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Homogenizing rhyolitic glass inclusions from the Bishop Tuff
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ABSTRACT

Silicate glass inclusions can be homogenized to a single glassy phase free of bubbles and
crystals by heating to near magmatic temperatures at near magmatic pressures. Variably
devitrified glass inclusions in quartz phenocrysts from the plinian ash-fall pumice and four
of the five ash-flow units of the Bishop Tuff were heated in an internally heated gas pressure
vessel to 800 or 900 °C at ~2 kbar for approximately 20 h and quenched nearly isobari-
cally. The heating procedure yielded glassy, unfractured inclusions free of crystals and gas
bubbles for most inclusions. Some extensively devitrified inclusions with lower H,O con-
tent required heating at higher temperature (=900 °C) for complete homogenization. In-
clusions that were intersected by cracks prior to heating do not revitrify owing to loss of
volatiles, possibly during posteruptive cooling. Spectroscopic analyses of homogenized
inclusions reveal a small range in concentrations of H,O and CO, that is within the larger
range found for stratigraphically equivalent natural, unheated inclusions. Detailed com-
parisons of the most equivalent inclusions from the same pumice clast or closely similar
ones reveal slightly less H,O in heated inclusions. These facts are interpreted to signify
that few or no volatiles leak from inclusions during heating but that the speciation and

absorptive properties of H,O may be slightly dependent upon quenching history.

INTRODUCTION

As quenched samples of magmatic melt, silicate glass
inclusions in volcanic phenocrysts can provide informa-
tion on the preeruption concentrations of dissolved vol-
atiles in magma. Dissolved H,O (molecular), OH-, and
CO, (molecular) have been determined by Fourier trans-
form infrared (FTIR) spectroscopy on spots as small as a
few tens of micrometers in diameter in glassy inclusions
in quartz phenocrysts (Anderson et al., 1989; Skirius,
1989) and olivine (Anderson and Skirius, 1989). Such
determinations of H,0 and CO, dissolved in glass inclu-
sions in phenocrysts as well as in other natural glasses
(Newman et al., 1988) and experimental glasses (New-
man et al., 1986; Stolper et al., 1987; Silver and Stolper,
1989; Silver et al., 1990) can lead to important concep-
tual progress in volcanology and petrology.

Vapor bubbles and devitrification in glass inclusions
present unique problems to the measurement of dis-
solved volatiles by spectroscopy. Initially dissolved H,O
and CO, in the trapped melt may be redistributed into
vapor bubbles and hydrous minerals that form during
cooling. Consequently, a variable concentration of vola-
tiles may exist in the glass. The spectroscopically mea-
sured concentrations of H,O and CO, remaining dis-
solved in the glass of such inclusions may thus differ from
the original concentrations in the trapped melt. Exten-
sively devitrified glass inclusions are opaque owing to
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abundant crystallites and cannot be analyzed by trans-
mission Spectroscopy.

In order to overcome these problems, we have devel-
oped a procedure to homogenize inclusions. By heating
inclusions in quartz phenocrysts from the Bishop Tuff at
moderate pressure, we were able to dissolve crystals and
gas bubbles and produce glassy, unfractured inclusions.
This procedure avoids decrepitation, which can be an
effect of homogenization experiments done using a mi-
croscope heating stage (Sommer, 1977; Beddoe-Stephens
et al., 1983). Earlier work on homogenizing silicate glass
inclusions (Clocchiatti, 1975; Roedder, 1984, p. 474, 479-
482 and references therein) has focused on obtaining the
temperature of trapping (i.e., crystallization temperature
of the host) and the sequence of phase changes upon lab-
oratory heating and cooling. Although such information
may be derived from our experiments, we focus on re-
storing devitrified and bubble-bearing inclusions to a ho-
mogeneous glass that is uniform with respect to H,O and
CO, concentrations without volatile loss.

Whether volatile loss occurred during the heating ex-
periments was evaluated by spectroscopically measuring
the H,O and CO, contents of homogenized inclusions
and comparing these results with those of unheated in-
clusions. Ideally, the comparison should be made using
the same inclusion. However, this direct comparison is
not possible for one of the following reasons: (1) The
spectroscopic measurement of volatiles before heat treat-
ment cannot be made on opaque inclusions. (2) The in-
clusion must be completely enclosed (unsectioned) within
the quartz crystal during heating in order to avoid the
loss of volatiles or the rupture and decrepitation of the
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inclusion. This would require that the initial measure-
ment be made on an enclosed inclusion. The concentra-
tions of H,O and CO, measured for enclosed inclusions
are uncertain because of nonuniform inclusion thickness
and refraction of light at inclusion-quartz boundaries. Such
uncertainty might obscure differences in volatile concen-
tration that might be attributed to the heating procedure.
Therefore, we first heated enclosed inclusions and then
doubly polished them prior to spectroscopic analysis. The
H,O and CO, concentrations of homogenized (artificially
heated and doubly polished) inclusions were compared
with those of similar-looking, naturally glassy or partly
devitrified doubly polished inclusions either from the same
pumice clast or from stratigraphically similar pumice
clasts.

GEOLOGIC CONTEXT OF SAMPLES

The samples used in this study are from the 0.7 m.y.
Bishop Tuff of eastern California (Bailey et al., 1976; Hil-
dreth, 1977, 1979). It is a voluminous high-silica rhyolite
that was emplaced during collapse of the Long Valley
caldera and consists of erupted material representing a
range of cooling histories and volatile contents.

The tuff is made up of a basal, plinian ash-fall pumice
deposit and five major ash-flow tuff emplacement units
or lobes. The Chidago, Gorges, and Tableland lobes, along
with the plinian ash-fall pumice unit, make up a distin-
guishable stratigraphic sequence to the east and southeast
of the caldera rim and are referred to here as the early-
erupted, lower temperature units (720-763 °C) based on
Hildreth (1979). The Adobe Valley and Mono Basin ash-
flow lobes are referred to as the higher temperature (760-
790 °C) units and are considered to have been last em-
placed. These ash-flow units are north of the caldera, and,
although they overlie some lower temperature material,
they show no direct stratigraphic relation to the low-7T
units to the east and southeast (Hildreth, 1979).

Fresh, vitric pumice is abundant and occurs as frothy,
white-gray pieces of ~5 cm in the ash-fall pumice deposit
and as larger blocks in the ash flows. Quartz and sanidine
are the most abundant phenocryst minerals. Glass inclu-
sions are present in most quartz phenocrysts.

GLASS INCLUSION TEXTURES AND COOLING RATE

Homogeneous silicate melt trapped as primary inclu-
sions in phenocrysts during crystal growth may be com-
pletely glassy or contain one or more daughter (second-
ary) phases (crystals and vapor bubbles) at room
temperature. Although the daughter phases present are a
function of bulk composition, inclusion size, cooling rate,
and quenching temperature (Roedder, 1979, 1984), cool-
ing rate is probably a main factor for volcanic samples
(e.g., Payette and Martin, 1986). Melt inclusions rapidly
quenched in heating experiments freeze to a glass free of
bubbles and crystals (Sobolev et al., 1972; Kozlowski,
1981). Similarly, the absence of bubbles and devitrifica-
tion in large, rounded, glassy inclusions in quartz phe-
nocrysts from the plinian ash-fall pumice of the Bandelier
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Tuff and from the Toba Tuff are interpreted to reflect
rapid quenching upon eruption (Sommer, 1977; Beddoe-
Stephens et al., 1983). Such inclusions have quite likely
undergone little posteruptive modification. Most inclu-
sions derived from overlying ash-flows, however, have
vapor bubbles and are variably devitrified. In addition,
some ash-flow inclusions have negative crystal shapes,
are texturally zoned, heavily vesiculated, or cracked (Som-
mer, 1977; Anderson et al., 1989). The prevalent devit-
rification and bubble formation seem best explained by
relatively slow cooling within thick ash-flow sheets that
would allow time for nucleation and growth of secondary
crystals and bubbles. Cracked inclusions possibly formed
during (Bacon et al., 1988, 1990) as well as after extru-
sion.

METHODS
Samples

Individual pumice clasts were collected from the pli-
nian ash-fall deposit and from nonwelded portions of four
of the five major overlying ash-flow lobes (Chidago,
Gorges, Adobe Valley, and Mono Basin). Pumice clasts
taken from the same stratigraphic position within a par-
ticular eruptive unit are considered to have experienced
a similar cooling rate after deposition. A total of 16 pum-
ice samples were used in this study, and most consist of
a single pumice clast. In order to separate crystals, pum-
ice clasts were gently crushed and the bulk of the glass
floated in H,O. The crystal separate was immersed in
refractive index liquid (n = 1.54, close to that of quartz)
held in a watch glass to aid in viewing inclusions. Forceps
and a dissecting microscope were used to hand-pick quartz
phenocrysts with uncracked, enclosed inclusions. Picked
crystals were placed in a retaining well, glued to a glass
slide, and filled with n» = 1.54 refractive index liquid. A
petrographic microscope was used to study and docu-
ment photographically selected inclusions and host crys-
tals. Microscopic study prior to and following the heating
experiments established equivalence between heated and
unheated inclusions.

The inclusion glasses are uniformly high-silica rhyolite
(typical plinian inclusion analysis: 77 wt% SiO,, 12 wt%
Al,O,, 0.6 wt% FeO, 0.03 wt% MgO, 0.4 wt% Ca0, 4.0
wt% Na,O, 4.6 wt% K,0O) and are similar to Hildreth’s
(1977) whole-rock analyses for plinian pumice. Little
variation in major-clement composition exists between
the plinian and the late, high temperature Mono Basin
samples (see also Anderson et al., 1989).

Homogenization experiments

Crystals with inclusions were placed into loosely
crimped Pt tube segments of 2.3 mm (od) and heated in
an internally heated Ar pressure vessel (IHPV) (design
after Holloway, 1971) to 800 °C or 900 °C at ~2 kbar for
approximately 20 h. Loosely crimping the capsule, in-
stead of sealing it, allowed the crystals to be in direct
contact with an atmosphere of dry Ar gas having a very
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low H,O vapor pressure (less than ~0.1 bar). It also pre-
vented collapse of the capsule, thereby ensuring that crys-
tals would not be crushed and could be poured out of the
capsule at the end of an experiment. The P-T conditions
were chosen to approximate the estimated conditions of
crystallization of Bishop Tuff ash-flow phenocrysts (<800
°C by Fe-Ti oxide equilibria, Hildreth, 1979; ~2.3 kbar
gas saturation pressure for the high-7" Mono Basin lobe,
Anderson et al., 1989). An experiment duration of 20 to
24 h was found to be adequate to ensure complete re-
sorption of bubbles and crystals in most inclusions. Ac-
cording to diffusivity measurements of Watson et al.
(1982) for CO, (Dcoysoo « = 107° cm?¥s for anhydrous
silicic melt), a spherical inclusion 100 ym in diameter
would become uniform with respect to CO, concentration
in about 1 d in our experiments. Considering that the
diffusivity of H,O in rhyolitic glass (Karsten et al., 1982)
is 1-2 orders of magnitude greater than that for CO,, one
would expect that H,O concentration gradients would also
be eliminated during experiments of this length.

Samples in the IHPV were initially brought to a cold
Ar gas pressure of approximately 1.5 kbar, then heated
to the desired temperature. Heating the confined Ar gas
brought the pressure to the desired value. The selected
pressure (~2 kbar) was always attained before the desired
final temperature of 800 °C or 900 °C; this allowed nearly
isobaric heating of samples above about 300 °C. Pressures
were measured simultaneously with an Astra bourdon
tube gauge and a manganin cell, both of which were cal-
ibrated against a Heise bourdon tube gauge. Pressures are
considered accurate to within 50 bars. Temperatures were
measured by two Inconel-sheathed, chromel-alumel ther-
mocouples 6 mm apart at the ends of the Pt tube segment
that contained the crystals. The cold junction of the ther-
mocouple was laboratory temperature and was measured
after each experiment. The temperature gradient across
the capsule was usually less than 20 °C and often less than
10 °C. Temperature was controlled to within one degree
by an electronic, solid-state controller, and reported tem-
peratures are considered accurate to +10 °C. No temper-
ature correction was made for pressure-induced emf,
which should be negligible at the P-T conditions of our
experiments (Getting and Kennedy, 1970). At the end of
an experiment, the sample was quenched nearly isobari-
cally by switching off power to the heat source. This gave
an approximate quench rate of 5 °C/s measured from the
hot thermocouple for one experiment. Quenched samples
thus attained the quartz inversion temperature (~573 °C)
in about 40 s.

Infrared spectroscopy

Sample preparation. Quartz phenocrysts were mounted
in acetone soluble cement (General Fiber Optics Inc.) on
microscope slides for grinding and polishing. The trans-
parent cement (n = 1.54) has a softening point of ~55
°C, which enabled several crystals to be individually po-
sitioned on the same slide with slight rewarming on a hot
plate. Each crystal was oriented on the microscope slide
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so that the maximum number of large inclusions would
lie in a plane parallel to that of the glass slide and thus
be intersected during grinding. Doubly polished crystal
plates (with inclusions intersected on both sides) were
prepared by hand-grinding on 600-grit paper rinsed with
H,O and then polishing with 6-um and 1-um diamond
paste (Metadi compounds, Buehler Ltd.), using cutting
fluid (Isocut, Buehler Ltd.) as a lubricant.

After one side of an inclusion was polished, the slide
was warmed to soften the cement, and the crystal was
turned over with forceps and pressed flush to the glass
slide while viewed with a dissecting microscope. The
grinding and polishing procedure was then repeated for
the second side. Although naturally cooled inclusions are
relatively strain-free and survive sectioning well, many
reheated (lab-quenched) quartz crystals show strain bi-
refringence around inclusions and commonly shatter or
crack during final polishing.

It is important to produce doubly polished inclusions
with two parallel polished surfaces to ensure constant in-
clusion thickness and to minimize refraction and scatter-
ing of the infrared beam at inclusion-air interfaces. Uni-
form thickness can be monitored during grinding by
observing the distribution of interference colors in the
host crystal when viewed between crossed polarizers.
Doubly polished samples were removed from the mount
by warming the cement, picking the crystals out, and dis-
solving the adhering cement in acetone. Crystals were
given a final rinse in toluene or acetone prior to spectro-
scopic analysis.

Infrared spectroscopy. FTIR spectroscopy was used to
measure total H,O (as the sum of molecular H,0 and
OH") and CQ, in glass inclusions in the wavelength range
1.3-8.0 um (7500-1250 cm~'). Analyses were performed
by placing an inclusion contained in a wafered quartz
crystal over a pinhole aperture in order to direct the beam
path through the inclusion. Depending on the size of the
inclusion, pinhole apertures of either 50 or 100 um di-
ameter were used to contain the beam within the interior
of the inclusion. Aperture sizes smaller than 50 um re-
sulted in poor quality spectra in most cases.

Analyses were performed on Nicolet 60SX spectrom-
eters at the California Institute of Technology using the
regular sample compartment, CaF, beamsplitter, and InSb
detector, and at the University of Chicago using the mi-
crobeam chamber, KBr beamsplitter, and HgCdTe (MCT-
A) detector. The microbeam is an optional auxiliary beam
for the Nicolet instrument that uses stepper motor-con-
trolled beam-condensing mirrors to achieve f1 optics use-
ful for the analysis of very small samples (Nicolet Oper-
ations Manual, 1986). Analyses done on the same samples
using both instrumental arrangements gave results that
agreed to within <2%. Precision and accuracy of the
method are discussed by Newman et al. (1986, 1988) and
Silver and Stolper (1989). We estimate that the typical
uncertainty in concentration for H,O is a few percent of
the amount (+~0.15 wt% absolute) and CO, is about
10% of the amount reported (£ ~5-20 ppm). Reproduc-
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ibility (i.e., precision) of absorbance measurements is
good, with differences of band intensities (after subtrac-
tion of background) between repeated measurements on
the same inclusion usually <0.002 absorbance units for
the H,O bands and not exceeding 0.01 for the CO, band.

The spectrometer and sample chamber were continu-
ously purged with dry N, to reduce background noise,
especially in the region of the CO, band, because CO,
concentrations in the sample are at the ppm level. A rou-
tine procedure of purging for 12 min was followed after
opening the sample chamber to room atmosphere. Best
results were achieved by leaving the lid to the sample
chamber slightly ajar when taking background and sam-
ple spectra to allow an escape for outward flow of gas and
more efiicient flushing of the system. Adherence to this
purging procedure was found to be critical in producing
reproducible spectra.

Spectra obtained in the wavelength region 7500 cm—!-
3500 cm-! for H,O and 2800 cm~'-2000 cm~! for CO,
were plotted as linear absorbance (base ten logarithm) vs.
wavenumber on chart paper. Absorbance intensities of
the three bands studied (5200 cm~!, H,O mol; 4500 cm !,
OH-; and 2350 cm~!, CO,) were taken as the peak heights
measured directly from a plotted spectrum after drawing
a curved or straight background that is tangent to the
spectrum on either side of each peak. This is the same
graphical background-subtraction procedure employed by
Newman et al. (1986). Band assignments are those of
Newman et al. (1986) for H,O species and Fine and Stol-
per (1985) for CO,.

The peak absorbances are related to concentration by
Beer’s law, which can be written as ¢ = (mol wt x abs.)/
(p x d x ¢) where cis the concentration in weight fraction,
mol wt is the molecular weight (18.02 and 44.00 for H,0O
and CO,, respectively), abs. is absorbance which is di-
mensionless, p is density in g/L, d is path length (inclusion
thickness) in centimeters, and e is the molar absorption
coefficient or molar absorptivity in L/(mol-cm). We used
molar absorptivities of 1.61 (+ 0.05) and 1.73 (= 0.02)
L/(mol-cm) for the H,O (molecular) band at 5200 cm !
and the OH- band at 4500 cm~!, respectively, deter-
mined by Newman et al. (1986) and verified by Silver et
al. (1990) for synthesized rhyolitic glasses with up to 4
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wt% H,O. The molar absorptivities for molecular H,O
and OH are defined in terms of the amount of H,O that
would be released from the sample if all of the H con-
tributing to a given band were converted to H,O (New-
man et al., 1986). A molar absorptivity of 945 (= 45)
L/(mol-cm) was used for the molecular CO, band at 2350
cm~—!, as determined by Fine and Stolper (1985) for so-
dium aluminosilicate glasses. A value of 2280 g/L was
used for the density of rhyolitic glass.

Inclusion thickness was determined by mounting the
polished crystal on a needle and immersing it in a low
cylindrical well filled with oil having a refractive index
close to that of quartz (n = 1.54). This allowed the crystal
to be rotated and viewed on its edge so that inclusion
thickness could be measured microscopically with a cal-
ibrated eyepiece. Most inclusions are on the order of 100
wm thick. For inclusions near the edge of the crystal, mea-
surements are considered to be accurate to within 1 um;
inclusions centrally located within the crystal are more
poorly resolved, and thicknesses are believed to be ac-
curate to = 3—4 um. In most cases, thickness measure-
ments made in this way agreed with measurements made
using a digital micrometer (543 Series Digimatic Indica-
tor, Mitutoyo Mfg. Co., Ltd.). However, the digital mi-
crometer with flat anvils measures only the maximum
thickness of slightly wedge-shaped or dirty crystals,
whereas the visual method is able to measure any vari-
ation in thickness of inclusions contained along the entire
length of the crystal. Such variation in thickness becomes
important for thin samples (~50 um) where uncertainty
of a few micrometers gives an error of several tenths of
a percent in H,O concentration. More confidence is placed
on the first method because a visual assessment of the
inclusion thickness can be made directly.

RESULTS

The results of textural observations of inclusions before
and after the heating experiments are shown in Figures
1-6 and are described below. Figure 1 shows some tex-
tural features of Bishop Tuff glass inclusions from pum-
ices within the plinian deposit (Figs. la-1c), early ash
flows (Figs. 1d and 1e), and Mono Basin ash flow (Figs.
1f-1h) before heating. Additional textural features for in-

—

Fig. 1. Bishop Tuff glass inclusion textures before heating
(100-pm scale bar). (a) Typical glassy inclusions in quartz from
plinian ash-fall pumice. (b) Plinian inclusion with one small va-
por bubble 18 um in diameter. (¢) Doubly polished plinian quartz
crystal (sample 6B-D3) containing several large, green, glassy
inclusions with a few tiny birefringent crystal clusters (dark specks
in inclusions). The smaller inclusions in this crystal each has a
vapor bubble. (d) Unpolished euhedral quartz phenocryst from
the Chidago ash flow containing two large, partly faceted, glassy
inclusions. The glass-filled reentrants visible at one apex of the
crystal are also common textural features in plinian and early
ash-flow quartzes. (e) Coarsely crystalline devitrification is ex-

emplified by these inclusions from a Gorges ash-flow pumice
(sample 133A). The largest inclusion has an irregular boundary
and a vapor bubble near its upper end. Partly devitrified inclu-
sions from the Mono Basin ash flow (pumice LV81-17A) are
shown in f, g, and h: (f) Partly faceted inclusions commonly have
one bubble at one apex of the bipyramid and a zone of fewer
devitrification crystals in the glass surrounding the bubble (crossed
polarizers). (g) Inclusion with abundant finely dispersed crystal-
lites and one large vapor bubble. (h) Inclusions showing birefin-
gent crystalline devitrification, some attached to a bubble (crossed
polarizers).
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HOMOGENIZATION RESULTS

BEFORE

PLINIAN CHIDAGO
a b

GORGE

Fig. 2. Results of the homogenization experiments. Examples of variously devitrified inclusions from four major eruptive units
of the Bishop Tuff (see Table 1) are (a) inclusion 6B-GS5, (b) inclusion 16-HS, (c¢) inclusion 24-C3, (d) inclusion LV81-17A-2, (e)
inclusion LV81-17A-1. The same inclusions after heating to 800 °C at 2 kbar for ~20 h are shown in f-j. The homogenized
(revitrified) inclusions are completely glassy, uncracked and unchanged in size and shape. (Inclusion in a is 100 gm in length; all
other photos are at the same scale. The apparent smaller size of the inclusion in f, compared with a, is an artifact of orientation.)

clusions from these units before heating are shown in
Figures 2a-2e, 3a and 3b, 4a, and 5a. Figures 2f2j, 3c—
3f, 4b, and 5b also show the appearance of the corre-
sponding inclusions following the heating procedure. A
collection of variously cracked Mono Basin ash-flow in-
clusions is shown in Figure 5. Textures of incompletely
homogenized Mono Basin ash-flow inclusions with pro-
truding vapor bubbles are shown in Figures 6a—6c.

Observations of Bishop Tuff glass inclusions
before heating

Plinian inclusions. Glass inclusions in plinian quartz
phenocrysts are abundant and typically ~50->300 um
in diameter, rounded to partly faceted in shape, clear and
glassy (Fig. 1a). Bubbles are uncommon and typically oc-
cur in the larger inclusions within a crystal. Most bubbles
are near or attached to the wall (Fig. 1b). Bubble size
(<0.5 vol% of inclusion) correlates well within inclusion
size. Inclusions with more than one bubble are rare (~1%
of all bubble-bearing inclusions). Most glassy inclusions

that are intersected by a crack in the quartz host contain
several large bubbles.

Most plinian sanidine phenocrysts have a few small
glass inclusions, but most are cracked and contain several
vapor bubbles. Sanidines with large (~100 pm) un-
cracked glassy inclusions are rare and show conspicuous
strain birefringence adjacent to the inclusion. The inclu-
sion and surrounding sanidine usually shatter during
sample polishing. As a result, few spectroscopic analyses
have been made on inclusions in sanidine.

Phenocrysts from most plinian pumices contain clear,
glassy, bubble-free inclusions. In some pumice clasts,
however, inclusions have unusual textural features, such
as more abundant vapor bubbles, cracks, or colored glass.
For example, glassy inclusions from pumice clast 6B vary
from pale olive green (Fig. 1c¢) to dark brown and show
varying degrees of incipient devitrification from crystal
to crystal. All inclusions within a particular crystal, how-
ever, are devitrified to a similar extent. Dark-colored
glassy inclusions have a cloudy appearance due to the
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Fig. 3. Examples of extensively devitrified inclusions from the (a) Adobe Valley and (b) Mono Basin ash-flow units (inclusion
42-3) that were incompletely revitrified in the homogenization experiments at 800 °C and 2 kbar. The inclusions retained a
birefringent crystalline core and crystals and vapor bubbles along the wall (c) and (d). Heating to 900 °C in a subsequent experiment
resulted in (f) complete homogenization (dissolution of crystals and vapor bubbles) for the Mono Basin inclusions, but the Adobe
Valley inclusion (e) remained only partially revitrified. (Larger inclusions are 120 um long.)

presence of very fine-grained crystals (<1 um) and, pos-
sibly, vapor bubbles dispersed throughout the glass (Fig.
2a). Some pale-colored inclusions, although clear and
glassy, contain clusters of highly birefringent crystals (~ 10
pm diameter) unusual for plinian inclusions in general.
In addition, vapor bubbles occur in small inclusions (10—
20 um diameter) as well as large ones. Colored glass in-
clusions also occur in certain early ash-flow pumice sam-
ples and appear to be clast-specific.

Early ash-flow inclusions. Glass inclusions in quartz
phenocrysts from several pumice clasts from the early-
erupted Chidago ash-flow lobe are texturally similar to
most plinian inclusions: they are large, rounded to partly
faceted, clear and glassy, with or without one or more
small vapor bubbles (Fig. 1d). There is, however, more
diversity in the degree of inclusion devitrification among
crystals from different clasts of pumice collected in the
Chidago ash-flow lobe. The degree of devitrification ap-
pears to be specific to a particular pumice clast, rather
than stratigraphically controlled.

The two pumice samples studied from the Gorges lobe
contain only devitrified inclusions, but these are other-
wise similar in size and shape to the Chidago and plinian
inclusions. Some devitrified inclusions are texturally zoned
with a coarsely crystalline birefringent rim along the in-

clusion wall and a central region containing bubbles and
tiny crystals (Fig. 2b). Such textures have been described
for ash-flow inclusions from the Bandelier Tuff (Sommer,
1977) and Toba Tuff (Beddoe-Stephens et al., 1983). Oth-
er extensively crystallized inclusions contain large, irreg-
ularly shaped bubbles throughout. Smaller inclusions (10—
30 um) have a vapor bubble but appear less crystallized
than larger inclusions within the same crystal. Large,
cracked inclusions commonly are glassy and partly vesic-
ulated.

The boundaries between devitrified inclusions and
quartz host may be smooth and sharp or slightly bumpy
and irregular in outline. A small amount of quartz crys-
tallization on the inclusion wall is sometimes obvious
because quartz extends inward from the original wall
and partially encloses daughter minerals. An irregular in-
clusion wall is especially evident for some Gorges (133A)
inclusions. These inclusions have one or more large bub-
bles and coarse, patchy birefringent crystallization—some
of which is partly embedded in a discontinuous layer of
quartz growth 1-3 um thick (Fig. le).

Mono Basin and Adobe Valley ash-flow inclusions. All
uncracked glass inclusions from these highest tempera-
ture ash-flow units are at least partially devitrified. They
are typically less abundant, smaller (<150 pm diame-
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e

Fig. 4. (a) A Mono Basin ash-flow quartz crystal containing several extensively devitrified negative crystal inclusions before
heating. Note crack in quartz intersecting the larger inclusion at the upper left. The crack also extends to the lower right and
intersects the central inclusion. (b) Same crystal after heating. The two cracked inclusions remain unaffected because of volatile
loss, whereas the other uncracked inclusions in the crystal revitrify. (Larger inclusions are 100 um long.)

ter), and more angular (faceted) than inclusions from the
lower temperature units. Most inclusions of all sizes are
completely opaque with little or no glass remaining and
have pronounced bipyramidal negative crystal shapes (Fig.
4a). Inclusion boundaries of many are irregular (Figs. 3a
and 3b). Many large inclusions have cracks radiating short
distances from the apices of the inclusion into the quartz
host (Fig. 5a). Ash-flow quartz phenocrysts are common-
ly broken or internally cracked, possibly caused in part
by sample preparation. Accordingly, many devitrified in-
clusions are intersected by penetrative cracks in the quartz
host (Figs. 5¢-5¢). Glassy inclusions are rare and contain
large gas bubbles (Fig. 5f), and virtually all are visibly
cracked.

Two pumice clasts from the Mono Basin ash flow
(LV81-17A and LV81-18A) differ from others in having
inclusions that are only partially devitrified. Most inclu-
sions are colorless glass containing abundant crystallites
and one or more vapor bubbles (Figs. 1f~1h). The walls
of some inclusions have clusters of birefringent acicular
or dendritic crystals of biotite or smectite 1-10 um long
(Fig. 1h) (Anderson et al., 1989). Similar crystals are at-
tached to some vapor bubbles (Figs. 1f, 1h, 2d). The shapes
of inclusions vary from rounded, partly faceted outlines

(Fig. 1g) to pronounced negative crystal bipyramids (Fig.
2¢). Unlike the more devitrified negative crystal inclu-
sions from the majority of Mono Basin pumices, the
largely glassy inclusions from the 17A and 18A samples
are rarely cracked.

Results of homogenization experiments

The experimental conditions for all successfully ho-
mogenized inclusions are given in Table 1. Also noted in
Table 1 are characteristic textural features of the glass
inclusions prior to heating.

Plinian and early ash-flow inclusions. As a result of
heating, vapor bubbles and devitrification products com-
pletely dissolve and inclusions are homogeneously glassy,
clear, and uncracked, as shown in Figure 2f=2h. All ex-
periments for these samples were done at 800 °C and
about 2 kbar pressure for 10-22 h. Colored glass inclu-
sions became colorless following the heating procedure.
Inclusion sizes and shapes are unaffected (a 5% change in
linear dimension would be obvious). Those that initially
had an irregular outline retain a bumpy inclusion wall
.after heating. A glassy plinian inclusion of ~180 pm di-
ameter that contained two vapor bubbles prior to heating
afterward no longer had vapor bubbles. Although intact,
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Fig. 5. Cracked inclusions (100-um scale bar). (a) Two de-
vitrified (opaque) inclusions showing dark localized cracks in the
surrounding crystal. The cracks are likely caused by the sudden
1 vol% shrinkage of quartz upon inversion during cooling. (b)
The same two inclusions as in a after heating to 800 °C and
partial revitrification. Inclusions intersected by penetrative cracks
in the quartz host are shown in ¢, d, e, and f. (¢) An extensive
crack made visible by internal reflection of transmitted light.
Viewed at a slightly different angle, the crack would not be ob-

vious. (d) A crack parallel to the plane of focus is decorated with
tiny vapor bubbles and intersects both inclusions. (e) A crack
projecting from the apicies of this inclusion with negative crystal
form extends downward in the photo to the edge of the crystal.
(f) A group of three inclusions that were cracked early in their
cooling history to allow partial vesiculation of the melt (and
volatile loss). Inclusions shown in c¢—f were unchanged in ap-
pearance after heating. The devitrified (opaque) inclusions in f
were revitrified.

the homogenized inclusion was intersected by a crack in
the quartz that radiated from the inclusion. Some quartz
crystals with large, initially glassy inclusions without va-
por bubbles separated into pieces along cracks intersect-
ing the inclusions. Such inclusions that were intersected
by cracks or had broken apart as a result of the heating
procedure may have lost volatiles and were not analyzed
spectroscopically.

Mono Basin and Adobe Valley ash-flow inclusions. The

partially devitrified inclusions from pumice clast LV81-
17A (Figs. 2d and 2¢) were homogenized to a glassy phase
free of bubbles and crystals at 800 °C and 2 kbar for 20
h (Figs. 2i and 2j), with one exception (LV81-17A-3; see
Table 1). Inclusions of all sizes were revitrified and oth-
erwise unchanged in size and shape. Inclusions intersect-
ed by a crack in the quartz host prior to heating (Fig. 4a)
remain unaffected afterward (Fig. 4b). Rare glassy inclu-
sions containing several bubbles (Fig. 5f) and devitrified
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Fig. 6. Examples of protruding bubbles in incompletely homogenized inclusions from the Mono Basin ash flow {(a) and (b),
from pumice sample 32W; (c), sample 41; 100-um scale bar]. The vapor bubbles in these inclusions protrude 6-14 um into the
quartz from a smooth (b) or an irregular, bumpy inclusion wall (a and ¢). The vapor bubbles are thought to have locally enhanced
dissolution of quartz ahead of the bubble, thereby drilling themselves into the surrounding crystal (see discussion). Upon further
heating at higher temperature, the vapor bubbles dissolve and the walls of the inclusions become less bumpy.

inclusions in sanidine phenocrysts also could not be ho-
mogenized (i.e., bubbles and crystals remained virtually
unaffected by heating).

Extensively devitrified (opaque) inclusions from four
other Mono Basin pumice clasts (32W, 41, 42, 45) and
two Adobe Valley pumices were only partially revitrified
at the above experimental conditions. These inclusions
retained a birefringent polycrystalline core, clusters of tiny,
highly refractive acicular crystals, and vapor bubbles along
the wall (Figs. 3¢ and 3d). The vapor bubbles protrude
6—14 um into the quartz from an irregular, bumpy inclu-
sion wall, as also shown for three other Mono Basin in-
clusions in Figures 6a-6c¢.

Mono Basin inclusions which did not homogenize after
initial attempts at 800 °C were successfully homogenized
by heating at 900 °C and 2.2 kbar for 24 h in either a
second or third experiment (e.g., Fig. 3f, see notes of Ta-
ble 1). In some of these inclusions, however, a few tiny
crystals remained along a slightly bumpy inclusion wall.

Heated Adobe Valley inclusions either had initial cracks
and remained unchanged after heating or were only par-
tially revitrified even at 900 °C, as shown in Figure 3e.
As a result, no Adobe Valley inclusions were analyzed for
H,O and CO..

Bipyramidal inclusions that had small fractures ex-
tending out from their pointed ends before heating (Fig.
5a) were partially (Fig. 5b) or completely homogenized,
depending upon the experimental conditions. The small,
dark-colored cracks are colorless and marked by tiny gas
bubbles after heating (see also Fig. 6¢).

Results of spectroscopic analysis of homogenized
and unheated inclusions

Spectroscopic analyses for H,O and CO, for homoge-
nized inclusions are in Table 2. The results are compared
to those of stratigraphically equivalent, unheated, glassy
or partly devitrified inclusions in Figure 7 for H,0O and
Figure 8 for CO,. The nine homogenized plinian inclu-

sions include seven variably devitrified inclusions from
pumice clast 6B and two inclusions from pumice sample
21A that were clear and glassy and free of vapor bubbles
before heating. Analyses range from 4.92 to 5.88 wt%
H,O (total) and ~70-180 ppm CO,. H,O concentrations
of these heated inclusions are within the range (5.31-6.83
wt%) of H,O concentrations measured for stratigraphi-
cally equivalent unheated clear glass or green glass (slight-
ly devitrified) plinian inclusions, with one exception (4.92
wt%) (Fig. 7A). The unheated plinian inclusions repre-
sented in Figure 7A comprise 37 glassy inclusions from
11 pumice clasts collected from different stratigraphic
levels within the plinian ash-fall pumice deposit. CO,
concentrations of homogenized inclusions are also within
the measured range of CO, concentrations for unheated
inclusions (30-240 ppm) (Fig. 8A).

Analyses of 11 homogenized inclusions from the low
temperature Chidago and Gorges ash-flow units yielded
H,O concentrations ranging from 4.96 to 6.24 wt% and
CO, from 30 to 210 ppm. The concentrations for ho-
mogenized Chidago inclusions, as well as homogenized
Gorges inclusions, overlap the low end of the range of
values measured for unheated, clear glass or green glass
inclusions from the Chidago lobe (20 inclusion analyses
from six pumice samples: 5.3—-7.0 wt% H,O, 20-370 ppm
CO,; see Figs. 7B and 8B). No glassy inclusion analogues
exist in the Gorges pumices used for this study. However,
we believe that the comparison of heated Gorges inclu-
sions to unheated Chidago inclusions is reasonable be-
cause the early ash-flow units are closely related in erup-
tive history, Fe-Ti oxide quench temperatures, and
mineral content (Hildreth, 1979).

Homogenized inclusions from the Mono Basin ash flow
have the lowest measured H,O concentrations (3.72-4.59
wt%) and span the largest range in CO, (~10-660 ppm)
(see Figs. 7C and 8C). The 20 glass inclusions analyzed
are from five pumice clasts and nine of the inclusions are
from one pumice clast, LV81-17A. The CO, concentra-
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TasLe 1. Experimental data for successfully homogenized glass inclusions in quartz phenocrysts from the Bishop Tuff
Inclusion T{°C) P (kbar) t(h) Inclusion texture before heating”
Plinian deposit
6B-1** 800 2.2 21 gg. slight speckled devitrified (cloudy glass), n, r
6B-2 800 2.2 21 gg, slight speckled devitrified (cloudy glass), n, r
6B-4 800 2.2 21 gbg, slight speckled devitrified (cloudy glass), b, r
6B-G5 800 2.0 20.5 bg, speckled devitrified (cloudy glass), n, r
6B-G61 800 2.0 20.5 bg, speckled devitrified (cloudy glass), n, r-pf
6B-G62 800 2.0 205 bg, speckled devitrified (cloudy glass), b, r-pf
6B-G8 800 2.0 20.5 bg, speckled devitrified (cloudy glass), n, r-pf
21A-31 800 20 20 g, n, r-pf
21A-32 800 2.0 20 g, n, r-pf
Chidago lobe
10-1 800 2.0 20 g.nr
10-2 800 2.0 20 g.nr
13 800 2.2 21 gg.n,r
16-H5 800 2.0 20.5 opaque, birefringent crystalline rim, pf
16-H61 800 2.0 205 opaque, pf
16-H62 800 20 20.5 opaque, pf
Gorges lobe

24.C3 800 2.0 20.5 opaque, pf
133A-1 800 2.2 22 coarse-grained dark crystals along walls; coarse, colorless crystals + b interior, r
133A-2 800 22 22 opaque, pf-f
133A-7 800 2.2 22 coarse-grained dark crystals along walls; coarse, colorless crystals + b interior, pf
133A-10 800 2.0 10 coarse-grained dark crystals along walls; coarse, colorless crystals + b interior, pf

Mono Basin lobe
32wW-1¢ 900 2.2 24 opaque, pf
32wW-411 900 2.2 24 opaque, r-pf
32W-42} 900 2.2 24 opaque, r-pf
32w-5¢ 900 22 24 opaque, r-pf
41-2f 900 2.2 24 opaque, small, dark (glass-filled?) cracks at the ends of inclusion, f
41-3% 900 2.2 24 opaque, f
42-3% 900 2.2 24 opaque, small, dark (glass-filled?) cracks at the ends of inclusion, pf
42-5% 900 2.2 24 opaque, small, dark (glass-filled?) cracks at the ends of inclusion, f
42-6% 900 2.2 24 opaque, small, dark (glass-filled?) cracks at the ends of inclusion, f
45-3% 900 2.2 24 opaque, small, dark (glass-filled?) cracks at the ends of inclusion, f
45-4% 900 22 24 opaque, f
LV81-17A-1 800 2.0 20 g, slight speckied devitrified, b, extremely f
LV81-17A-2 800 2.0 20 g, slight speckled devitrified, several b with attached crystals, f
LV81-17A-31§ 900 22 24 g, speckled devitrified, several b with attached crystals, pf
LV81-17A-32§ 900 2.2 24 g, speckled devitrified, several b with attached crystals, pf
LV81-17A-51 800 2.0 20 g, speckled devitrified, b, pf
LV81-17A-52 800 2.0 20 g, speckled devitrified, b, pf
LV81-17A-61 800 2.0 20 g, speckled devitrified, several crystal clusters attached to wall, n?, pf-f
LV81-17A-62 800 2.0 20 g, speckled devitrified, two crystal clusters attached to wall, n?, pf
LV81-17A-7 800 2.0 20 g, slight speckled devitrified, b, extremely f

* gg = green glass; gbg = green-brown glass; bg = brown glass; g = clear, colorless glass; n = no vapor bubble; b = vapor bubble; r = rounded
inclusion; pf = partly faceted inclusion; f = faceted (negative-crystal) inclusion.

** Number (with or without letter) before hyphen is pumice label; number after hyphen is inclusion label.

 Shown are the experimental conditions of the third (final) experiment. Inclusions were previously heated twice at 800 °C, 2.0 kbar for 20 h (40 h
total). The initial experiment at 800 °C resulted in partial homogenization with the inclusions retaining a birefringent polycrystalline core, tiny crystals
(1-5 um) interior or along the wall and vapor bubbles embedded in the inclusion wall. Little or no change resulted after the second experiment. After
the final experiment, inclusions are completely glassy except for a few tiny crystals along a slightly bumpy inclusion wall. No vapor bubbles remain.

1 Shown are the experimental conditions of the second (final) experiment. Inclusions were previously heated at 805 °C, 2.2 kbar for 24 h, which
resulted in partial homogenization as described in note . After the second experiment, inclusions are completely glassy except for a few tiny crystals
along a slightly bumpy inclusion wall. No vapor bubbles remain. Inclusion 45-4 has a fairly smooth wall and no crystals remaining. Inclusions 41-2, 42-
3, 425, 42-6, and 45-3 have small cracks at the ends of the inclusion that are colorless and marked by tiny vapor bubbles after heating.

§ Shown are the experimental conditions of the second (final) experiment. Inclusions were previously heated at 800 °C, 2.0 kbar for 20 h, which
resulted in nearly complete homogenization, except for a few tiny birefringent crystal clusters (=10 zm) remaining attached to a smooth wall; no vapor
bubbles remain. After the second experiment, most crystals remain but are small in size.

tions of these nine inclusions vary widely from crystal to
crystal, ranging from 180 to 660 ppm. Two unheated in-
clusions containing vapor bubbles and slight devitrifica-
tion from the same pumice clast (LV81-17A) were ana-
lyzed spectroscopically by Anderson et al. (1989), along
with two other similar-looking inclusions from pumice
clast LV81-18A. In order to account for the gas content
of the bubbles in these inclusions, they calculated an
amount of gas in the bubble by assuming that the bubble
equilibrated with the melt at the preeruption temperature
and the saturation pressure inferred for the glass. The

amount of gas calculated to be in the bubble was then
added to the spectroscopically measured amounts of H,O
and CO, in the glass to get a restored primary bulk vol-
atile composition of the inclusion. The restored values of
Anderson et al. (1989) are labeled in Figures 7C and 8C
as the unheated values. The restored H,O and CO, con-
tents of the inclusions from Anderson et al. (1989) in
Table 3 are similar to the values measured for similar-
looking (i.e., similarly devitrified) but homogenized in-
clusions produced in this study (Table 2).

A selection of colorless and green glassy (+ vapor bub-
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Fig. 7. Frequency diagram showing the distribution of H,O
(as the sum of H,O_, + OH- as H,O in wt%) determined by
spectroscopic analysis for unheated (naturally colorless, or green
glassy) and heated inclusions from the (A) plinian air-fall pumice
unit, (B) early ash flows: Chidago and Gorges ash-flow lobes (all
of the unheated inclusions shown in B are from the Chidago
lobe only), (C) Mono Basin ash-flow lobe. The four unheated
analyses for the Mono Basin lobe are from partly devitrified
inclusions containing crystallites and vapor bubbles and repre-
sent the restored primary bulk volatile compositions taken from
Anderson et al. (1989) and listed in Table 3. H,O concentrations
were rounded to the nearest tenth of a weight percent for plot-
ting. (For example, the 5.0 wt% interval contains all inclusions
with concentrations ranging from 4.95 to 5.04 wt%.)

bles) inclusions from plinian ash-fall pumice and Chidago
ash-flow pumice were heated to compare measured H,O
and CO, with unheated inclusions from the same pumice
samples. These comparisons are shown in Figure 9 for
H,O and Figure 10 for CO,. Spectroscopic analyses for
H,O and CO, for the unheated inclusions are in Table 3.
Each pumice sample consists of either a single pumice
clast (as for pumice samples 6B, LV81-17A, and LV81-
18A) or several pumice clasts taken from the same strati-
graphic level within an eruptive unit (pumice samples
21A, plinian; 10, 13, and 16, Chidago). The unheated
inclusions from these pumices are clear or colored glass,
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Fig. 8. Frequency diagram showing the distribution of CO,
(ppm wt) determined by spectroscopic analysis for unheated
(naturally colorless, or green glassy) and heated inclusions from
the (A) plinian air-fall pumice unit, (B) early ash flows: Chidago
and Gorges ash-flow lobes (all of the unheated inclusions shown
in B are from the Chidago lobe only), (C) Mono Basin ash-flow
lobe. Note concentration scale change in C. The four unheated
analyses for the Mono Basin lobe are from partly devitrified
inclusions containing crystallites and vapor bubbles and repre-
sent the restored primary bulk volatile compositions taken from
Anderson et al. (1989) and listed in Table 3. Concentrations were
rounded to nearest tens of ppm for plotting in 20-ppm intervals.
(For example, the interval at 100 ppm contains all inclusions
with concentrations ranging from 91 to 110 ppm.)

with or without a vapor bubble. The inclusions chosen
for heating were either texturally similar or somewhat
more extensively devitrified than the unheated counter-
parts, as noted in the legend for each pumice sample in
Figure 9. H,O concentrations of the selected heated in-
clusions (first 15 analyses of Table 2) are on average about
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! wt% lower than unheated inclusions from the same
samples. As shown in Figure 10, CO, concentrations of
heated inclusions display no systematic variation with
unheated inclusions; i.e., the heated values are either
slightly lower or higher than the unheated values.

Although presentation and discussion of petrologic
variations in H,0O and CO, for the Bishop Tuffis reserved
for a later publication (Skirius, in preparation), it is rel-
evant to note that the concentrations of H,O and CO, in
inclusions vary as much within as between pumice clasts
from the same stratigraphic levels (Tables 2 and 3; see
also Skirius, 1989). This is true for subsets of only heated
or only unheated inclusions, as well as the combined data
sets.

Discussion
Effect of cracks on homogenization of melt inclusion

The behavior of inclusions with respect to heating var-
ies in accord with a variety of cracks and associated fea-
tures that are evident in the preheated samples. These
variations can be related to the probable temperatures of
initial cracking and consequent volatile loss and induced
crystallization, as discussed below.

Penetrative cracks. Devitrification products of inclu-
sions intersected by a penetrative crack in the quartz host
(passing from the exterior of the crystal to the inclusion)
prior to heating do not dissolve to a homogeneous glass
but remain unaffected after the heating procedure, as pre-
viously noted. An example of a quartz crystal containing
devitrifed inclusions intersected by a visible crack is shown
in Figure 4. Because other uncracked devitrifed inclu-
sions within this same crystal were homogenized, the
cracked inclusions must have lost volatiles by diffusion
along the crack, either during the experiment or, more
likely, during natural cooling and devitrification. Similar
observations for cracked, devitrified inclusions were made
by Lemmlein et al. (1962) and Takenouchi and Imai
(1975) in heating experiments on inclusions in topaz and
quartz, respectively. The apparent inability of devitrified
inclusions in sanidine crystals to revitrify may also be
explained by diffusional loss of H,O along cleavage cracks.

Rare glassy inclusions containing several large vapor
bubbles, as shown in Figure 5f, also could not be ho-
mogenized in the experiments. The bubbles remained un-
changed in size, shape, and position after being heated.
Although it is not apparent in the figure, these inclusions
are also intersected by a crack in the quartz crystal. In
this case, cracking very likely occurred early in the cool-
ing history at elevated temperature, while the melt is fluid
enough to allow bubble nucleation and expansion. The
likely result is dehydration of the inclusion by escape of
H,O along the crack. Lack of devitrification in such ve-
siculated glassy inclusions in ash-flow crystals containing
other extensively devitrified (opaque) inclusions suggests
that the glassy inclusions were unable to devitrify because
they were H,O-poor, like the glass adhering to the sur-
faces of the quartz crystals.

Single vapor bubbles in glassy inclusions, uncommon

1393

TaBLE 2. Results of spectroscopic analyses on homogenized
glass inclusions from the Bishop Tuff

H:Onal/
Inclusion H2Omon OH- H,0 ot CO, OH-
Plinian deposit
6B-1 4.02 1.59 5.61 102 2.53
6B-2 3.71 1.60 5.31 120 2.32
6B-4 3.68 1.59 5.27 90 2.31
6B-G5 4.12 1.54 5.66 93 2.68
6B-G61 4.00 1.50 5.50 94 2.67
6B-G62 4.30 1.58 5.88 183 2.72
6B-G8 4.15 1.55 5.70 69 2.68
21A-31 4.15 1.61 5.76 136 2.58
21A-32 3.56 1.36 492 135 2.62
Chidago lobe
10-1 4.12 1.50 5.62 100 2.75
10-2 4.05 1.54 5.59 82 2.63
13 3.89 1.55 5.44 60 2.51
16-H5 3.66 1.50 5.16 163 2.44
16-H61 3.57 1.44 5.01 119 2.48
16-H62 3.87 1.52 5.39 198 2.55
Gorges lobe
24-C3 4.05 1.50 5.55 114 2.70
133A-1 4.67 1.57 6.24 30 2.98
133A-2 3.65 1.31 4.96 213 2.79
133A-7 4.47 1.42 5.89 66 3.12
133A-10 4.14 1.46 5.60 74 2.84
Mono Basin lobe

32W-1 2.33 1.50 3.83 69 1.55
32w-41 2.53 1.64 4.17 122 1.54
32W-42 2.21 1.56 3.77 65 1.42
32W-5 2.43 1.49 3.92 75 1.63
41-2 2.56 1.34 3.90 45 1.91
413 2.55 1.54 4.09 76 1.66
42-3 2.89 1.53 4.42 107 1.89
42-5 2.51 1.58 4.09 96 1.59
42-6 2.67 1.49 415 117 1.79
45-3 2.36 1.49 3.85 158 1.58
45-4 2.39 1.33 3.72 13 1.80
LV81-17A-1 2.68 1.34 4.02 182 2.00
LV81-17A-2 3.01 1.58 4.59 550 1.91
LV81-17A-31 2.52 1.38 3.90 586 1.83
LV81-17A-32 2.46 1.36 3.82 661 1.81
LV81-17A-51 2.85 1.46 4.31 254 1.95
LV81-17A-52 2.73 1.48 4.21 224 1.85
Lv81-17A-61 2.71 1.53 424 616 1.77
LV81-17A-62 2.89 1.50 4.38 611 1.93
LV81-17A-7 2.55 1.46 4.01 254 1.75

Note: Measured species for H,O (H,O total is given as the sum of H,0,,,
and OH- as H,0) in wt%; CO, in ppm wt.

in the early-erupted plinian and ash-flow samples, do not
result from cracks in the surrounding quartz. The size of
the bubble (< ~0.5 vol% of inclusion) correlates well with
inclusion size and is thought to be due to shrinkage of
the melt during cooling, either before or during eruption,
or during quenching (Anderson et al., 1989). Some pli-
nian ash-fall crystals that contained initially uncracked
inclusions with one or, more rarely, two shrinkage bub-
bles developed cracks or broke into pieces as a result of
heating. This may suggest that the vapor bubbles in these
inclusions contained a significant amount of gas, which
became overpressurized upon rapid heating and caused
cracking. This behavior contrasts with the survival dur-
ing heating of bubble-bearing inclusions from late, high-T'
Mono Basin ash-flow samples LV81-17A and LV81-18A.
The bubbles in these partially devitrified inclusions were
predicted by Anderson et al. (1989) to contain a gas rich
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TasLe 3. Results of spectroscopic analyses on unheated (natural) glass inclusions from the same Bishop Tuff pumice samples as

heated inclusions in Table 2

Inclusion H20 men OH- HzOotan CO, H,00e/OH- Notes*
Plinian deposit
6B-D2 5.79 1.04 6.83 102 5.57 gg,n
6B-D3-1 5.74 0.99 6.73 49 5.24 gg. xI, n
6B-D3-2 5.55 1.05 6.60 49 5.64 agg. xl,n
6B-D3-3 5.30 0.88 6.18 50 5.53 gg, xl, n
21A-2 5.19 1.15 6.34 102 4.51 g.n
21A-C8 5.54 1.29 6.83 51 4.29 g,b
21A-C11 4.91 1.14 6.05 43 4.31 g, b
21A-8-1 5.00 1.03 6.03 45 4.85 gb
21A-8-2 4.95 1.04 5.99 41 4.76 g.n
21A-LU 4.74 1.12 5.86 44 4.23 g, n
Chidago lobe
10-LUA 5.70 1.10 6.80 142 5.18 ag.n
10-LUB 5.88 1.06 6.94 121 5.55 gg,n
13-E7-1 5.52 1.03 6.55 115 5.36 gg, n
13-E7-2 5.67 1.08 6.75 106 5.25 gg,n
13-LU-1 5.64 0.95 6.59 85 5.94 gg, n
13-LU-3 4.23 1.11 5.34 72 3.81 gg,b
16-LU 5.38 1.05 6.43 161 512 gg. n
Mono Basin lobe

LV81-17A-5** 3.4 0.9 4.3 600 3.78 g, x,b
LV81-17A-6** 3.1 0.7 3.8 115 4.43 g.xl, b
LV81-18A-5** 3.4 0.9 4.3 660 3.78 g, xi,b
LV81-18A-11** 3.3 0.9 4.2 635 3.67 g, xl,b

Note: Measured species for H,0 (HO total is given as the sum of H,0,,, and OH- as H,0) in wit%; CO, in ppm wt.

* g = colorless glass; gg = green glass; n = no vapor bubble; b = vapor bubble; x| = few birefringent crystals.

** Values taken from Anderson et al. (1989); H,0 and CO, concentrations are restored values (i.e., gas calculated to be in vapor bubbles is added
to spectroscopically measured volatile concentrations to get a restored bulk volatile composition for the inclusion).

in CO,, which would significantly increase the total CO,
content of the inclusions.

Localized cracks resulting from the g-o inversion of
quartz. Many large devitrified inclusions from the high-7"
ash flows were noted to have cracks radiating short dis-
tances from the apices of the inclusion into the quartz
host. The cracks are subparallel to the ¢ axis of the host
and are likely to have originated from the sudden 1 vol%
shrinkage of quartz on cooling thorugh the 8-« inversion
at ~573 °C (Ghiorso et al., 1979; Roedder, 1984). Inclu-
sions with these cracks (Figs. 3b, 5a) were partially (Fig.
5b) or completely (Fig. 3f) homogenized, depending upon
the experimental conditions. The small cracks that were
dark-colored before heating become colorless, and some
are marked by tiny gas bubbles after heating (Figs. 5b,
6¢). The revitrification of such inclusions is interpreted
to signify that this type of cracking is localized such that
little or no H,O escaped from the inclusion. If much H,O
had escaped, then the crystallites would quite likely re-
main with heating, as is commonly observed for most
devitrified inclusions with penetrative cracks.

Rapid laboratory cooling through the 8-« inversion may
cause the crystal to be strained adjacent to the heated
inclusions. A stressed region around an inclusion explains
the cracks that commonly develop during polishing of
heated inclusions.

Cracking of host minerals is more prevalent for more
slowly cooled materials (ash flows). Depending upon the
temperature of cracking, the inclusion may be preserved
as a vesicular glass (high 7) or as a heavily devitrified or
crystallized inclusion with a diminished volatile content.

Although some of these may be revitrified by heating,
they may be low in volatiles. Evidently, many ash-flow
inclusions have lost volatiles during posteruptive cooling.
Our comparative studies reveal that devitrified inclusions
that lack cracks and some with tiny nonpenetrative cracks
have preserved their initial volatile concentrations, and
some of these can be revitrified without volatile loss.

It is likely that retention of volatiles is favored by nat-
ural preservation of a high proportion of residual glass,
because crystallization (devitrification) in a confined vol-
ume results in considerable internal overpressures (easily
on the order of several kilobars if the volatiles are rich in
H,0). Consequently, studies of volatiles in melt inclu-
sions should selectively emphasize glass-rich, uncracked
inclusions.

Effect of homogenization experiments on glass inclusions

Volatile concentrations. Comparison of H,O concen-
trations for heated and unheated inclusions from the same
clast or stratigraphically equivalent clasts of early-erupt-
ed, plinian and Chidago lobe pumice shows that the heat-
ed inclusions have an average of about 1.0 wt% less H,O
than their unheated counterparts (Fig. 9). The difference
of ~1 wt% is not likely to be due to loss of H,O, possibly
as H,, during artificial heating for the following reasons:
(1) Heated inclusions yield H,O concentrations that show
less variability than those of the larger group of strati-
graphically equivalent naturally glassy inclusions (see Fig.
7). If H,O were lost by diffusion during heating, then
afterward we would expect greater variation in H,O con-
centrations related to variable quartz thickness and size



SKIRIUS ET AL.: GLASS INCLUSIONS FROM THE BISHOP TUFF

PLINIAN
~ PUMICE 6B

HEATED
|IIIIIIHMJ_LJ_I

(Cloudy, Colorad
PUMICE 21A

Glzaa)

l UNHEATED
| (4 (Colored Giass)

HEATED
(Ctanr Giass)

f/ UNHEATED
21 (Clear Gians)

ILIIIiIIIl

CHIDAGO ASH FLOW
PUMICE 10 —

J_ @ (mame wi bubbls)

HEATED
(Clanr Glazs)

IIIIIIIIIIIlllIllIIFl%.

45 5.0 55 6.0 6.5 7.0
PUMICE 13 =

lllll[[.lllllll[lllllll

PUMICE 16
HEATED
I (Opaque) —

UNNﬂ'rEn
| | Ed(Clear Giass)

1 lDahrld Glasa)
35 4.0

I HEATED
(Colored Glass)
Pl UNHEATED

|| ¥4 (Colored Glass)

\B {same w! bubble)

[/
UNHEATED

(Colored Glass) —
[IHIIIIIIIIIIII HZ |

MONO BASIN ASH FLOW

PUMICE LVB1-17A -1BA ]

HEATED

2 (LVB1-174;

Crystalssbubbis}
HEATED

UN
1TA Jbf 1A (Rustored, wiih
JIIIIIIIIl ‘.7. l::"“‘“""..
6.0 6.5 7.0
WATER (WT. %)

Fig. 9. Frequency diagram showing the distribution of H,0
(as the sum of H,0,, + OH~ as H,0 in wt%) determined by
spectroscopic analysis for unheated and heated inclusions from
the same pumice samples. Pumice samples 6B, LV81-17A, and
LV81-18A each consists of a single pumice clast; pumice sam-
ples 21A, 10, 13, and 16 each consists of one or more individual
pumice clasts that are stratigraphically equivalent. Inclusion tex-
tures before heating are noted in figure legends and also in Tables
1 and 3. H,O concentrations were rounded to the nearest tenth
of a weight percent for plotting as in Figure 7.

NUMBER OF INCLUSIONS

of inclusion. (2) The inclusions are free of magnetite, which
would be expected to crystallize if H, were lost. The nat-
ural green or brown coloration of some glassy inclusions
from the Toba Tuff has been attributed to the effects of
partial oxidation resulting from loss of H, by Beddoe-
Stephens et al. (1983). Although some inclusions were
colored before heating, afterward they are colorless. Dif-
fusion of H, into the inclusion during heating is unlikely
because the partial pressure of H,O in the Ar gas medium
surrounding the crystal was very low. The coloration is
likely caused by dispersed crystallites, as was also con-
cluded by Takenouchi and Imai (1975) when their col-
ored glass inclusions lost color after being heated.

The reason for the lower H,O concentrations for the
heated early-erupted, plinian and Chidago inclusions
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Fig. 10. Frequency diagram showing the distribution of CO,
(ppm wt) determined by spectroscopic analysis for unheated and
heated inclusions from the same pumice samples. Notes on sam-
ples and inclusion textures before heating are noted in figure
legends of Figure 9 and also in Tables 1 and 3. Concentrations
were rounded to nearest tens of ppm for plotting in 10-ppm
intervals (20-ppm intervals for Mono Basin ash flow; see caption
to Fig. 8).

(compared with unheated counterparts) is not certain at
this time. Heated inclusions were compared to unheated
inclusions from the same or similar pumice clasts based
on the assumption that such inclusions would have had
the same or closely similar posteruptive cooling histories.
The rate of posteruptive cooling was considered to have
a strong influence on the extent of devitrification and glass
inclusion texture. However, based on the observation that



1396

even inclusions (uncracked) in different crystals from the
same plinian pumice clast (6B) have varied amounts of
devitrification, it is likely that devitrification is influenced
by volatile content. Major element compositions do not
vary significantly between heated and unheated inclu-
sions from 6B and all other analyzed samples (Skirius,
unpublished data). Comparisons of H,O and CO, be-
tween heated and unheated variably devitrified inclu-
sions from sample 6B may, in fact, reveal a natural vari-
ation in melt volatile content (Figs. 9 and 10) that could
result from differentiation.

When the comparison is made for texturally similar
inclusions (before heating) from the same Mono Basin
pumice clast (LV81-17A), as well as for unheated inclu-
sions from LV81-18A, volatile concentrations are simi-
lar. Likewise, it follows that similarly devitrified inclu-
sions from the same pumice clast (i.e., inclusions that
have experienced an identical rate of posteruptive cool-
ing) are similar in volatile content. Comparison of tex-
turally similar inclusions from multiple pumice clast
samples (pumices 21A, 10, and 13) shows that heated
and unheated H,O concentrations are different, and any
relation between texture and volatile content is inconclu-
sive.

Lower H,O concentrations for heated inclusions for
most samples may suggest that there is an analytical ar-
tifact involved in determining the H,O content of un-
heated glassy or colored glassy inclusions that reflects an
effect of the cooling history or devitrification process of
natural glass inclusions on the molar absorptivities. New-
man et al. (1986) and Silver et al. (1990) used obsidian
glasses and rapidly quenched synthetic glasses (cooling
rates ~200 °C/s), respectively, to determine molar ab-
sorptivities of the H,0,,; and OH~ IR bands for rhyolitic
glasses containing up to ~4.0 wt% total H,O. It may be
that most pumice from plinian and nonwelded ash-flow
deposits did not cool quickly enough to make glassy in-
clusions in these materials essentially equivalent to ex-
perimentally quenched glasses with regard to molar ab-
sorptivities for H,O. High H,0,,,,/OH- ratios (see Table
3) as measured for most unheated inclusions (especially
green glassy inclusions with the highest measured total
H,O concentrations; see Figs. 7A and 7B) may indicate
slow cooling for these inclusions (Stolper, 1989). In ad-
dition, the green color of some of these inclusions may
reflect a reorganization of the glass (clustering of H,O
molecules?) as part of incipient devitrification during cool-
ing. Although the heated inclusions are more slowly cooled
than the experimental hydrous glasses of Silver et al. (1990),
the measured H,O,,,/OH- ratios are similar to some ex-
perimental glasses with similar total H,O contents and
are consistent for their homogenization quench temper-
ature (Stolper, 1989).

Dissolution of devitrification products. The homogeni-
zation process involves bringing a devitrified inclusion
back to the P-T conditions under which it was trapped
as a homogeneous melt containing dissolved magmatic
volatiles. The crystalline phases of uncracked, devitrified
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inclusions should dissolve (along with gas bubbles pres-
ent because of melt contraction or shrinkage) as the tem-
perature and pressure are brought to near liquidus con-
ditions. H,O present in hydrous crystals or residual glass
facilitates melting by lowering the liquidus temperature
and melt viscosity, which helps to overcome the meta-
stability commonly encountered in silicic systems. The
higher heating temperature (900 °C) necessary for ho-
mogenization of most Mono Basin inclusions probably
helped to overcome the sluggish re-solution of daughter
minerals in these highly devitrified, lower H,O inclu-
sions. Inclusions retaining few, highly refractive tiny crys-
tals along the wall of otherwise revitrified inclusions sug-
gests a sluggish approach to equilibrium (Roedder, 1984,
p. 100-101). This may be the case for the uncracked Ado-
be Valley inclusions. If they have lower H,O contents
than the Mono Basin inclusions (most of which were ho-
mogenized at 900 °C), then an experimental temperature
>900 °C may homogenize them.

Protruding bubbles in incompletely
homogenized inclusions

Partially homogenized inculsions, as shown in Figure
6, retained crystals and vapor bubbles that protrude ~6-
14 pm into the surrounding quartz from an irregular,
bumpy inclusion wall. An interesting explanation for the
protruding bubbles is that given by Donaldson and Hen-
derson (1988) for the formation of rounded embayments
in quartz crystals. As a bubble nears the dissolving quartz
wall it enters a compositional boundary layer in the melt.
The part of the bubble nearest the crystal will be in con-
tact with the most SiO,-rich melt having the largest sur-
face tension. The nonuniform surface tension of the melt
around the bubble causes instability and results in small-
scale convection of the melt about the bubble (Marangoni
convection). Convective flow removes SiO,-rich melt at
the interface between the bubble and the quartz host and
replaces it with less siliceous, more undersaturated melt,
thereby locally enhancing the dissolution rate of the quartz
ahead of the bubble. The bubble apparently drills its way
into the quartz. Approximately 5 um of dissolution as-
sociated with the bubbles should have occurred during
our experiments, in accordance with the estimated dis-
solution rate of quartz (~0.2 um/h) given by Donaldson
and Henderson (1988). This is approximately the amount
of bubble protrusion most commonly observed.

Another explanation for the embedded bubbles might
be that following bubble localization on the inclusion wall,
614 um of quartz growth from the wall inward embed-
ded the bubbles. However, a layer of quartz growth 6 um
thick along the wall of a spherical inclusion 100 pm in
diameter initially containing 4 wt% H,O would result in
~32% crystallization of the inclusion volume and an in-
crease in H,O content of 1.88 wt%. We do not observe
high H,O concentrations for such inclusions that were
subsequently homogenized at higher temperature. In ad-
dition, the diameter of the partially vitrified inclusions
(excluding the amount of bubble protrusion) did not de-
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crease by 6—14 um compared to the diameter of the de-
vitrified inclusions (before heating), as accurately as can
be determined for opaque inclusions. Furthermore, the
temperature of the experiment is approximately 100 °C
above the H,O-saturated liquidus temperature for rhyo-
litic melt (interpolated from the data of Tuttle and Bowen,
1958), which would favor quartz dissolution, not crys-
tallization. Again, however, inclusion diameter did not
Increase.

The irregular inclusion outline and overall bumpiness
of the inclusion wall is likely due to a small amount of
natural quartz precipitation during devitrification. This
quartz growth remained apparently unaffected after heat-
ing at 800 °C but was partially dissolved at 900 °C (the
wall became less bumpy). Because the walls remained
slightly bumpy even at 900 °C, not all of the secondary
quartz was dissolved to an assumed original smooth wall,
and therefore the measured volatile concentrations may
be considered maximum values for these inclusions.

CONCLUSIONS

It is possible to homogenize many variably devitrified
glass inclusions in quartz phenocrysts from the Bishop
Tuff. Volatile loss during heating appears negligible, but
many inclusions have lost volatiles through cracks during
natural cooling. Homogenized inclusions, although in
thermally stressed quartz, can be doubly polished and
used for spectroscopic studies of melt volatiles, as well as
for other melt compositional studies requiring glassy
samples.

Some heated inclusions appear to have ~1.0 wt% less
H,O than their glassy or partly devitrified counterparts.
Loss of significant amounts of H,O during heating is un-
likely. Rather, experimentally quenched glass inclusions
have a thermal history more similar to experimental
glasses upon which the spectroscopic calibration for H,O
is based. Therefore, our experimentally quenched inclu-
sions probably yield the most accurate H,O concentra-
tions. Additional studies, perhaps using other analytical
techniques, of inclusions before and after heating are
needed to unravel apparent losses during heating from
possible temperature effects on spectroscopic calibration
for H,O.
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