80
An 18.32 18.34 15.66 17.76 18.08 16.99 26.46 23.85 23.28 1439 11.28 15.44
___Plagioclase Biotite
Ph33 Ph37 Ph37 Phé Phe Ph7 Ph7 Phs rhs rhi2 Ph12
Oxide Pt1 re2 re3 rm r2 Pt1 Pt2 Pl re2 Pt1 PE2
5i0, £3.20 59.75  61.34 5i0, 3574 36.58 36.44 3660 3423 33499 3560 3195
ALO, 2219 25.11 24.55 AlLO, 1412 1413 1433 14.01 13.52 14.10 13.15 1291
K,O 1.52 0.63 0.74 K.,O0 9.16 9.14 9.38 9.53 8.88 8.5% 9.19 9.14
Na, 0 B.53 7.74 7.74 Na,0 0.54 0.47 0.47 044 0.47 0.45 0.62 .53
Cad n 6.01 5.60 CaO o.00 0.00 0.00 0.00 0.02 0.06 0.08 0.06
MgO 0.00  0.00 0.00 FeO 26.41 1746 1536 16.20  20.60 2149 2157 20.82
Tig, 0.01 0.04 0.00 MgO 11.87  11.82 12.59 12.02 11.18 1132 10.14 9.95
FeO 006  0.13 D.23 MnO 1.51 .51 1.63 1.40 1.3 111 145 1.43
BaOQ 0,00 0.00 .00 TiO, 4.42 4.64 1.90 5.23 5.60 4.2¢ 1.51 4.59
r 0.00 0.08 0.1z 0.07 0.09 0.11 0.09 0.00
Total 98.92  99.44 100.20 Ci 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Qz - ~ Total 97.76  95.82 9523 9550 9595 9642 96.00  94.38
or 8.67 360 432
Ab 76.44  ©67.32 68.33 Ti/Fe 0.195 0.239 0.287 0.291 0.245 0.176 0.188 c.198
An 1489 29.09 27.35 Mg/Mg -+ Fe 0.511 0.549 0.586 0.572 0.491 0.487 0.458 0.462
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Table 6. (Continued)
Biotite Ilmenite Magnctite
Ph21 Ph2l PhZ5 Phie Phis Phis ©h29 Ph29 Ph29 ThZ9
Oxide M1 P2 P Oxide Pt1 Pt P2 Pt1 P12 Dxide Pil _ Pe2
5i0, 37.24 35.97 40.03 Si0, 0.38 0.03 0.02 021 0.27 Si0, 029 025
AlLO, 13.51 13.21 1497 Al O, 0.77  0.03 000 0.05 0.05 AlLO, 225 202
K.O0 9.33 914 958 K0 - - - - - K,0 - -
Na,0 0.51 050 0.68 Na.O - - - - - Na,0 - -
Ca0 0.17 0.22 0.00 Cao - - - - - Ca0 - -
FeO 14.12 1550 11.22 FeO 4295 1694 1743 4442 10.23 FeO 83.13 82.22
MgO 1273 12.81 12.68 MgO 0.18 030 0.28 015 0.22 MgO 0.07 .03
MnO 236 245 139 MnO 771 382 353 551 754 MnO 1.62 170
TiO, 515 461 505 TiO, 44.63 48.53 48.93 {8.18 18.36 TiO, 441 3.80
¥ 0.10 0.08 0.09 F - - - - - F - -~
Ci 0.00 000 0.00 Cl - - - - - Ci - -
Total 95.21 94.48 95.69 Total 96.63 99.66 100.20 98.52 96.67 Total 91.76 89.92
Ti/Fe 0.328 0.268 0.405 TifFe 0935 0930 0.928 0.976 1.081 TifFe 0.048 0.042
Mg/Mg+ Fe 0.61¢ 0.598 0.671 Mg/Mg-+Fe 0,008 0011 0.010 0.006 1.010 Mg/Mg ¢ Fe  0.002 0.001
Hmenite 0.858 0.912 0.915 0916 0.938 Magnetite 0.889 0.908
Hematite 0.142 0.088 0.085 0.084 0.062 Ulvospinel 0.112 0.092
Pumice Matrix
Ph30 Ph30 Ph35 Ph3s
Oxide Ptl Pt2 Oxide Pt1 P2
5i0, 80.79 85.30 Si0, 76.79 77.05
AlLO, 11.31 B.77 AlLO, 12.54 13,13
K,0 432 1.85 K,0 6.59 6.19
Na,O 327 3.28 Na,O 2.87 362
Ca0 0.35 0.54 a0 0.23 0.33
MgO 0.00 0.01 MgO 0.02 0.00
FeO 042 0.41 FeO o 017
TiO, 0.00 0.00 Tio, 0.04 0.02
inO 0.00 0.07 MnO 0.00 0.01
BaO 0.00 0.00 BaQ 0.00 Q.07
Total 100.45 100.24 Total 99.21 100.60
Qz 42.30 55.84 Qz 32,57 9.37
Or 36.30 11.27 Or 39.92 36.86
Ab 30.0t 30.66 Ab 26.32 32.68
An 1.26 212 An 1.18 1.10




Table 7. Microprobe analyses for sample Tpt CW8,
Sanidine
Phi PRI PRI Ph3 Ph3 Ph3 Th3 Phi Ph3 Ph3 Pha
Oxide Pri P2 Pt3 re1 re2 Pt3 Ptd rit P2 rt3 red
Sio, 67.23 66.13 66.86 66.88 66.24 66.97 66.65 66.36 66.87 66.72 66.52
AlLO, 19.35 18.83 18.87 18.68 18.77 19.45 19.02 19.09 19.57 19.01 19.13
K,O 10.27 10.36 9.98 10.43 10.57 10.30 10.20 9264 9.88 10.06 10.10
Na,O 471 4.38 4.71 4.46 4.35 4.43 4.57 4.91 477 1.65 +4.51
Ca0 0.28 0.23 0.27 0.26 0.24 0.27 0.3 0.27 0.29 0.28 0.26
MgO 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TiG, 0.00 0.04 0.00 0.00 0.00 0.00 0.02 0.50 0.00 0.02 0.04
FeO 0.11 0.13 0.11 0.08 0.11 0.08 0.08 0.08 0.08 0n 0.11
BaO 0.25 0.28 0.23 0.00 0.35 0.32 0.25 0.19 0.32 0.32 0.20
Total 102,28 100.38 101.03 100.79 100.64 101.83 101.06 101.04 101.78 101.18 100.88
Q2 - -~ - - - - - - - - ~
Or 56.20 60.25 57.53 59.88 60.83 59.75 58.68 55.65 56.95 58.00 58.86
Ab 40.45 38.63 41.18 38.86 37.99 38.55 34.84 43.03 41.65 40.65 39.88
An 1.32 113 1.30 1.25 118 1.30 1.49 1.32 110 1.36 1.26
Sanidine
PhS Ph5 Ph5 Ph11 Ph11 Phie Phl6 Phil6 Phle
Oxide Pt1 R re2 Pt3 Pt P2 Pt1 re2 Pt3 rta
Si0, 65.44 66.55 66.91 66.97 66.63 66.16 67.20 64.89 67.43
ALO, 15.01 19.19 19.41 18.91 19.95 18.17 17.93 18.80 18.86
K,0 9.80 .61 9.73 9.17 9.11 10.09 1049 10.51 9.26
Na,O 179 192 4.95 5.23 5.16 1.31 431 424 5.05
Ca0 0.25 0.29 0.28 0.33 0.37 0.18 0.11 Q.15 0.36
Mg 0.00 0.00 0.00 Q.00 0.00 0.00 0.00 0.00 0.00
Ti0, 0.00 0.03 0.01 0.02 0.06 0.00 0.04 0.01 0.00
FeO 0.18 0.14 0.13 on 0.13 0.14 0.18 0.16 0.13
BaO 0.10 0.10 0.00 0.11 0.13 0.02 0.08 on 0.10
Total 99.56 100.82 101.42 100.86 101.55 99.03 100.35 98.89 101.19
Qz - - - - - - - -
Or 56.77 55.49 55.71 52.80 53.04 60.39 61.25 61.56 53.80
Ab 42.03 43.12 4292 45.60 45.15 38.68 38.20 37.69 4446
An 1.20 1.40 1.37 1.60 1.81 0.92 .55 0.76 1.71
Sanidinc ____ Pumice
Phi7 rPh? Ph17 Ph17 Phi18 Ph1s Ph18 rhis Prhé Ph13
Oxide Pt1 Pt2 Pt3 Pt4 rel P2 P13 Pt Oxide rel Pt1
$i0, 66.85 6637 6625 6581 6564 6658  66.14  66.59 5i0, 93.55 7339
AlLO, 1910 1939 19.05 1928 1939 1874 193¢ 19.34 ALO, 430 - 16.08
K,O 10.18 10.66 10.67 10.16 9.85 9.70 9.45 9.53 K.O 0.43 2.84
Na,O 4.71 4.20 4.38 4.61 4.81 5.03 5.14 5.18 Na,0 1.81 5.32
Ca0 0.32 0.19 0.23 0.25 0.32 0.30 0.31 0.36 Ca0 0.27 2.45
MgO 0.00 0.00 0.00 0.00 0.00 0.60 0.00 0.00 MgO 0.07 0.04
TiO, 0.00 0.14 0.00 0.02 0.62 0.04 0.02 0.04 TiO, 0.00 0.04
FeO 0.12 0.11 0,14 0.12 0.1 0.15 0.14 V.15 FeO 0.17 0.98
BaO 0.11 0.20 0.25 0.37 0.20 0.19 0.08 0.00 BaO 0.00 0.56
MnQ 0.00 0.00
Total 101.39 101.27 100.98 100.62  100.37 100.73 100.67 101.19 Total 100.60 101,70
Qz - - — - - - - - Qz 78.73 23.89
Or 57.88 62,02 60.94 58.57 56.61 55.19 54.01 53.88 Or 2,71 17.05
Ab 10.58 37.04 37.94 40.24 41.86 43.38 44.52 44.41 Ab 17.15 48.37
An .54 0.93 .12 1.20 1.54 1.43 1.47 L.72 An 1.40 10.68
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Table 7. (Continued)
Plagioclase
Phio Ph10 PRI0 PA1D PA19 Ph19 PR19 Ph19 Ph19 PR19
Oxide Pt1 re2 Pt3 P ra P2 Pt3 Pra PtS Pté
5i0, 64.78 63.40 64.45 63.97 65.50 64.02 64.02 64.04 64.30 65.04
AlO, 22.04 22.79 22.85 23.14 21.64 22.26 22,69 22.16 23.06 22.41
K,0O 1.52 1.34 1.25 L14 L44 1.26 1.33 1.20 1.18 1.43
Na,0 .32 9.16 8.92 8.89 9.22 8.98 8.98 9.18 9.04 9.26
Ca0O 2.85 3.58 3.48 370 2.93 3.76 3.63 3.27 3.57 3
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TiO, 0.04 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.02 0.03
FeQ 0.15 0.18 0.16 0.13 0.18 0.15 0a7 0.16 0.13 0.19
BaO 0.00 0.16 017 0.00 0.11 0.05 0.14 0.19 0.00 0.14
Tolal 100.71 100.61 101.28 101.02 101.05 100.48 100.96 100.20 101.31 101.82
Qz - - - - - ~ - - - -
Or 8.45 7.37 7.07 6.68 8.03 7.01 7.39 6.74 6,62 7.85
Ab 78.32 76.16 76.44 75.84 78.20 75.50 75.68 77.89 76.62 76.93
An 13.24 16.47 16.50 17.48 13.77 17.19 16.93 15.36 16.76 15.23
- Matrix Biotite Magnetite
Pha Pho PhO Ph1Zz Phl2 Ph22 Ph22 Ph22 Ph9 rh9e
Oxide  Ptl 2 Pt3 Oxide rm Pt2 Pt1 P2 Pt3 Oxide Pit Pt2
$io, 77.92 2160 70.96 5i0, 38.37 39.28 38,10 34.64 38.54 Si0, 0.17  0.56
Al,O, 1274 612 16.68 AlLO, 15.13 1537 14.31 1218 13.53 ALO, 1.6, 1.58
K.0 6.28 0.8 938 K.0 9.07 985 9.63 839 9.67 K.0 - -
Na,O 3.722 2.91 418 Na,O 0.53 0.51 0.61 0.44 0.59 Na,O - -
Ca0 030 e.67 021 CaO .15 015 400 000 0.00 Ca0 - -
MyO 002 0.00 0.00 MgO 17.23 16,63 14.67 13.74 14.44 MgO 0.1 0.11
FeO 033 0.14 055 FeO 10.62 3.72 1287 2057 13.01 FeOQ ¥2.55 82.22
TiO, .04 0.06 0.05 TiO, 452 396 4.00 3.88 3.78 TiO, 3.62 4.22
MnQ 0.03 0.01 0.07 MnQO 2.70 240 1.24 1.70 1.72 MnQO 1.92 1.88
BaO 0.00 0.00 0.06 F 0.08 0,00 0.06 0.05 0.09 F - -
Cl 000 000 000 0.0 0.00 Cl - -
Total 101.40 101.90 102.07 MnO 98.40 91.88 95.61 9560 9536 MnO BY.98  90.60
Qz 29.13 6841 9.25 TifFe 0.383 0.957 0278 0.169 0.261 MnO 0.040  0.046
Or 36.67 228 53.39 Mg/Mg+Fe 0745 0.889 0.671 0.546 0.666 Mg/Mg+Fe 0.002 0.002
Ab 32.95 26.69 36.05 Ulvospinel 0.082 0.101
An 1.25 2.62 1.3 Magnetite 0.918 0.899
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Figure 10. Ordinary histogram of calculated
anorthite end-member composition determined
by EMP analyses of the plagioclase feldspar
phenocrysts on the reacted wafer Tpt CW3.
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Figure 11. Ordinary histogram of calculated
anorthite end-member composition determined
by EMP analyses of the plagioclase feldspar
phenocrysts on the reacted wafer Tpt CW4,

Figure 12. Ordinary histogram of calculated
anorthite end-member composition determined
by EMP analyses of the plagioclase feldspar
phenocrysts on the reacted wafer Tpt CW8,



was true for both the fully submerged experiments
and those run in water-saturated air. Table§,
which contains examples of typical analyses of
each phase, shows that the overall chemical com-
positions were also similar.

3. The alkali feldspar phenocrysts were sim-
ilarly unaffected by reaction and the calculated or-
thoclase end-member compositions are nearly
identizal (Table 8).

4. The biotites within the Topopah Spring
tuff were badly altered (to oxidesj even in the
unreacted wafer, and analysis of the reacted bio-
tites was difficult because of their rough surface
texwre, In those phenocrysts that yielded accept-
able oxide totais in analysis, however, Table 9
shows no discernible difference before or after re-
action. Biotite is the phase most obviously af-
fected by reaction, and the lack of evidence in
compositional change may be an artifact of the
acceptable (high) oxide totals, simply meaning
less severe alteration and hence a smoother sur-
face with less chemical evidence of change
(Knauss, 1984a). .

5. The matrix compositions (sve Table 9)
were also unchanged, although it is not possible
to quantitatively distinguish compositional varia-
tions in the devitrified matrix with EMP, since it
<an vary from silica to sanidine on a micron scale.
ivhere the matrix was more coarsely devitrified,
the individual phases were easily analyzed quan-
titatively, A comparison of a coarsely devitrified
matrix before and after reaction also showed no
evidence of compositional differences.

6. The only secondary phase observed was
abundant calcite (see Fig. 13) that appeared in all

Table 8. Representative analyses of feldspar
phenocrysts from the Tpt wafers.

Plagioclase (wi%)  Alkali feldspar (wi%)

Oxide CWo CW4 Cws Cwo Cwg Cws
5i0, 6390 6432 6402 66,06 66,57 65.44
AlLO, 22,13 2166 2226 18.40 1899 19.01
K.O 1.24 114 .26 10.14 9.64 9.80
Na,0 8.65 8.51 898 1.38 459 479
Ca0O 353 374 376 011 053 025
MgO 0.00 0.04 0.00  0.00 0.01 0.00
FeO 0.00 ©0.15 015 0.8 0.12 0.18
TiO, 0.00 0.00 0.00 0.06 0.00 0.00
BaO 0.02  0.04 0.05 0.15 000 o.10
Total 99.48 99.60 100.48 99.47 100.43 99.56
Orthoclase 717 662 7.01 60.07 56,53 56.77
Albite 7573 7512 7550 3937 40.87 42.30
Anorihite 17.10 18.26 1749 0.56 260 120

the fully submerged experimunts regardless of the
extent of reaction with J-13 water. The calcite fre-
quently attached to rough surfaces of phenocrysts
(Fig. 14) or to vugs on the surface of the wafer
(Fig. 15). The individual calcite masses most com-
monly consisted of groups of well-terminated,
twinned crystals overgrown by a calcite cement
that was not well-crystallized. In rare cases, single
calcite crystals lacked the calcite cement coating
(Fig. 16). Both the well-crystallized calcite and the
calcite cement displayed evidence of dissolution.
The SEM observations suggest that the calcite
crystals grew relatively slowly (at least slowly
enough for well-terminated, euhedral crystals to
form), and that a rapid deposition of the calcite
cement followed this slow growth Subsequently,
both the cement and the calcite crystals were sub-
ject to dissolution. This sequence of events may
correspond to slow growth during the course of
the experiment, deposition of the cement upon
opening of the still somewhat warm bombs with
the consequent rapid degassing of most of the re-
maining CO,, and dissolution of both calcite
phases upon cocling as a result of the retrograde
solubilty of calcite.

7. The calcite produced in these experi-
ments was fairly large, frequently up to several
tens of microns in size, and we determined its
composition in the following way: Individual cal-
cite masses were hand-picked trom the surface of

Table 9. Represeniative analyses of biotit2
phenocrysts and matrix from the Tpt wafers.

Biotite (*i) . Matrix

Oxide CW0_CWJ_CW8 CWo _CWJ__CWB
Sio, 36.45 3698 3164 7361 8386 7792
AlLO, 13.15 1298 12.18 1373 9.83 1274
K,O 8.56 876 839  7.90 5.28 6.28
Na,O 056 095 0.44 2.82 273 3.72
Ca0 005 016 000 0.16 0.3 0.30
MgO 1099 1225 13.74 005 0.cs 0.02
FeO 2096 20.19 20.57 0.1 0.2 0.33
fio, 438 40 388  0.07 0.00 0.04
MnO 193 071 170 0.0t 0.06 0.03
BaO - - - 0.04 0.00 0.00
F 0.05 005 005 - - -
ct 000 .00 000 — - -
Total 97.08 97.44 9560 93.53 101.85 101.38
Quartz - - - 2537 1640 29.13
Orthoclase - - -~  48.08 31.68  36.67
Albite - - — 2604 2122 3295
Anorthite - - - 0.51 0.71 1.25




Figure 13, Scanning electron microscope back-scattered electron
image of the surface of a reacted wafer showing the widespread dis-
tributicn of secondary calcite.

Nimenit S
e

Figure 14. Scanning electron microscope back-scattered electron im-
age of euhedral calcite plus cement growing on the surface of an il-
menite phenocryst.
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Figure 15. Scanning electron microscope back-scattered electron im-
age of euhedral calcite plus cement growing on the rough surface of
the wafer attached to the vugs present in the matrix.

Figure 16. Scanning electron microscope back-scattered electron im-
age of euhedral calcite with cement and cuhedral calcite witkout ce-
ment, Note the evidence of solution on both the euhedral calcite and
the calcite cement, as well as the minor crystallographic ordering dis-
played by the cement that grew over the twinned calcite.
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the reacted wafer and a polished grain mount was
prepared. The calcite was then analyzed by quan-
titative WDS analysis. The calcite was large
enough for at leas. two analyses to be made on
each of a number of grains. Efforts were made to
minimize beam damage lo the calcite grains dur-
ing analysis, although damage was seen in all
cases. The normalized results are presented in
Tabie 10. Although minor amounts of other oxides
were sometimes present (silicon, aluminum, tita-
nium), the grains were entirely magnesian calcite.
There was a clear trend for the centers of the
grains to contain higher magnesium oxide, which
would agree with the aqueous phase results that
show the solutions to become depleted in magne-
sium more rapidly than in calcium.

The effects of continuous degassing of
volatiles through the Teflon on the solid phase
SEM observations and EMP analyses presented
above can be seen by comparison with the subse-
quent analogous Dickson-type gold-cell rocking
autoclave experiments (as was done with the
aqueous results previously presented). In the
rocking autoclave experiments the solid phase ob-
servations made on wafers reacted for 64 days
showed a number of significant differences from
the observations made here. Although a few
small, extensively corroded caicite grains were
seen, they were largely replaced with silicon and
they were much less numerous than the other sec-
ondary phases observed. The dominant secondary
phases werc illite and clay (rich in either magne-
sium, calcium, and/or iron). Other minor phases
were kaolinite, gibbsite, and a pure-silicon phase
(cristobalite?). In total, the amount of secondary
material produced in the rocking autoclave experi-

ments was much smaller than that produced in
the Teflon-lined static autoclaves.

All of these differences between the solid
phase observations in the rocking autoclaves and
the Teflon-lined autoclaves are thought to be due
to the continuous degassing of CO, through the
Teflon. Consider the two equations below and the
following working hypotheses:

HCO; —CO, 7+ OH n

Ca’? + HCO; —CaCO, | + H™ . )

The continuous and rewuuvely slow loss of
volatiles through the Teflon results in the produc-
tion of hydroxyl ion (1). The carbonate system
buffers this effect by precipitating calcite (2). If
these -vere the .uly reactions, the result would be
the slow growth of calcite, the Jowering of the
alkalinity, and no change in pH. However, we ob-
serve a significant increase in the pH, which may
be because reaction (2) is kinetically inhibited and
hence lags behind reaction (1). It may also be be-
cause other H* consuming reactions are taking
place, such as the hydrolysis of feldspars:
KAISi;0, + H' — HAISi,O4 + K’ (3)

Reactions (1) through (3) could explain the
formation of euhedral calcite, the lowering of
alkalinity, and the observed increase in pH.

The formation of the <alcite cement and sub-
sequent dissolution of euhedral calcite and ce-
ment may be due to the following sequence of
events. After the bombs were removed from the
oven they were allowed to cool until they were

Table 10. Microprobe analyses of a calcite grain mount using secondary calcite pickea from the

surface of a reacted wafer

Ph2Pi1 Ph2Pt2 Ph3 Pl Ph3Pt2 Ph3 P13 TPhaTrl PhaP2 Ph12Pit Phi2Pii PhISPH1 PhIS Pr2
Oxide  Cenler Edge Center  Center Edge Center Edge Center Edge Center Edge
Si0o, 042 0.05 0.13 0.00 0.04 0.16 0.03 0.18 0.10 0.00 0.04
ALO, 0.34 0.00 0.16 0.03 0.09 0.79 0.06 0.29 0.03 0.05 0.03
FeO 0.03 0.03 0.29 0.02 0.00 0.00 0.06 0.00 0.00 0.05 0.00
MgO 2,78 1.16 1.65 141 1.23 1.52 0.62 2.4 0.89 1.53 0.64
MnO 0.07 0.00 0.06 0.00 0.00 o1t 0,00 0.03 0.04 0.07 0.00
Ca0 96.37 98.24 97.60 98.09 97.55 97.35 98.79 95.89 48.81 98.31 99.02
BaO 0.00 0.18 0.10 0.12 0.00 0.07 o1 0.29 0.00 0.00 0.04
Na,0O 0.00 0.00 0.00 0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K,0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00
Ti,O 0.00 0.06 0.00 0.04 0.83 0.00 0.00 108 0.10 0.00 0.04
5r0, - 0.10 - 0.19 0.27 - 0.32 - 0.00 - 0.20
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still somewhat warm but cool enough to be dis-
assembled and then opened. Possibly, upon open-
ing the bombs, the still slightly warm solution
could rapidly degas some of the remaining CO,
and as Eqgs. (1) and (2) above demonstrate, which

could then result in the rapid deposition of a cal-
cite cement. As the solution cooled the euhedral
calcite and the calcite cement might have redis-
solved as a result of the retrograde solubility of
calcite.

Summary

This report has presented the results of a se-
ries of preliminary experiments to determine the
effects of the hydrothermal interaction of J-13 wa-
ter with Topopah Spring tuff. The experiments
were run in Teflon-lined, static autoclaves ai
150°C for 120 days using polished wafers. The use
of these wafers allowed the quantitative analyses
of solid phases before and after reaction and the
identification of any secondary minerals produced
(by direct observation rather than by inference
from water chemistry changes) as well as the
quantitative analyses of quenched aqueous sam-
ples following reaction for specific time intervals.
Samples were run either fully submerged in }-13
water or in water-saturated air with enough ex-
cess water present to allow refluxing. Outcrop
samples were used to provide baseline values for
Waste Package expevimenters who must use out-
crop malerial and to provide an approximation for
results obtainable using actual drilicore material
taken from appropriate depths beneath Yucca
Mountain.

The results are preliminary in the sense that
the experiments were conducted before the instal-
lation of a hydrothermal experimental facility us-
ing gold-cell rocking autoclaves and before an ex-
tensive set of experiments was subsequently run
using drillcore material. Differences between the
results obtained using the Teflon-lined autoclaves
and those later obtained using the Dickson-tvpe
gold-cell rocking autoclaves have been noted.

The aqueous results show that for the fully
submerged experiments, the changes in J-13 water
composition produced by reaction are slight. The
major change is :n increase in dissolved silicon
and rninor increases in aluminum, potassium, so-
dium, and the anions. The increase in sodium and
all the anions is partly due to the dissolution of a
readily soluble componert of evaporite minerals.
The concentrations of calcium and magnesium de-
crease. There is also an increase in pH in these
experiments, but that has been suggested to be
the result of degassing and loss of volatiles (e.g.,
CQO,) through the leflon rather than the resuit of
reaction with the rock.
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The aqueous results for the water-saturated
airexperiments show that the changes in J-13 wa-
ter composition produced by reaction are even
less significant than in the fully submerged ex-
periments. Only the 120-day experiment produced
any change in the silicon content, saggesting little
interaction between the rock and water. The alu-
minum and iron were essentially removed from
solution and the calcium decreased to even lower
values than those seen in the fully saturated ex-
periments. The potassium rose slightly, while the
sodium and anion contents were very similar to
those seen in the fully saturated experiments. This
suggests that the readily soluble evaporite compo-
nent present in these outcrop samples is removed
even by the refluxing action in the water-saturated
air experiments. The pH also rose as a result of the
CO, degassing through the Teflun.

The solid phase analyses of primary phases
(phenocrysts and matrix) show that the gross
compositions (as determined by EMP) were un-
changed by reaction with }-13 water at 150°C for
120 days. The only secondary phase observed was
abundant euhedral magnesian calcite that was
later coated by a calcite cement. Its production in
abundance in these experiments in Teflon-lined
autoclaves (at the expense of the suite of second-
ary minerals seen in analogous experiments run
later in the Dickson-type gold-cell rocking auto-
claves) is thought to be another result of the de-
gassing of CO, through the Teflon.

The net result of these experiments is the
expectation that the hydrothermal interaction of
Topopah Spring tuff with water present in near-
field surrcunding a repository will produce a wa-
ter whose composition differs only slightly from
the starting composition. Furthermore, the rock it-
self is little affected by the interaction at these low
temperatures. Although these experiments were
preliminary and the specific details concerning
water composition and secondary mineral produc-
tion have been largely superseded by subsequent
experiments using Dickson-type gold-cell rocking
autoclaves, the general conclusions have been
substantiated.
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