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Report on Static 
Hydrothermal Alteration 

Studies of Topopah 
Spring Tuff Wafers in 

J-13 Water at 150°C 

Abstract 
This it-port presents the results of preliminary experimental work done to define the 

package en\ ironment in a potential nuclear waste repository in the Topopah Spring Mem­
ber ot the Paintbrush Tuff. 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 tor waste storage within volcanic units at the Nevada Test Site. 

Static hvdrothermal alteration experiments were run for 4 months using polished 
wafers either fulh submerged in an appropriate natural ground water or exposed to 
water-saturated air with enough excess water to allow refluxing. The aqueous results 
agreed favorablv with similar experiments run using crushed tuff, and the use of solid 
polished wafers allowed us to directlv evaluate the effects of reaction on the tuff. The 
results are preliininarv in the sense that these experiments were run in Teflon-lined, static 
autoclaves, whereas subsequent experiments have been run in Dickson-type gold-cell 
rocking autoclaves. The results predict relatively minor changes in water chemistrv, verv 
minor alteration o( the host rock, and the production of slight amounts of secondarv 
minerals, when liquid water could return to the rock pores following the temperature 
maximum during the thermal period. 

Introduction 

The NNWSI Project has chosen the Topopah 
Spring tufl â  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 hvdrothermal environment 
must also be understood to predict waste form 
and package performance. To investigate the 
post-emplacement environment, we studied the 
changes in water chemistrv and rock chemistry/ 
mineralogy as a result of hvdrothermal interac­
tion. These studies also provide data needed to 
develop the geochemical 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 
hvdrothermal repository environment, analogous 
experiments are being run using drillcore samples 
taken from the stratigraphic depth of the potcn^M 
repository horizon. 

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

• Effects on water chemistrv as a result of 
surface area and sample preparation; 

• Changes in the chemistrv 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; 
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Knauss, 1984a), which also used the Teflon-lined 
static autoclaves. 

We report here the quantitative analyses 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 with 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-
rype gold-cell rocking autoclaves, and must be 
considered preliminary. Subsequent rock/water 

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 Isomet saw with a 
0.012-in.-thick low-concentration 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 J-13, which is the reference water 
for the NNWSI program. This natural water is col­
lected in large quantities from a producing hori­
zon within a 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 waier, 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-

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-cell 
rocking-autoclave experiments are so noted. 

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 analyses 
presented in that report for wafers designated Tpt 
FR CWOa and CWOc which are two unreacted 
wafers subjected to the same types of analyses 
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: 

5arnple_ Surface area (nv/g) 
A 0.367 
B 0.389 

Avenge 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 (1.35 ± 0.29 nv/g; 
Knauss, 1984b). Similar comparisons made for the 
Bullfrog Member tuff show much smaller differ­
ences, and attest to a high interconnected porosity 
for the Bullfrog. The measured gas adsorption sur­
face areas (nominally 0.907 nv) are much higher 
than the geometric surface areas calculated from 
the dimensions of the wafer (nominally 0.0012 nv). 

Sample Preparation and Characterization 
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Experimental Techniques 
The general experimental plan was nearly 

identical to that used in the earlier Bullfrog Mem­
ber tuff static hydrothermaJ 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 ivith enough excess water 
present to allow refluxing. 

• Vary the reaction time to span 120 days 
with quenched samples taken at specific time 
intervals. 

• Analyze filtered, acidified solutions for 
cations. 

• Analyze filtered, unacidified solutions for 
anions. 

• Measure pH eleetrochemicallv on unfil-
tered solutions. 

• Determine weight changes in wafers. 
• Characterize solid phases (primary and 

secondary) by SEM observation and I*MP analysis. 
Figure 2 in Knauss (1984a) s h o w s that the wa­

re*-, could be suppor ted on the Teflon blocks with 
p la t inum p ins in such a way as to expose the en­
tire surface area to the solution a n d / o r refluxing 

fluid. The average weight of t he pol ished wafers 
was about 2.4 g, so t he surface area (as measu red 
by BET) exposed to reaction w a s on the order of 
0.907 m 2 . This falls wi th in t he r ange of surface 
areas covered in the ana logous exper iments with 
crushed tuff (Oversby, 1984). 

In the fully s u b m e r g e d exper imen t s approxi­
mately 80 g of J-13 wate r were used, whi le in the 
water -sa tura ted air exper iments 35 g of J-13 water 
were used. 

The c leaning procedure used for the Teflon-
lined autoclaves , as well a s a descript ion of the 
sampl ing p rocedure used, are provided in Knauss 
(1984a). The analytical m e t h o d s a n d opera t ing 
condi t ions used for cation analysts (1CP-ES), an­
ion analysis (IC), and EMP analysis are also the 
s ame as those detai led in this earlier report . The 
following s a m p l e code is used in the discussion of 
the a q u e o u s and solid phase analytical results: 

Time (days) Submerged Water -saturated air 

14 CW1 CVV5 
28 CW2 CW6 
56 CVV3 CW7 

112 CW4 CVV8 

Results of Aqueous Phase Analyses 
Table 1 contains the results of the 1CP cation 

analyses, the quenched (25°C) pH, and the wafer 
weight loss. The anion analyses are presented in 
Table 2. These data have also been plotted vs re­
action time and are presented in I:igs. 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 bv a regular decrease ap­
proaching a steady-state value. The calcium was 
removed from solution exponentially to a steady-
slate value, while magnesium and iron were effec­
tively removed very rapidly from solution. The 
silicon rose asymptotically to a value slightly 

Table 1. 1CP cation results for Tpt wafers. 
Sample Mass Element (ppml VV1 loss 

no. 
Mass 

A l B l'e Si Ca K Mg Na pH c;) 
j -13 0 0.012 0.122 0.00b 27.0 12.5 5.1 1.91 43.6 7.56 0 

l 2.9227 0.537 0.207 0.003 87.2 4.14 11.9 0.028 46.5 7.52 1.16 

2 2.3026 0.442 0.202 0.010 102. 3.84 9.04 0.047 47.5 C.06 1.38 

3 2.4998 0.367 0.257 0.000 119. 3.36 8.31 0.010 47.6 8.51 1.40 

4 2.3338 0.358 0.309 0.000 132. 4.24 7.12 0.007 61.0 8.70 1.44 
5 2.5565 0.000 0.605 0.050 25.2 7.10 4.85 0.292 44.3 7.33 0.09 

6 2.6755 0.000 0.495 0.000 28.5 6.27 7.56 0.258 49.7 7.35 0.11 

7 2.6233 0.024 0.356 0.003 27.7 5.68 6.37 0.174 48.9 7.40 0.10 

8 2.3751 0.000 0.334 0.000 35.7 6.16 6.96 0.040 58.5 8.50 0.12 

Octccl inn 
l im i t n 0.008 0.004 0.003 0.008 0.012 0.16 0.003 0.002 0 0 
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Table 2. IC results for Tpt wafers. 
Elemen t (ppm) 

Tpl F CI N O , N O , S O , 2 W 
J-13 2.3 6.8 —' 9.2 18.8 0 

1 3.5 8.3 0.3 10.6 19.4 1.2 

2 3.5 8.1 0.3 10.5 19.3 1.1 
3 3.3 8.4 0.5 10.9 19.3 3.8 
4 3.8 8.6 0.6 12.2 21.0 2.5 
5 4.7 7.2 1.2 9.9 18.4 2.1 
6 5.5 9.9 1.6 14.1 18.8 2.1 

7 9.2 8.9 2.7 12.8 18.5 0.6 
8 7.8 9.6 5.6 16.0 21.5 2.1 

J Not mea ured. 

higher than, but not inconsistent with, cnstobalite 
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 wj« noted by Oversby and Knauss (1983) in 
earlier experiments using outcrop samples of Bull­
frog Member tuff. The necessity for establishing 
baseline values for dissolved 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 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 experiments 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. 
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Figure 1. Aqueous silicon concentrations in 
the Tpt wafer experiments. 
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Figure 4. Aqueous aluminum concentrations 
in the Tpt wafer experiments. 
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Figure 6. Aqueous sodium 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 re fluxed samples. The silicon in­
creased onlv 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

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 tuff 
experiments resulted in somewhat higher alumi­
num concentrations and slightly lower silicon 
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Figure 5. Aqueous potassium concentrations 
in the Tpt wafer experiments. 
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Figure 8. Measured quench pH in the Tpt wa­
fer experiments. 

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

concentrations. Note that the crushed tuff experi­
ments were run in small Teflon-lined autoclaves 
that were rolled 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 previously (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 C 0 2 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 dioxide (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 

with respect to cristobalite) might be due to the 
presence of significant H-,5i04 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 hi-situ pH 7.8) the dissolved sili­
con concentration determined by saturation with 
cristobalite is some 6% higher at I50°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-situ 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 
etal., 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 
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also identical, although the maximum concentra­
tion (2.5 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 
higher rocking autoclave values may be partly 
due to agitation during reaction. Results for 
crushed tuff reacted in rolled Teflon-lined vessels 
v'ave a peak concentration of 2.7 ppm decreasing 
to 1.1 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 duia 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-

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 VVDS 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. [-'or a comparison with unreacted wa­
fers, the reader is referred to Tables 4 and 5 in 
Knauss (1984b). Note that all iron is calculated as 
I-eO and in minerals with high Fe ' VFe ' : ratios, 
apparently low oxide totals will result. Because 
wha! appeared to be a real difference was ob­
served in the mean composition of the plagioclase 
feldspars in the Bullfrog tuff hydrothermal experi­
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 

ing autoclave exper iments 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 J-13 water, 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 voiatiles 
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 th< bombs as rapidly 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. 

should refer to Fig. 30 in Knauss (1984b). which 
shows a bimodal distribuiion 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 phenoervsts and on the 
Mg/Mg-f Fe ratio in the biotite phenocrysts. 
These plots were all made to mop* easily recog­
nize compositional changes iu the major phases 
present in the wafers as _i 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 displayed 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 

Results of Solid Phase Analyses 



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 
PhlO PhlO PhlO PhlO PhlO PhlS PhlS PhlS Phl8 Ph25 Ph25 Ph25 

Oxide Pt l PI2 Ph3 PI4 P15 Pt l PI? PI3 PI4 P t l Pt2 Pt3 

S iO, 66.02 66.07 65.97 68.73 66.71 64.88 65.88 66.07 65.93 66.65 65.82 6S.15 

A I . O , 18.39 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 

N a , 0 3.95 3.84 3.80 4.21 3.96 4.77 4.76 4.82 4.82 4.60 4.37 4.35 

CaO 0.11 0.11 0.11 0.17 0.11 0.36 0.36 0.36 0.36 0.17 0.17 0.17 

MgO 0.10 0.02 0.04 0.06 0.05 0.05 0.03 0.03 0.03 0.08 0.09 0.09 

T i O , 0.00 0.03 0.06 0.12 0.12 0.00 0.00 0.05 0.03 0.00 0.00 0.00 

leO 0.49 0.09 0.32 0.08 0.13 0.17 0.18 0.19 0.14 0 09 0.13 0.09 

BaO 0.04 0.04 0.07 0.10 0.00 0.00 0.00 0.00 O.OD 0.00 0.00 0.00 

Tola! 98.92 99.11 98.50 102.11 99.51 99.39 99.90 100.32 99.85 100.85 99.63 101.84 

Qz - - - _ - - - - - - - -
Or 61.79 63.92 63.49 61.38 62.75 57.15 57.44 55.99 55.48 57.99 60.30 59.70 

Ab 37.92 35.79 36.15 37.77 36.66 42.67 42.38 43.83 42 .76 41.91 39.61 39.44 

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 

Fh26 Ph26 Ph26 Ph45 Ph45 Ph45 Ph45 Ph46 Ph46 Ph46 Ph47 Ph47 Ph47 Ph47 
Ptl P12 Pj.3 Ptl Pt2 Pt3 Pt4 Ptl Pt2 P13 ?tl P12 PI3 Pt4 

SiO, 65.89 65.87 66.75 68.61 66.89 67.32 65.45 67.54 68.28 67.68 66.96 67.68 68.87 67.19 
AI.O, 18.82 19.22 18.65 19.08 18.70 18.62 18.10 18.67 19.07 18.56 19.10 19.02 19.08 18.98 
K ,0 9.33 9.07 9.46 9.54 10.33 10.94 9.86 10.70 9.77 9.92 10.06 10.17 9.93 9.95 
Na,0 4.76 5.01 4.66 4.27 3.83 3.20 4.00 3.81 4.17 4.36 4.18 4.21 4.16 3.40 
CaO 0.23 0.23 0.23 0.13 0.13 0.13 0.10 0.19 0.19 0.19 0.10 0.10 0.10 0.10 
MgO 0.03 0.05 0.03 0.06 0.10 0.10 0.05 0.13 0.04 0.09 0.02 0.10 0.01 0.00 
TiO, 0.00 0.06 0.00 0.04 0.00 0.03 0.13 0.00 0.00 0.11 0.00 0.00 0.00 0.01 
FeO 0.19 0.30 0.21 0.34 0.21 0.20 1.12 0.08 0.05 0.44 0.00 0.03 0.02 0.06 
BaO 0.00 0.00 0.82 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 
Total 
Qr-
Or 

99.25 99.81 100.81 102.15 100.20 100.54 98.35 101.17 101.58 101.35 101.43 101.30 102.18 9073 Total 
Qr-
Or 56.27 54.31 56.58 59.21 63.65 68.90 61.50 64.46 60.24 59.44 61.10 61.19 60.88 65.55 
Ab 43.62 45.57 42.27 40.44 36.00 30.75 37.80 35.07 39.29 39.63 38.63 38.54 38.85 33.92 
An 0.11 0.12 1.15 0.35 0.33 0.25 0.70 0.47 0.47 0.93 0.27 n.?7 0.27 0.54 



Table 3. (Continued) 
Sanidine Plagioclasc 

Ph48 Ph48 Ph49 Ph49 Ph49 Ph50 PIiSl Ph51 Ph51 Ph l6 P'|I6 Ph l6 
Oxide P l l PI2 I ' l l P(2 PI3 P l l P l l PI2 PI3 P l l PI2 Pt3 

S iO, 67.46 68.99 67.72 69.31 68.27 68.84 67.13 68.50 66.88 66.37 66.90 67.03 
A I . O , 18.69 19.15 18.67 18.72 IS.76 18.93 18.73 m.30 18.39 22.84 22.02 22.59 
K.O 10.74 10.46 10.71 10.03 11.01 9.78 10.06 10.53 9.91 1 19 1.80 1.45 
Na.O 3.77 4.14 3.55 3.71 3.52 4.07 4.43 4.10 4.22 8.43 9.21 8.09 
CaO 0.05 0.09 0.10 0.12 0.06 0.17 0.17 0.06 0.18 2.90 2.51 2.80 

M g O 0.02 0.02 0.00 0.00 0.02 0.00 0.00 0.01 0 20 0.02 0.(14 0.05 

T i O , 0.03 0.03 0.07 0.03 0.06 0.09 0.09 0.15 0.16 0.04 0.00 o.oo 
l e O 0.07 0.08 0.09 0.04 0.05 0.33 0.11 0.05 0.49 0.21 0.28 0.30 
BaO 0.07 0.04 0.11 0.15 0.15 0.00 0.00 0.00 0.00 0.11 0.10 0.00 

Total 

Or 

100.89 103.02 101.01 102.10 1D1.90 102.21 100.72 101.70 100.42 102.41 I02.S5 102.31 Total 

Or 65.10 62.19 66.19 63.68 67.13 60.77 59.49 62.73 60.19 8.90 10.06 9.04 

Ab 34.66 37.34 33.29 35.70 32.54 38.34 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 14.55 i l .78 14.64 

Piaptoclase Magnetite 
Ph52 Ph52 I'll 54 l 'h54 Ph55 Ph55 Ph29 Ph29 Ph42 " Ph42 

Oxide P l l PI2 Pl l P(2 I ' l l PI2 Ox ide P l l PI2 P t l PI2 

SiO 65.46 64.71 65.45 64.67 63.37 61.51 S i O , 0.68 1.69 0.00 0.00 
A I . O , 23.25 22.96 23.44 23.46 24.96 25.90 A I . O , 1.05 0.015 0.69 0.56 
K.O 1.19 1.28 1.30 1.10 0.65 0.56 K.O - - - -
N a . O 5.93 8.82 8.76 8.60 8.20 7.64 N a . O - - - -
CaO 3.61 3.46 3.63 3.93 5.42 6.53 CaO - - - -
M S O 0.04 0.06 0.04 0.05 0.06 0.05 1VO 8-1.40 .81.92 86.82 84.7 3 
1 i O , 0.06 0.00 0.03 0.00 0.09 0.11 M g O 0.43 0.38 0.03 0.16 
KeO 0.15 0.16 0.13 O.tl 0.26 0.22 M n O 1.53 1.58 1.51 1.75 
BaO 0.10 0.00 0.12 0.00 0.18 0.13 T i O . 

1 

CI 

1.-6 2.40 1.70 4.25 T i O . 
1 

CI - _ - -
Tulal 102.78 1111.45 102.89 101.92 103.18 102.66 Total 89.84 90.02 40.76 41.46 

Q ' - - - - - - T i / l e 0.019 0.026 11.018 0.045 
Or 6.70 - .28 7.37 6.30 3.70 3.17 M g / M g • Fc 0.009 0.008 0.001 0.003 
Ab 76.24 76.19 75.34 74.78 70.50 65.72 Ulvosp ine l 0.028 0.048 0.026 0.101 

An 17.06 16.53 17.29 18.92 25.80 31.11 Magne t i t e 0.972 0.952 0.974 0.899 
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Table 3. (Continued) 
1 llmenite Biolite 

Ph29 Ph29 Ph40 Ph40 Ph40 Fh32 P h 3 2 Ph32 Ph3I P h 3 5 rh35 Ph35 I'h35 
Oxide Pit PI2 Pll PI2 P(3 Oxide P l l PI2 PI3 PH Pl l PI2 PI3 Pt4 

SiO, 0.57 0.29 0.00 0.11 0.00 SiO. 36.35 37.6'. 33.31 37.92 3 6 . 6 5 34.94 37J2 37.t6 
AJ.O, 0.22 0.15 - 0.07 - AI .O , 13.23 12.91 11.69 13.90 13.44 12.89 13.61 13.28 
K ,0 - - - - - K.O 623 8.37 7.69 8.82 8.17 s.os S.53 8.61 
Na.O - - _ - - Na.O o.:.o 0.42 0Z.1 0.45 0.50 0.45 0.46 0.47 
CaC - - - - - C i O 0.12 0 .12 0.25 0.12 0.17 0.17 0.17 0.17 

FcO 4fi.l8 54.93 43.24 43.18 43.85 leO 21 .03 17 .91 21.07 I8.2C 20 .96 25.50 21.27 20 22 
V g O 0.81 0.61 0.00 0.15 0.00 M s O 11 .42 12 .18 11.05 11.48 10.76 10.98 11.55 10.B6 
MnO 12.28 5.77 0.99 1.01 0.96 MnO 1.24 1.14 1.33 1.12 0.73 0.78 0.72 0.75 
T iO, 42.89 31.97 48.73 50.17 48.99 l i O . 3.97 3 .51 3.96 4.21 4 .68 3.89 3.63 4.29 
I - - - - - F 0 . 0 0 0 . 0 0 0.00 1.39 0.00 0.05 0.00 0.04 
C! - - - - - CI O.J0 O.OO O.OO O.CM 0 .00 0.00 9.00 0.00 

Total 96.95 93.72 92.68 94.69 93.79 Total 9 6 . 0 8 9 4 . 2 4 90.76 9 7 . 6 0 96 .07 97.74 97.17 95.85 

T i / l e 0.960 0.523 1.014 1.045 1.005 Ti /Fe 0 .170 0. . '76 0.169 0.20S 0 .201 O.I37 0.154 0.191 
M S / M B . | :c 0.035 0.020 o.ooo 0.006 0.000 Ml M g t F c 0 .J94 i\~>0 0.4S6 0 . 5 3 2 0 .480 0.437 0.494 0.492 
Mmcnitc 0.773 0.582 0.996 1.008 0.992 
Hentalite 0.227 0.418 0.004 0.008 0.008 

Ph3b Ph36 P h 3 6 P h 3 6 P h 3 7 Ph37 Ph37 Ph37 Fh37 P h - Ph60 Ph6! 
Oxide Pll PI2 Pt3 PI4 Ptl PI2 PI3 P14 PIS PI6 Oxide Pl l I'll 

SiC, 36.60 36.79 37 .15 37 .31 3 5 . 5 3 . " V 35.63 36.78 36.10 36.90 SiO, 77.43 81.15 
AI .O . 13.01 12.93 13.19 13.53 14 .52 14.46 14.84 14.B4 13.96 14.53 A I .O , 13.43 11.07 
K.O 7.83 8.07 8.09 8.60 7 .99 8.14 7.92 8.09 8.06 8.09 K.O 6.34 4.33 
Na.O 0.49 0.49 0.47 0.49 0.31 0.48 0.49 0.41 0.27 0.45 Na.O 3.10 3.42 
CaO U.I 5 0.15 o.i; 0.15 0.18 0.18 018 0.1S 0.23 0.1S 0 0 0.34 0.36 
FcO 21.95 22.27 22 .48 « ) .37 18.94 18.59 17.20 18.41 17.96 17.87 M B 0 0.09 0.13 
MgO 11.70 1 1 . SB 11.84 11 .61 9.86 9.99 9.34 9.77 6.49 9.68 FcO 0.25 0.22 
MnO 0.81 0.68 0 .76 0.65 J.05 1.13 2.62 1.05 1.19 1.06 T iO . 0.01 O.OO 

T iO , 4.32 4.12 •!.45 4 .27 4.53 4.64 4.65 4.53 4.57 4.73 M n O 0.02 0.04 

F 0.00 0.00 0 .00 0 .00 0.00 0.00 con 0.00 0.00 0.00 BaO 0.00 0.00 

U 0.00 0.00 O.CO 0 .00 0.00 0.00 0.03 0.00 0.00 O.OU 

Total 96.86 9 7 . 3 7 98 .59 9 5 . 9 9 92.10 94.79 92.(7 94.03 90.82 93.51 Total 101.03 100.73 

Ti/Fe 0.177 0.166 0 .178 0 .198 0.215 0.225 0.2J3 0.220 0.229 n.238 Oz 32.19 41.09 
Mf i /Mg • Fe 0.490 0.490 0.487 0 .519 '1.484 0.492 0.494 0.488 0.460 0.494 Or 38.14 26.03 

Ab 
An 

26.30 
1.37 

31.18 
1.70 
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Table 4. Microprobe analyses for sample Tpt CVV3. 
S a n i d i n e 

P h 3 P h 4 P h 4 P h S P h S P h 7 P h 7 P h l O P h l O P h l 2 P h l 2 P h l 3 P h l 3 P M 5 P h l S 
O x i d e P t 2 P t l P I2 P t l P I 2 P t l P t 2 P l l P I 2 P l l P I 2 P l l P I 2 P t l P t 2 

S i O , 66 .70 65 .97 65 .51 66 .64 66 .84 65 .94 6 7 . 0 6 6 7 . 3 1 6 6 . 9 1 67 .80 67 .50 65. : ?3 64 .63 65 .17 6 6 . 5 1 

A U O , 18 .29 19 .07 19.30 17 .95 18 .26 19 .20 18 .19 19.37 19 .85 18 .29 18 .73 19 .68 19 .30 18 .85 18 .30 

K , 0 11.50 8.79 9.43 10 .37 10.17 9.80 10 .83 9 .42 9 .54 10 .44 10 .64 9 .76 9 .42 lO. i l l i 10 .47 

N a , 0 3.29 5.06 4.78 4.05 3.91 4 .42 3 .75 4 .82 4 .62 3 .66 3 .86 4 .39 4 . 7 1 4 .05 3.73 

C a O 0.11 0.39 0.35 0.08 0.08 0.20 0.13 0 .24 0 .23 0 .08 0 .15 0 .34 0 .42 0 .19 0 .10 

M g O 0.01 0.05 0.03 0.04 0.05 0.00 0 .07 0 .06 0 .03 0 .03 0 .06 0 .03 0 .03 0.04 0.02 

T i O , 0 .00 0.02 0.00 0 .41 0.02 0 .00 0 . 0 0 0 . 0 0 0 .04 0 .02 0 . 0 0 0 . 0 0 0 . 0 0 0 .01 0 .02 

F e O 0.18 0.19 0.18 0.15 0.17 0.10 0.15 0.19 0 .13 0 .15 0 .11 0 .1S 0 .15 0 .15 0 .15 

B a O 0 .00 0 .00 0.13 0.00 0.13 0.00 0.10 0.00 0 .00 0 .00 0 .00 0 .07 0 .14 0 .06 0 . 0 0 

T o t a l 

Q z 

O r 

100.08 99 .53 100.72 99 .70 99 .62 99 .66 ion.28 101 .40 101 .34 100 .48 101 .05 100 .18 9 8 . 8 2 9 8 . 5 8 • .9.30 T o t a l 

Q z 

O r 69 .37 52 .36 55 .54 62 .52 62 .88 58 .81 65 .14 5 5 . 6 1 57 .02 64 .98 64 .05 58 .46 55 .69 61 .50 64 .61 

A b 30 .06 4 5 . 7 1 42 .73 37 .05 3 6 . 6 9 4 0 . ; 8 34 .22 43 .18 41.B3 34 .59 35 .21 39 .85 42 .23 37 .51 34 .89 

A n 0.58 1.93 1.73 0.42 0.42 1.02 0.64 1.21 1.16 0.43 0.74 1.69 2 .08 0.99 0 .50 

S a n i d i n e P l j g i r r c l a s e 

P h l 6 P h l 6 P h 2 3 P h : 13 P h 2 4 P h 2 4 P h 2 6 Ph.28 P h 2 9 P h 2 9 P h l 4 P h l 4 P h 1 8 P h l 4 

O x i d e P l l P t2 P l l P : : : PII P t 2 P l l P12 P l l P I 2 P l l P t 2 P l l P t 2 

S i O , 67 .14 67 .93 66 .95 6 6 . 21 66 .12 66 .28 66 .29 65 .51 64 .89 65 .82 63 .17 62 .35 63 .4o 6 3 . 0 6 

A I . O , 17.S5 18.60 18.63 19.11 1<>.36 20 .02 19.38 19 .12 19.40 19 .35 2 2 . 5 1 22 .51 23 .10 23 .03 

K , 0 10 .37 9.78 10.19 8.56 10.27 9.79 9 .83 9.76 10 .41 10 .84 1.30 1.18 0 .90 0 . 8 2 

N » , 0 3.49 4.09 4 .02 5.44 4 .13 4 .56 4 .74 4 .67 4 .19 4 .97 8.67 8 .47 3.86 8 .58 

C a O 0.10 0.2? 0.27 0.54 0.29 0.36 0 .32 0.30 0 .27 0.22 3.34 3.53 3.85 3.88 

M g O 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 

T i O , 0.09 0.06 0.01 0.: 50 0.08 0.07 0 .04 0.04 0.06 0 .11 0.04 0 .00 0 .00 0.05 

F c O 0.19 0.53 0.20 0.16 11.00 0.13 0.12 0.16 0.12 0.11 0 .13 0 .18 0.26 0.32 

B a O 0.04 0.00 0.00 0.00 1 (1.15 0 .00 0.00 0.59 0 .00 0.30 0 . 0 0 0 .00 0.00 0 .00 

T o t a l 

Q z 

O r 

99 .30 101.31 100.29 100.54 100.45 101.23 100 .74 100 .19 99 .38 100.84 99 .19 98 .25 100.44 99 .74 T o t a l 

Q z 

O r 65 .88 60 .44 61 .71 49.59 61 .23 57 .59 56 .89 57 .08 61 .25 6 3 . 0 5 7 .52 6 .95 5.13 4 .79 

A b 33 .61 38 .28 36 .89 47 . : '7 y 7.32 40 .61 4 1 . 5 7 41 .44 37 .40 3 5 . 8 8 J 6 .21 75 .61 76 .45 76 .14 

A n 0.51 1.28 1.39 

P la 

2.64 

g i o c l a s e 

1.46 1.80 1.54 1.47 1.35 

] 

1.07 1 6 . 2 " 

1 

17 .45 

[ i m e u i t e 

18.42 19.07 

P h l 9 P h l 9 P h 2 2 P h 2 2 P h 2 7 P h 2 7 P h 2 7 

1.54 1.47 1.35 

] I "h32 P h 3 2 P h 3 3 P h 3 3 P h 3 9 

O x i d e P l l P12 P l l P I2 P l l P ( 2 P t 3 O x i d e P t l P I 2 P t l P t 2 P l l 

S i O , 64 .23 64 .10 63 .66 i b4.04 65 .28 64 .23 65 .28 S i O . . 0 .03 0.24 0 .18 0.09 0.04 

A l , 0 , 22 .44 22 .60 22 .74 . 21.88 22 .28 2 2 . 0 9 22 .88 AUO, 0.07 0.19 0.05 0.00 0.09 

K , 0 1.26 1.16 1.08 1.28 1.28 1.44 1.18 K,0 - - - - -
N a . O 8.69 8 .61 8.92 8 .60 8 .71 8 .64 8.59 N a r O - - - - -
G O 3.33 3.3S 3.35 3.10 3.29 3 .11 3.46 C a O - - - - -
M s O 0.02 0.00 0.00 0.00 0 .02 0.02 0.00 F e O 45 .71 45 .38 40 .76 46 .22 46 .13 

T i O , o.on 0.00 0.00 0.00 0.00 0.0U 0.00 M g O 0 .22 i D.41 0.09 0.18 0.23 

F e O 0.17 0.23 o.n 0.18 0.14 0.14 0.13 M n O 4 .33 4 04 1.77 4 .13 3.34 

B. lO 0.00 0.00 0.00 0 .00 0.00 0.00 0.00 T i O , 

F 

4 9 . 3 8 46 .73 47 .18 4 1.92 47 .54 

T o t a l i o r . 1 4 1'10.09 99 .91 < 59.16 101.00 99 .67 101.52 

C I 

T o t a l 99 .74 96 .99 90 .05 92 .54 97 .36 

Q z - - - - - - _ T i / F c 1 0.972 0 .926 1.041 0 .816 0 .927 

O r 7.34 6.79 6.19 7.50 7.39 8 .41 6 .91 M g / M g J -Fe 1 0.009 0 .016 0.004 0 .007 0 .009 

A b 76 .46 76 .56 77 .65 ; ' 7 . 2 7 76 .60 76 .40 76 .14 I l m e n i l e 1 J .930 (1.903 0 .997 0 .838 0 .917 

A n 16 .20 16.65 16.15 15.24 16 .01 15 .19 16 .95 H e m a t i t e 0 .070 0 .097 0 .003 0.162 0.083 



Table 4. (Continued) 
M a g n e t i t e Biot i te 

Ph21 Ph21 Fh30 Ph30 Ph32 Ph32 P h l 7 P h l 7 P h l S Ph18 Ph25 P h 2 5 Ph36 
Ox ide P t l PI2 P t l P t2 P l l PI2 P t l P t2 P t l 

34.58 

PI2 

37.42 

P t l 

36.67 

PI2 

36.84 

P l l 

S i O , 0.34 0.31 0.17 0.20 0.10 0.00 36.82 37.37 

P t l 

34.58 

PI2 

37.42 

P t l 

36.67 

PI2 

36.84 17.49 

A 1 , 0 , 1.44 1.55 1.78 0.73 2.13 1.93 12.83 13.32 12.42 13.14 13.47 13.41 7.31 

K . O _ _ _ _ _ _ 8.54 8.94 8.58 9.19 8.79 8.66 3.42 

N a . O _ _ _ - - - 0.57 0.54 0.52 0.54 0.48 0.43 0.00 

CaO - _ - _ _ _ 0.14 0.25 0.05 0.07 0.18 0.31 0.18 

FeO 77.97 78.65 82.82 85.32 82.55 82.99 18.71 17.13 24.39 19.71 18.23 16.04 49.28 

M g O 0.09 0.05 0.00 0.06 0.14 0.06 12.02 12.30 9.68 11.02 10.19 10.41 6.85 

M n O 1.33 1.09 0.90 0.8B 1.31 1.29 1.19 1.15 1.04 1.24 3.14 3.27 0.72 

T i O , 10.18 9.47 3.99 2.99 6.64 5.84 4.33 4.57 4.13 4.17 4.39 4.48 11.30 

F _ _ _ - - - 0-Og 0.00 0.00 0.05 0.00 0.90 0.00 

LI - - - - - - 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Total 91.36 91.13 89.65 90.19 92.87 92.12 95.14 95.57 95.38 96.54 95.55 95.86 96.54 

T i / F e 0.118 0.108 0.043 0.032 0.072 0.063 0.209 0.240 0.152 0.190 0.217 0.223 0.206 

Mg/Mg + Fe 0.002 0.001 0.000 0.001 0.003 0.001 0.536 0.564 0.417 0.502 0.502 0.509 0.20C 

Magne t i t e 0.702 0.721 0.889 0.923 0.816 0.840 
Ulvospine l 0.298 0.279 0.111 0.077 0.184 0.160 

Matr ix Pumice 
P h l 3 P h l 9 Ph20 P h 4 4 Ph8 PK8 Phil P h i l Ph20 Ph20 Ph42 

Oxide P t l P l l P t l P l l P l l Pt2 P l l PI2 P t l PI2 P l l 

S i O , 71.30 86.42 64.93 67.63 71.52 91.74 85.91 B8.62 67.21 85.25 90.42 
A l . O , 14.63 8.58 17.43 17.94 15.53 4.75 8.12 5.88 17.32 9.71 5.68 
K , 0 5.81 0.66 5.71 7.99 5.25 2.14 0.73 0.55 6 . 5 ! 2.46 1.98 
N a , 0 J.97 4.02 5.61 4.62 4.86 1.34 3.49 2.51 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 
M g O 0.52 0.05 0.18 0.22 0.10 0.12 0.09 0.36 0.13 0.09 0.41 
FeO 0.80 0.37 0.48 0.20 0.31 0.32 1.64 0.57 1.09 0.25 0.20 
T i O , 0.11 0.05 0.07 0.14 0.02 0.00 0.06 0.00 0.00 0.10 0.12 
M n O 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 0.04 0.08 0.00 

Total 97.75 101.07 95.21 99.17 98.30 100.75 101.01 99.24 97.51 101.70 100.89 

Qz .' :.94 55.81 8.17 8.40 20.33 73.41 58.51 69.02 13.09 53.60 69.30 
O r 36.36 3.99 35.56 47.81 31.81 13.41 4.56 3.49 40.89 14.94 12.33 
Ab 37 . '2 36.95 52.99 41.83 44.65 12.69 33.10 24.17 47-90 26.02 17.02 
An 2.98 3.25 3.27 1.92 3.31 0.50 3.6S 3.32 3.13 3.43 1.34 
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Table 5. Mkroprobe analyses for sample Tpt CW4. 
San id ine 

P h 3 P h 3 Ph3 P h 3 P h l 2 P M 2 P h l i P h l 4 P h l 4 P h l 4 P h l 7 
Ox ide P t l Pt2 Pt3 Pt4 P t l PI2 P13 P l l Pt2 P t 3 P l l 

SiO.. 67.03 67.11 66.57 67.60 65.14 64.92 68.04 67.29 66.95 67.52 67.45 
A l . O , 19.31 20.18 18.99 19.50 19.36 18.75 15.43 19.34 19.36 19.32 19.31 

K , 0 9.48 9.34 9.64 9.08 10.39 10.36 5.26 9.99 9.50 9.69 7.61 

N a , 0 4.98 4.89 4.59 5.08 3.7C 3.82 4.43 4.48 4.73 4.71 5.68 
CaO 0.34 0.28 0.53 0.43 0.25 1.17 1.00 0.33 0.37 0.32 0.46 
M g O 0.04 0.03 0.01 0.06 0.06 0.05 0.35 0.02 0.04 0.02 0.04 
T i O : 

0.32 0.00 0.00 0.06 0.00 0.02 0.14 COO O.OO 0.03 0.08 

FeO 0.11 0.12 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 1.13 0.59 0.07 0.13 0.16 0.00 

Total 

Qz 
Or 

101.67 101.95 100.44 102.07 100.33 100.27 96.14 101.72 101.23 101.90 100.74 Total 

Qz 
Or 54.73 54.97 56.53 52.99 63.63 60.47 41.07 58.54 55.93 56.67 45.82 

A b 43.63 43.64 40.87 44.92 35.11 33.81 52.37 39.B3 42.26 41.75 51.84 

An 1.64 1.39 2,60 2.10 1.26 5.72 6.56 1.64 1.82 1.59 2.35 

Sanid ine 
Ph21 Ph21 Ph22 Ph22 Ph22 Ph22 Ph23 Fh33 Ph33 Ph33 Ph33 

Ox ide P t l Pt2 P l l Pt2 F t3 PI4 P t l P t l Pt2 Pt3 Pt4 

S i O , 68.26 67.08 67.20 66.99 66.84 67.93 67.64 66.65 65.66 66.70 65.25 

A U O , 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 
N a , 0 4.1b 4.16 4.55 4.57 5.08 4.87 3.35 4.81 4.72 4.93 4.79 
CaO 0.19 0.18 0.52 0.40 0.42 0.52 0.32 0.44 0.36 0.41 0.46 
M g O 0.03 0.11 0.06 0.03 0.02 0.04 0 .4- 0.05 0.06 0.04 0.04 
T i O , 0.00 0.10 0.04 0.00 0.00 0.07 0.23 0.11 tl 14 0.00 0.04 
FeO 0.12 1.16 0.21 0.13 0.17 0.14 2.98 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 0.00 0.00 

Total 101.67 101.69 100.29 101.32 100.88 1 102.17 97.89 100.56 99.79 100.70 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 37.15 39.18 40.98 40.41 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 2.56 2.04 2.18 1.77 2.02 2.28 

San id ine 
Ph34 Ph34 Ph34 Ph34 Ph39 Ph39 Fh39 Ph39 Ph.39 Ph39 

Oxide Pt l Pt2 Pt3 PI4 P t l Pt2 PI3 PI4 PIS Pt6 

S i O , 66.24 65.23 65.60 65.89 66.00 65.08 65.83 66.41 65.60 65.99 

A I , 0 , 19.32 19.28 19.10 19.41 18.92 19.56 19.33 19.10 19.54 19.06 
K , 0 9.38 9.39 9.14 8.86 9.81 9.32 9.37 9.56 9.13 9.73 
N a , 0 4.94 4.S5 4.93 5.13 4.85 4.64 5.09 5.00 5.11 4.77 
CaO 0.33 0.36 0.38 0.42 0.50 0.58 0.52 0.36 0.52 0.50 
M g O 0.00 0.00 0.01 0.04 0.05 0.03 0.06 0.00 0.04 0.00 

T i O , 0.00 0.00 0.00 0.07 0.03 0.00 0.03 0.00 0.04 0.00 

FeO 0.15 0.21 0.17 0.14 0.15 0.12 0.17 0.42 0.13 0.15 
BaO 0.16 0.10 0.09 0.09 0.17 0.23 0.00 0.12 0.00 0.09 

Total 

Qz 
O r 

100.52 99.42 99.43 100.05 100.48 ' 39.77 100.40 101.06 100.10 100.37 Total 

Qz 
O r 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 44.11 45.77 41.84 42.78 44.03 43.47 44.73 41.62 
A n 1.62 1.75 1.91 2.05 2.36 2.85 2.50 1.75 . 2.53 2.42 
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Table 5. (Continued) 

Plagioclase 
Ph4 Ph4 Ph4 Ph4 P h 6 Ph6 Ph6 Ph28 Ph28 Ph28 

Ox ide P( l Pt2 P t3 PI4 P l l P t2 P t 3 P t l PI2 PI3 

S i O , 64.78 65.51 65.43 64.46 65.21 64.32 65.28 58.00 65.20 65.20 

A 1 , 0 , 23.29 22.56 23.14 22.91 23.07 21.66 23.03 27.40 22.88 22.68 

K , 0 1.15 1.12 1.18 1.18 1.17 1.14 1.02 0.41 1.28 1.13 

N a , 0 8.56 8.67 8.28 8.72 8.67 8.51 8.66 6.2b 8.77 8.65 

CaO 3.67 3.80 4.03 3.55 3.66 3.74 3.71 8.34 3.63 3.50 
M g O 0.25 0.04 0.03 0.00 0.00 0.04 0.05 0.06 0.03 0.09 

T i O , 1.07 0.00 0.07 0.00 0.08 0.00 0.00 0.02 0.07 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 

Qz 
O r 

102.81 101.81 102.36 101.08 102.02 99.60 101.82 100.74 101.99 101.49 Total 

Qz 
O r 6.66 6.41 6.91 6.80 6.71 6.62 5.91 2.45 7.26 6.57 

A b 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 41.41 17.30 17.10 

Plagioclase 
Ph29 Ph29 Ph29 Ph29 Fh32 Ph32 Ptl32 Ph32 Ph35 Ph35 Ph35 I 'h35 

Ox ide P l l Pt2 Pt3 Pt4 P t l Pt2 P t3 Pt4 P l l PI2 PI3 PI4 

S i O , 65.75 65.02 64.77 65.58 62.92 63.82 64.89 64.52 64.38 64.07 63.79 64.00 
A I , 0 , 21.76 22.21 22.94 22.50 22.72 23.32 22.90 22.63 22.91 22.80 23.12 22.65 
K , Q 1.62 1.43 1.15 1.25 1.17 1.11 1.22 0.90 1.09 1.09 1.01 1.01 
N a , 0 8.81 8.61 8.42 8.88 8.47 8.49 8.76 B.59 9.25 6.98 9.10 9.13 

CaO 2.83 3.30 3.85 3.11 3.64 3.73 2.46 3.89 3.40 3.40 3.66 3.64 
M g O 0.03 0.02 0.04 0.04 0.03 0.04 0.04 0.04 0.00 0.00 0.00 11.011 

T i O , 0.0P 0.00 0.00 0.02 0.02 0.05 0.00 0.05 1.07 0.05 0.06 0.04 
FeO 0.21 0.20 0.12 0.25 0.23 0.23 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 O.II 0.02 0.00 0.00 

Totai 

Q z 
O r 

101.08 100.78 101.28 101.66 99.20 99.79 103.33 100.86 102.38 100.57 101.51 100.65 Totai 

Q z 
O r 9.36 8.27 6.72 7.19 6.85 6.47 6.99 5.25 6.06 6.20 5.65 5.63 
A b 76.97 75.67 74.45 77.73 75.27 75.23 76.32 75.76 73.06 77.56 77.18 77.29 
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 
Ph36 Ph36 Ph36 Ph36 P h i P h i P h i P h i Ph2 Ph2 Ph2 

Oxide P l l I"'I2 PI3 PI4 P l l Pt2 PIS PI4 P l l PI2 P t3 

S i O , 55.90 56.09 56.49 55.96 S i O , 37.99 36.98 37.43 36.38 33.56 30.74 33.54 
A l . O , 28.45 27.88 27.72 28.57 A U O , 13.11 12.98 12.63 12.98 13.44 13.27 13.34 
K.O 0.25 0.43 0.49 0.32 K , 0 9.11 8.76 8.88 8.71 7.38 7.08 6.76 
Na O 5.84 6.26 6.38 5.96 N a , 0 0.63 0.95 0.50 0.48 0.54 0.34 0.93 
CaO 9.58 9.06 8.49 9.55 CaO 0.15 0.16 0.23 0.19 0.28 0.25 0.29 
M g O 0.02 0.02 0.02 0.19 FeO 18.50 20.19 18.20 17.89 19.18 22.65 22.19 
T i O , 0.00 0.04 0.02 0.01 M g O 11.77 12.2S 11.40 11.44 12.84 12.09 9.56 
FeO 0.35 0.31 0.27 0.28 M n O 0.72 0.71 0.75 0.76 1.24 1.43 1.13 
BaO 0.12 0.17 0.12 0.17 F 0.00 0.05 0.04 0.00 0.07 0.05 0.04 

Ci 0.00 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 94.03 93.08 92.94 92.02 91.86 

Qz - - - - T i / F e 0.206 0.196 0.197 0.214 0.207 0.164 0.166 
O r 1.47 2.47 2.82 1.86 M g / M g + F e 0.534 0.522 0.530 0.535 0.547 0.490 0.437 
Ab 51.65 54.13 55.99 52.03 
An 46.8S 43.40 41.20 46.11 
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Table 5. (Continued) 

Biotite Magi 
Ph8 

let i te 
Phl6 Phl6 Phl6 PhT6 i Ph25 Ph25 Ph25 Ph37 Ph37 

Magi 
Ph8 Ph8 

Oxide Pl l PI? P!3 PI4 P t l Pt2 PI3 P l l Pt2 Pt l | ' I2 

SiO. 32.96 36.73 36.44 31.44 37.32 31.64 36.74 32.43 34.42 S iO, 0.32 0.86 

A l j O , 11.92 12.95 12.83 11.55 13.30 11.49 13.31 11.35 11.98 A l . O , 0.71 0.58 

•x,o 7.73 8.62 8.51 7.22 8.77 7.17 8.06 8.10 8.25 K.O - _ 
N a , 0 0.46 0.51 0.52 0.32 0.53 0.42 0.51 0.39 0.57 N a , 0 - -
CaO 0.53 0.31 0.44 0.79 0.15 0.14 0.32 0.26 0.36 CaO - -
FeO 22.94 18.30 18.83 25.32 18.29 29.96 23.21 24.89 20.23 FeO 84.29 83.62 
MgO 10.59 12.15 11.77 10.92 11.49 9.96 11.67 8.93 9.54 MgO 0.14 0.21 
M n O 1.27 1.44 1.26 1.27 1.44 1.31 1.39 0.83 0.89 M n O 1.90 2.21 
T i O ; 4.43 4.40 4.61 3.46 4.38 4.49 4.11 3.64 4.94 T i O ; 2.02 1.99 
F 0.04 0.00 0.04 0.00 0.54 O.OO 0.09 0.00 0.00 F - -
CI 0.00 0.00 0.00 0.00 0.00 0.00 O.OO 0.00 0.00 CI - -
Total 92.86 95.42 95.27 92.28 96.21 96.57 99.41 90.82 91.17 Total 89.37 89.39 

T i / C e 0.174 0.217 0.220 0.123 0.216 0.135 0.159 0.132 0.220 Ti /Fe 0.022 0.022 
M q / M g t Fe 0.454 0.544 0.529 0.437 0.531 0.374 0.475 0.393 0.459 M g / M g * F e 0.003 0.005 

Magne 
Ulvo&t 

l i te 
l ine! 

0.97C 
0.030 

0.974 
0.026 

Magnetite Umeni le 
Phil Ph30 Ph30 Ph3I Fh31 Ph30 Ph30 Ph31 Ph31 Ph40 Ph40 Ph40 

Oxide Pel 

0.57 

Pel 
0.29 

PI2 Pt l Pt2 P l l P12 P l l i't2 P l l Pt2 PI3 

S iO; 

Pel 

0.57 

Pel 
0.29 0.34 0.24 0.30 S iO, 0.39 0.16 0.24 0.27 0.52 0.53 1.01 

A l . O , 0.95 0.72 0.68 0.62 0.72 A 1 , 0 , 0.04 0.03 0.03 0.03 0.02 0.00 0.06 
K ,0 - - - - - K , 0 - - _ - - - -
N a , 0 - - - - - N a , 0 
CaO - - _ - - CaO 
FeO 81.29 81.49 78.90 79.60 80.55 FeO 45.76 45.35 46.14 44.06 44.81 45.11 46.43 
MgO 0.11 0.10 0.10 0.16 0.17 MgO 0.19 0.10 0.22 0.16 0.44 0.36 0.35 
M n O 0.59 1.59 1.81 1.49 1.25 M n O 3.71 4.20 4.22 4.72 6.20 5.80 5.24 
T i O , 5.49 8.93 9.09 ".43 9.79 T i O , 

F 
48.06 49.12 48.69 48.92 47.22 47.31 42.24 

CI 
Total 89.00 93.10 90.01 91.55 92.77 

CI 

Total 98.15 98.07 99.53 98.17 99.22 99.11 94.33 

Ti /Fe 0.061 0.099 0.104 0.107 0.109 TrVFe 0.945 0.974 0.049 0.999 0.948 0.943 0.799 
M g / M g t Fe 0.002 0.002 0.002 0.004 0.004 M g / M g + Fc ' 0.006 0.004 0.009 0.007 0.017 0.014 0.013 
Magnetite 0.837 0.755 0.746 0.734 0.723 Magnetilc 0.923 0.935 0/-19 0.939 0.885 0.890 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 
1 

Matr ix 
Ph7 PH41 1 Ph43 Ph44 Ph44 

Oxide P t l P t l Oxide Pt2 P t l Pt2 

S iO, 94.04 95.68 S iO, 64.73 83.86 87.68 

A l , 0 , 0.44 1.53 A l . O , 20.98 9.83 7.24 

K , 0 0.03 0.05 K , 0 8.72 5.28 2.70 

N a , 0 0.24 0.66 N a , 0 4.29 2.33 2.29 

CaO 0.13 0.26 CaO 0.43 0.23 0.44 

MgO 0.02 0.03 M g O 0.14 0.05 0.05 

M n O 0.00 0.G0 M n O 0.05 0.06 0.02 

T i O , 0.00 0.02 T i O , 0.08 0.00 0.00 

FcO 0.04 0.00 FcO 0.31 0.22 0.11 

BaO 0.00 0.00 FeO 0.00 0.00 0.00 

Total 96.01 98.22 Total 99.72 101.85 100.52 

Qz 97.28 92.40 Qz 4.80 46.40 60.64 

Or 0.20 0.32 Or 52.67 31.68 16.56 

Ab 2.48 6.50 Ab 39.31 21.22 21.26 

An 0.30 0.78 An 2.18 0.71 1.54 

Table 6. M ic roprobe analyses for sample Tp t CW7. 

Sanidine 
Phi Phi Ph2 Ph2 Ph3 Ph3 Ph9 Ph9 Ph9 PhlO Ph l9 Phl9 

Oxide P l l Pt2 P t l Pt2 P t l Pt2 Pt l Pt2 Pt3 Pt l P t l PI2 

S iO, 66.05 66.96 65.82 66.42 65.50 65.23 65.25 65.40 65.59 65.23 66.04 65.42 
A l , 0 , 19.24 19.28 19.69 19.68 19.33 19.34 19.34 19.50 19.26 19.50 19.46 19.71 
K , 0 10.41 10.76 10.12 9.37 10.36 10.55 10.53 10.41 10.15 10.19 9.16 9.72 
Na.O 4.93 4.46 4.45 5.12 4.33 4.48 4.28 4.36 4.44 4.51 4.96 4.72 
CaO 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 
T i O , 0.00 0.04 0.00 0.05 0.00 0.00 0.03 0.00 0.05 0.00 0.00 0.03 
FcO 0.10 0.12 0.15 0.11 0.06 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 0.00 

Total 

Qz 
Or 

100.96 101.82 100.61 101.42 100.03 100.04 99.87 99.96 99.86 100.03 100.19 99.57 Total 

Qz 
Or 57.64 60.92 58.90 53.20 60.43 60.05 61.17 60.49 59.41 59.10 53.77 56.53 
Ab 41.40 38.30 39.23 44.12 38.31 38.64 37.70 38.42 39.39 39.05 44.09 11.64 
An (1.96 0.78 1.86 

Sai 

2.68 

nidinc 

1.27 1.31 1.12 1.09 1.19 1.25 

Pla 

2.14 

gioclasc 

1.83 

Ph27 Ph27 Ph28 Ph28 Ph31 Ph31 Ph31 

1.09 1.19 

Ph2 Ph2 Ph2 
Oxide Pt l P12 Pt l Pt2 P t l Pt2 Pt3 Oxide P t l Pt2 I'I3 

S i O , 
A l . O , 
K , 0 
N a , 0 
CaO 
MgO 

T i O , 
FeO 
BaO 

Total 

Qz 
Or 
Ab 
An 

66.94 
18.96 
10.29 
4.28 
0.16 
0.00 
0.02 
0.06 
0.05 

100.77 

60.83 
38.39 

0.78 

65.55 
18.88 
10.27 
4.45 
0.15 
0.00 
0.00 
0.06 
0.02 

99.38 

59.92 
39.34 
0.75 

65.60 
19.60 
10.35 
4.43 
0.19 
0.00 
0.03 
0.08 
0.00 

100.27 

60.09 
38.97 

0.94 

66.31 
18.82 
10.71 

4.23 
0.18 
0.00 
0.03 
0.04 
0.00 

100.32 

66.71 
19.25 
10.27 

4.44 
0.15 
0.00 
0.04 
0.03 
0.00 

100.89 

66.69 
19.23 
10.00 
4.46 
0.18 
0.00 
0.00 
0.07 
0.00 

100.63 

65.94 
19.13 
8.44 
5.47 
0.60 
0.00 
0.00 
0.03 
0.00 

99.62 

61.97 59.98 
37.15 39.28 

0.88 0.73 

59.16 49.98 
39.96 48.10 

0.88 2.93 

16 

S i O , 
A l . O , 
K , 0 
N a , 0 
CaO 
M g O 

T i O , 
FeO 
BaO 

Total 

Qz 
O r 
A b 
An 

64.43 
23.12 

1.53 
8.73 
2.95 
O.OO 
0.01 
0.19 
0.00 

100.96 

60.79 
24.97 

0.74 
7.85 
5.47 
0.00 
0.00 
0.21 
0.06 

100.10 

61.04 
25.32 

0.66 
7.80 
5.70 
0.03 
0.00 
0.17 
0.00 

100.72 

8.89 4.32 3.83 
76.76 69.05 68.49 
14.35 26.64 27.68 



Table 6. (Continued) 
Plagioclase 

Ph7 Ph7 Ph7 P h l 4 P h l 4 P h i J P h l 5 P h l 5 P h l 5 Ph32 Ph32 Ph32 
Ox ide Pi t PI2 PI3 Pi t Pt2 P t3 P l l P12 PI3 P l l P l l PI3 

S i O , 63.35 1 63.16 65.33 63.00 63.66 64.48 61.70 I 62.16 61.71 65.22 65.02 64.32 

A l . O , 23.47 : 23.12 23.18 22.94 23.24 23.45 24.81 : 24.74 24.26 22.15 22.46 22.92 

K , 0 1.08 1.10 1.10 1.29 1.14 1.31 0.80 0.90 0.90 1.48 1.35 1.36 
N . i , 0 8.74 8.66 9.54 8.60 8.66 8.59 7.90 8.19 8.28 8.89 8.97 8.87 

CaO 3.83 3.81 3.44 3.69 3.75 3.49 5.48 4.96 4.86 2.99 2.97 3.22 

M g O 0.02 0.00 0.02 0.02 0.02 0.01 0.02 0.02 0.03 0.00 0.02 0,03 

T i O , 0.00 0.04 0.03 0.00 0.00 0.01 0.00 0.00 0.00 0.03 0.00 0.03 

VaO 0.18 0.17 0.20 O.IJ 0.55 0.20 0.12 0.11 0.11 0.19 0.15 0.13 
BaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Tolal 100.67 100.07 102.84 99.67 101.02 101.54 100.83 101.08 100.15 100.95 100.95 100.90 

Or 6.15 6.33 5.94 7.38 6.54 7.61 4.61 5.13 5.13 8.48 7.74 7.76 

A b 75.53 75.33 78.40 74.86 75.38 7 5 . : / 68.94 : 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 14.39 14.28 15.44 

Plagioclase Biotite 
Ph33 Ph.37 Ph37 Ph6 Ph6 Ph7 Ph7 Ph8 Ph8 P h l 2 P h l 2 

Oxide Ft l 

63.20 : 

P12 

59.75 

P13 

61.34 

P i t PI2 P l l Pt2 T i l P12 P t l P12 

S i O , 

Ft l 

63.20 : 

P12 

59.75 

P13 

61.34 S i O , 35.74 36.58 36.44 36.60 34.23 34.99 35.60 34.95 

A I , 0 , 22.19 25.11 24.55 A l p , 14.12 14.13 1 14.33 14.01 13.52 14.10 13.15 12.91 

K , 0 1.52 0.63 0.74 K . O 9.16 9.14 9.38 9.53 8.88 8.59 9.19 9.14 
N a , 0 6.63 7.74 7.74 N a , 0 0.54 0.47 0.47 0.44 0.47 0.45 0.62 0.53 
CaO 3.11 6.04 5.60 C a O ff.00 0.00 0.00 0.00 0.02 0.06 0.08 0.06 

M g O 0.00 0.00 0.00 FcO 20.41 17.46 15.36 16.20 20.60 21.49 21.57 20.82 

T i O , 0.01 0.04 0.00 M g O 11.87 11.82 12.59 12.02 11.18 11.32 10.14 9.95 
FeO 0.06 0.13 0.23 M n O 1.51 ..51 1.63 1.40 1 3 ; , 1.11 1.45 1.43 
BaO 0.00 0.60 0.00 T i O , 4.42 4.64 4.90 5.23 5.60 4.21 4.51 4.59 

r 0.00 0.08 0.12 0.07 0.09 0.11 0.09 0.00 

Tolal 98.92 99.44 100.20 CI 0.00 0.00 0.00 0.00 0.00 0.00 O.00 0.00 

Qz - - - Total 97.78 95.82 95.23 95.50 95.95 96.42 96.40 94.38 
Or 8.67 3.60 4.32 
Ah 76.44 67.32 68.33 TVFc 0.195 0.239 0.287 0.291 0.245 0.176 0.188 0.198 
An 14.89 : >9.09 27.35 M g / M g + F e 0.511 0.549 0.596 0.572 0.494 0.487 0.456 0.462 
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Table 6. (Continued) 
Bioti te l lmen i t e M a g n e t i t e 

Ph21 Ph21 Ph25 P h l 6 P h i s P h l B Ph29 Fh29 Ph29 Ph29 
Oxide P t l P12 P t l O x i d e P t l PH PI2 P t l Pt2 O x i d e P t l PI2 

S i O , 37.24 35.97 40.03 S i O , 0.38 0.03 0.02 0.21 0.27 S i O , 0.29 0.15 

A U O , 13.51 13.21 14.97 A U O , 0.77 0.03 0.00 0.05 0.05 A l . O , 2.25 2.02 

K.O 9.34 9.14 9.58 K.O - - - - - K . O - -
N a , 0 0.51 0.50 0.68 N a . O - - - - - N a . O - -
CaO 0.17 0.22 0.00 C a O - - - - - C a O _ -
FeO 14.12 15.50 11.22 FeO 42.95 46.94 47.43 44.42 40.23 FeO 83.13 82.22 

M g O 12.73 12.81 12.68 M g O 0.18 0.30 0.28 0.15 0.22 M g O 0.07 0.03 

M n O 2.36 2.45 1.39 M n O 7.71 3.82 3.53 5.51 7.54 M n O 1.62 1.70 
T i O , 5.15 4.61 5.05 T i O , 44.64 48.53 48.93 48.18 48.36 TiO_, 4.41 3.80 
1 0.10 0.08 0.09 F - - - - - F - -
CI 0.00 0.00 0.00 CI - - - - - CI - -
Total 95.21 94.48 95.69 Total 96.63 99.66 100.20 98.52 ' 96.67 Total 91.76 89.92 

T i /Fe 0.328 0.268 0.405 T i / F e 0.935 0.930 0.928 0.976 1.081 T i / F e 0.048 0.042 
M g / M g i Fe 0.6 IS 0.598 0.671 M g / M g + F o 0.006 0.011 0.010 0.006 1.010 M g / M g * Fe 0.002 0.001 

l l m e n i t e 0.858 0.912 0.915 0.916 0.938 M a g n e t i t e 0.889 0.908 
H e m a t i t e 

P u m i r e 

0.142 0.088 0.085 0.084 0.062 U lvosp ine l 

Matr ix 

0.112 0.092 

Ph30 Ph30 

0.085 

Ph35 Ph35 
Oxide P l l Pt2 Oxid Ic I ' l l PI2 

S i O , 80.79 85.30 SiO., 76.79 77.05 
A l . O , 11.31 8.77 A l . O 12.54 13.13 
K , 0 4.32 1.85 K . O 6.59 6.19 
N a , 0 3.27 3.28 Na .O 2.87 3.62 

CaO 0.35 0.54 CaO 0.23 0.33 

M g O 0.00 0.01 M g O 0.02 0.00 
KeO 0.42 0.41 FeO 0.14 0 17 
T i O , 0.00 0.00 T i O , 0.04 0.02 
M n O 0.00 0.07 M n O 0.00 0.01 
BaO 0.00 0.00 BaO 0.00 0.07 

Tola! 100.45 100.24 Total 99.21 100.60 

Q^ 42.30 55.84 Qz 32.57 29.37 
Or 36.30 11.27 Or 39.92 36.86 
Ab 30.01 30.66 A b 26.32 32.68 
An 1.26 2.12 An 1.18 1.10 



Table 7. Microprobe analyses for sample Tpt CW8. 
Sanidinc 

Phi Ph i Ph i Ph3 Ph3 Ph3 Ph3 Ph4 Ph4 Ph4 Ph4 
Oxide PH PI2 Pt3 Pt l PI2 PI3 P14 Pi t PI2 Pt3 PI4 

SiO, 67.23 66.13 66.S6 66.88 66.24 66.97 66.65 66.36 66.87 66.72 66.52 

A I . O , 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 9.64 9.88 10.06 10.10 
Na ,0 4.71 4.38 4.71 4.46 4.35 4.43 4.57 4.91 4.77 4.65 4.51 
C i O 0.28 0.23 0.27 0.26 0.24 0.27 0.31 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 

T i O , 0.00 0.0a 0.00 0.00 0.00 0.00 0.02 0.50 0.00 0.02 0.04 

I'eO 0.11 0.13 0.11 0.08 0.11 0.08 0.08 0.08 0.08 0.11 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 

Tnlal 

Qz 
Or 

102.28 100.38 101.03 100.79 100.64 101.83 101.08 101.04 101.78 101.18 100.88 Tnlal 

Qz 
Or 58.20 60.25 57.53 59.88 60.83 59.75 58.68 55.65 . >6.95 58.00 • 58.86 

Ab 40.46 38.63 41.18 38.86 37.99 38.55 39.84 43.03 41.65 40.65 39.88 
An 1.32 1.13 1.30 1.25 1.18 1.30 

Sanidine 

1.49 1.32 '.40 1.36 1.26 

l'h5 Ph5 Ph5 P h i l P h i l Ph16 Phl6 Ph l6 Ph lb 
Oxide I ' l l Pt2 PI3 Pt l Pt2 Pt l PI2 Pt3 PI4 

SiO, 65.44 66.55 66.91 66.97 66.63 66.16 67.20 64.89 67.43 
A I . O , 19.01 19.19 19.41 18.91 19.95 18.17 17.93 18.80 18.86 
K ,0 9.80 9.61 9.73 9.17 9.19 10.09 10 49 10.51 9.26 
Na.O 4.79 4.92 4.95 5.23 5.16 4.J1 4.31 4.21 5.05 
CaO 0.25 0.29 0.28 0.33 0.37 0.18 0.11 0.15 0.36 
M s O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
T i O , 0.00 0.03 0.01 0.02 0.00 0.00 0.04 0.01 0.00 
I'eO 0.18 0.14 0.13 0.11 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 0.11 0.10 

Total 99.56 100.B2 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 
Ah 42.03 43.12 42.92 45.60 45.15 38.68 38.20 37.69 44.46 
An 1.20 1.40 1.37 

Sanidine 

1.60 1.81 0.92 0.55 0.76 

Pom 

1.71 

ice 
Phl7 Phl7 Phl7 Ph17 Ph18 Ph l8 Ph l8 PhI8 

0.55 

I'h6 Ph i 3 
Oxide I ' l l PI2 Pt3 PI4 P l l PI2 P|3 Pt4 Oxide P l l Ptl 

S i O . 66.85 66.37 66.25 65.81 65.64 66.58 66.14 66.59 S i O , 93.55 73.39 
AI .O , 19.10 19.39 19.05 19.28 19.39 18.74 19.39 19.34 A I . O , 4.30 16.08 
K.O 10.18 10.66 10.67 10.16 9.85 9.70 9.45 9.53 K.O 0.13 2.84 
Na .O 4.71 4.20 4.3B 4.61 4.81 5.03 5.14 5.18 N a , 0 1.81 5.32 
CaO 0.32 0.19 0.23 0.25 0.32 0.30 0.31 0.36 CaO 0.27 2.45 
M g O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 M g O 0.07 0.04 
T i O , 0.00 0.14 0.00 0.02 0.02 0.04 0.02 0.04 T i O , 0.00 0.04 

HeO 0.12 0.11 0.14 0.12 0.14 0.15 0.14 0.15 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 

M n O 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 

O r 57.88 62.02 60.94 58.57 56.61 55.19 54.01 53.88 Or 2.71 17.05 
Ab 40.58 37.04 37.94 40.24 41.86 43.38 44.52 44.41 Ab 17.15 48.37 
An 1.54 0.93 1.12 1.20 1.54 1.43 1.47 1.72 An 1.40 10.68 
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Table 7. (Continued) 

Plagioclase 
PhlO PhlO rhio PhlO P h l 9 P h l 9 P h l 9 P h l 9 P h l 9 P h l 9 

Oxide P l l P12 P t3 rt4 P : i PI2 P13 Pt4 Pt5 Pt6 

S i O , 64.78 63.40 64.45 63.97 65.50 64.02 64.02 64.04 64.30 65.04 
A l . O , 22.04 22.79 22.85 23.14 21.64 22.26 22.69 22.16 23.06 22.41 
K , 0 1.52 1.34 1.25 1.19 1.44 1.26 1.33 1.20 1.18 1.43 
N a . O 9.32 9.16 8.92 8.89 9.22 8.98 8.98 9.18 9.04 9.26 
CaO 2.85 3.58 3.48 3.70 2.93 3.76 3.63 3.27 3.57 3.31 
M g O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

T i O , 0.04 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.02 0.03 
FeO 0.15 0.18 0.16 0.13 0.18 0.15 0.17 0.16 0.13 0.19 
BaO 0.00 0.16 0.17 0.00 0.11 0.05 0.14 0.19 0.00 0.14 

Tola] 

Or 

100.71 100.61 101.28 101.02 101.05 100.48 100.96 100.20 101.31 101.82 Tola] 

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 17.49 16.93 15.36 16.76 15.23 

Matr ix Biotife Magi 
Ph9 

neti le 
PhO PhO PhO Phl2 Phl2 Ph22 Ph22 Fh22 

Magi 
Ph9 Ph9 

Oxide P l l Pt2 Pt3 Oxide P l l P12 Pt l Pt2 T13 Oxide P l l P12 

SiO, 77.92 9].60 70.96 S iO, 38.37 39.28 38.10 34.64 38.54 S iO, 0.17 0.56 
A l . O , 12.74 6.12 16.68 A l . O , 15.13 15.37 14.31 12.18 13.53 A l . O , 1.6, 1.58 
K , 0 6.28 o.:.s 9.38 K.O 9.07 9.85 9.63 8.39 9.67 K.O - -
Na.O 3.72 2.91 4.18 Na.O 0.53 0.51 0.61 0.44 0.59 Na.O - -
CaO 0.30 P.67 0.21 CaO 0.15 0.15 0.00 0.00 0.00 CaO - -
MgO 0.02 0.00 0.00 MgO 17.23 16.63 14.67 13.74 14.44 M g O 0.11 0.11 
FeO 0.33 0.14 0.55 FeO 10.62 3.72 12.97 20.57 13.01 FeO 82.55 82.22 
T i O , 0.04 0.06 0.05 T i O , 4.52 3.96 4.00 3.88 3.78 T i O , 3.62 4.22 
M n O 0.03 0.01 0.07 M n O 2.70 2.40 1.24 1.70 1.72 M n O 1.92 1.88 
BaO 0.00 0.00 0.00 F 0.08 0.00 0.06 0.05 0.09 F - -

CI 0.00 0.00 0.00 0.00 0.00 CI - -
Total 101.40 101.90 102.07 M n O 98.40 91.88 95.61 95.60 95 36 M n O 89.96 90.60 

Qx 29.13 68.41 9.25 T i /Fc 0.383 0.957 0.278 0.169 0.261 M n O 0.040 0.046 
Or 36.67 2.28 53.39 M g / M g + F e 0.745 0.889 0.671 0.546 0.666 M g / M g - f Fe 0.002 0.002 
Ab 32.95 26.69 36.05 Ulvospjnel 0.082 0.101 
An 1.25 2.62 1.31 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 EMF 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. 
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was true for both the fully submerged experiments 
and those run in water-saturated air. Table 8, 
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 
identical (Table 8). 

4. The biotites within the Topopah Spring 
tuff were badly altered (to oxides) even in the 
unreacted wafer, and analysis of the reacted bio­
tites was difficult because of their rough surface 
texiure. In those phenocrysts that yielded accept­
able oxide totais in analysis, however, Table 9 
shows no discernible difference before or after re-
aclion. 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 (see Table 9) 
were also unchanged, although it is not possible 
to quantitatively distinguish compositional varia­
tions in the devitrified matrix with EMP, since it 
can vary from silica to sanidine on a micron scale. 
Where 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 (wt%) Alkali feldspar (wf/i) 
Oxide CWO CW4 cm CWO CVV4 CW8 

S i O , 63.90 64.32 64.02 66.06 66.57 65.44 
A J . O , 22.13 21.66 22.26 18.40 18.99 19.01 
K.O 1.24 1.14 1.26 10.14 9.64 9.80 
N a , 0 8.65 8.51 8.98 4.38 4.59 4.79 

CaO 3.53 3.74 3.76 0.11 0.53 0.25 
M g O 0.00 0.04 0.00 0.00 0.01 0.00 

FcO 0.00 0.15 0.15 0.18 0.12 0.18 
T i O , 0.00 0.00 0.00 0.06 0.00 0.00 
BaO 0.02 0.04 0.05 0.15 0.00 0.10 

Total 99.46 99.60 100.48 99.47 100.44 99.56 

O r t h o d a s e 7.17 6.62 7.01 60.07 56.53 56.77 
Albi le 75.73 75.12 75.50 39.37 40.87 42.30 

A n o r t h i t e 17.10 18.26 17.49 0.56 2.60 1.20 

the fully submerged experiments 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 C 0 2 , and dissolution of loth calcite 
phases upon cooling 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 wav: Individual cal­
cite masses were hand-picked Irom the surface of 

Table 9. Representative analyses of biotit? 
phenocrysts and matrix from the Tpt wafers. 

Biotite (' ;> Matr ix 
Oxide CWO CW4 ens CWO CW4 CW8 

SiO, 36.45 36.98 34.64 73.64 83.86 77.92 

A l . O , 13.15 12.98 12.18 13.73 9.83 12.74 
K , 0 8.56 8 76 8.39 7.90 5.28 6.28 
Na.O 0.56 0.95 0.44 2.82 2 '1 3.72 
CaO 0.05 0.16 0.00 0.16 0..'3 0.30 
MgO 10.99 12.25 13.74 0.05 o.cs 0.02 
FcO 20.96 20.19 20.57 0.11 0.2.' 0.33 
no. 4.38 1.40 3.88 0.07 0.00 0.04 

M n O 1.93 0.71 1.70 0.01 0.06 0.03 
BaO - - - 0.04 0.00 0.00 
F 0.05 0.05 0.05 - - -
CI 0.00 0.00 0.00 - - -
Total 97.08 97.44 95.60 91.53 101.85 101.38 

Quartz - - - 25.37 46.40 29.13 
Orthoclase - - - 48.08 31.68 36.67 
A lb i lo - - - 26.04 21.22 32.95 
Anor th i te - - - 0.51 0.71 1.25 
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Figure 13. Scanning electron microscope back-scattered electron 
image of the surface of a reacted wafer showing the widespread dis­
tribution of secondary calcite. 

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-sca'tered electron im­
age of euhedral calcite with cement and euhedral calcite without ce­
ment. Note the evidence of solution on both the euhedral calcite and 
the calciie 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 leasi two analyses to be made on 
each of a number of grains. Efforts were made to 
minimize beam damage to the calcitc 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-typ*3 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 calcite 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 were 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 C 0 2 through the 
Teflon. Consider the two equations below and the 
following working hypotheses: 

HCO, — CO, f -T- OH 

Ca " + HCO, — CaCO. i + rT 

(1) 

(2) 

The continuous and relatively slow loss of 
volatiles through the Teflon results in the produc­
tion of hydroxy 1 ion (1). The carbonate system 
buffers this effect by precipitating calcite (2). If 
ihese were thi >i.iy reactions, the result would be 
the slow growth of calcite, the lowering 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: 

KAlSir.OK + H ' — HAlSi,O s + 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 calcite 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 thev were allowed to cool until thev were 

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

Ph2 P l l Ph2 P t : Ph3 P l l Ph3 PI2 P h 3 PI3 Ph4 P t l PhJ Pt2 P h l 2 P l l P h l 2 P t l P h l 5 P l l Ph lS PI2 
Oxide Cen te r Edge C t n l e r Cen te r Edge C e n t e r Edge Cen te r Edge Cente r Edge 

S i O . 0.42 0.05 0.15 0.00 0.04 0.16 0.03 0.18 0.10 0.00 0.04 
A 1 , 0 , 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 
M g O 2.78 1.16 1.65 1.41 1.23 1.52 0.62 2.24 0.89 1.53 0.64 
M n O 0.07 0.00 0.06 0.00 0.00 0.11 0.00 0.03 0.04 0.07 0.00 

CaO 96.37 98.24 97.60 98.09 97.55 97.35 98.79 95.89 18.81 98.31 99.02 
BaO 0.00 0.16 0.10 0.12 0.00 0.07 0.11 0.29 0.00 0.00 0.04 
N a , 0 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 
T i , 0 0.00 0.06 0.00 0.04 0.83 0.00 0.00 1.08 0.10 0.00 0.04 
S r O , - 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 C 0 2 

and as Eqs. (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 at 
150DC 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 chemistrv changes) as well as the 
quantitative analyses of quenched aqueous sam­
ples following reaction for specific time intervals. 
Samples wen? run either fully submerged in J-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 experimenters who must use out­
crop material 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 Tefion-lined autoclaves 
and those later obtained using the Dickson-type 
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 minor 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 component 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., 
CO :) through the Teflon rather than the result of 
reaction with the rock. 

'The aqueous results for the water-saturated 
air/experiments 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, SJggesting 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 <-> result of the 
C02 degassing through the Teflun. 

The solid phase analyses of primary phases 
(phenocrysts and matrix) sh<nv that the gross 
compositions (as determined by EMP) were un­
changed bv reaction with J-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 C O : 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 surrounding 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. 

26 



Acknowledgments 
Many people helped with the experimental work presented in this report. Chuck Slettevold and Suzie 

Saunders made the BET gas adsorption measurements. Jan Brown helped with the sampling. Art 
L.inghorst made the ICP-ES cation analyses. Jackie Lam made the IC anion analyses. Rick Ryerson kept 
the ES Department microprobe facility in top operating condition. Virginia Oversby offered many valu­
able constructive criticisms. Tom Wolery provided geochemical insight. 

References 
Knauss, K. G., V. M. Oversby, and T. J. Wolery (1983), "Post Emplacement Environment of Waste Pack­

ages," Mat. Res. Soc. Symp. Proc. 26, pp. 301-308. 
Knauss, K. G. (1984a), Hydrothermal Interaction Studies of Bullfrog Member Tuff Core Wafers in J-13 Water at 

150°C—Quantitative Analyses of Aqueous and Solid Phases, Lawrence Livermore National Laboratory, 
Livermore, Calif., UCRL-53521. 

Knauss, K. G. (1984b), Petrologic and Geochemical Characterization of the Topopah Spring Member of the 
Paintbrush Tuff: Outcrop Samples Used in Waste Package Experiments, Lawrence Livermore National 
Laboratory, Livermore, Calif., UCRL-53558. 

Knauss, K. G., J. D. Delany, W. J. Beiriger, and D. W. Peifer (1984) Hydrothermal Interaction of Topopah 
Spring Tuff with f-13 Water as a Function of Temperature, accepted for publication in Mat. Res. Soc. 
Symp. Proc., UCRL-90853. 

Oversby, V. M. and K. G. Knauss (1983), Reaction of Bullfrog Tuff with f-13 Water at 9CPC and 15WC, 
Lawrence Livermore National Laboratory, Livermore, Calif., UCRL-53442. 

Oversby, V. M. (1984), Reaction of Topopah Spring Tuff with J-13 Well Water at 90°C and 150°C, Lawrence 
Livermore National Laboratory, Livermore, Calif., UCRL-53552. 

Wolery, T. J. (1984), Lawrence Livermore National Laboratory, Livermore, Calif., private communication. 

MLD/sg 

17 

LLNL" 2/85 


