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Implications for Magma Chamber Processes and Eruptive Style

NELIA W. DUNBAR

Geoscience Department, New Mexico Institute of Mining and Technology, Socorro

RicHARD L.. HERVIG

Center for Solid State Science, Arizona Siate University, Tempe

The Lower Bandelier Tuff, crupted from the Valles Caldera
Based on ion and electron microprobe anatyses of melt inclusions (MI) in quartz,

and associated ignimbrite.

at 1.51 Ma, is composed of a Plinian tephra

sanidine, and pyroxene phenocrysts, a sirong volati iaot-was present in the upper portion of the magma
ciianiber,- In the 20 km® of magma tRat produced the Plinian tephra, most .0 and T contents of MI are

between 4 10 5 wt % and 0.18 10 0.20 wt%, respectively,
Measurements of the H,0 and F contents of the 380 kn? of magma

in the firsi-deposited basal ignimbrite.

and between3 104 wt % and 0.12 and 0.14 wt %

which produced the bulk of the ignimbrite are concentrated between 2 10 3 wi% and 0.05 10 0.14 wt %

respectively. The invariance of H,0 (and possibly Cl and B) relative to
Plinian tephra suggests that this portion of the magma chamber was saturated with respect to an H,O-rich vapo

ha

. The trac clement composilion O
group of MI are rich in Ti, Sr,

analyses of matrix glass from some ignimbrite pumice lu
into the base of the Lowzr Bandelier magma chamber.
found in Plinian samples, but occur in ignimbrite samples from base to top of the deposit.

Ba and low in B, Cl, Rb, Y, Nb, and Th, and are compositionally similar to
mps. These represent the mixing of a second rhyolite

F in the magma which formed the

mice lumps. A

MI influenced by the second magma have not been
When these Ml are

ﬂa ler
7555

removed from the data sct, the remainder show strong linear correlations between Nb and Rb, Y, Zr, and Th.

These correlations can be most casily explained by

fractionation of approximately ~40% quariz and alkali

feldspac (with trace amounts of chevkinite). MI from the Plinian tephra are similar to bulk Plinian pumice

composition, suggesting that magmatic
However, fractional crystallization is
elements, including H, B, Li, F and Cl.

chamber, along with their lack of correlation with Nb,
were decoupled during magmatic cvolution. The upwa

evolution was well-progressed at the time that the MI were trapped.
difficult 1o reconcile with the observed distribution of some other
The enrichment of H,O and F in the upper portion of the magma
Rb, Zr, Y, and Th, suggest that these sets of elements
rd enrichment of H,O and F must have occurred at a

faster rate than other trace elements. The observed volatile gradient may have influcnced the eruption dynamics
of the magma, initially causing discrete layers of magma to be removed when the gradient was large, followed

by chaotic cruption of the bulk of the ignimbrite when the gradient was small.

Comparison with the Bishop

Tuff eruption, however, suggests that the chaotic eruption style of the LBT may be related to vent geometry

and conduit evolution, promoting high discharge rates,

INTRODUCTION

Many silicic tuffs show cvidence of compositional zonation in
their parental magmas. Although there is sore variation i the
style of zonation, eruptive sequences.&r .aly begin with the
most evolved magma, and proceed yards V.. ss-cvolved material.
The specific mechanism by whi ycomPS: sitional gradicnts arc
generated is unclear; in some case¥r?’ .clional crystallization may
be important, but in other cases, a more complex differentiation
mechanism may be responsible [Hildreth, 1981: Miller and
Mitllefehldt, 1984]. Systematic zonation in silicic magmas has
been documented for major and trace elements, temperature,
crystal contents, and compositions, and has been inferred for
dissolved volatile contents of the magma [e.g. Hildreth, 1981].
Few direct determinations of volatile gradients in melts have been
made [Sommer and Schramm, 1983, Anderson, 1991; Dunbar and
Hervig, 1992}, but gradien’s have been inferred from the type and
quantity of phenocrysts in a magma, and also from changes in
cruptive style characteristic <. large cruptions . {Hildreth, 1981].
Some magmatic systems appea.: t have. tontained a continuous
gradicat [e.g., Hildreth, 19791, w.5ercas others show evidence of
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aot differcnces in the absolute concentration of volatiles.

distinct compositional layers which produce step-wise, rather than
smooth, compositional variations within their eruptive products
{c.g., Bacon, 1983].

The preeruptive volatile content of a magma, particularly the
pre-cruptive H;0 in a rhyolitic melt, may exert strong control on
some aspects of the eruptive style. A gradient in the pre-cruptive
water content of a rhyolitic magma may influence the transition
from eruption of Plinian tephras to the cruption of ignimbrites,
although other factors, particularly vent diameter, probably also
contribute [Wilson et al., 1980]. Furthermore, a significant pre-
cruptive volatile gradient in a magma rcsults in & corresponding
density gradic ., which may influence the geometry of magma
removal from e chamber, allowing discrete compositional laycrs
to be either seuentially or simultancously withdrawn [e.g., Blake
and Ivey, 198 ;; Spera et al., 1986). In gencral, if all other
parameters ar.. eque), cruption of a magma with small density
gradient mayt.ap &nymber of stratigraphic layers simultancously,

whereas  .rong density gradient in a melt may allow gelatively
thin _ “graphic horizons to be tapped sequentially, Blake and
Ivey:7546].

The Lower Bandelier Tuff (LBT), erupted from the Valles
Caldera in northwest New Mexico, was derived from a large
silicic magma chamber. The LBT cruption began as a pumice
fall, but soon shifted to ignimbrite deposition. The LBT deposit
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is not systematically compositlionally zoned, but there are
compositional variations between individual pumice lumps,
suggesting that the LBT is the product of a compositionally
heterogeneous, and perhaps zoned magma chamber [Kueniz,
1986]. The dynamics of this type of eruption must be
significantly different from those which produce compositionally
zoned deposits, and may be a function of the density and viscosity
gradients in the magma chamber. Kuentz [1986] interpreted the
chemical zonation as a result of fractional crystallization, and
implicd that a volatile gradient, and resultant density and viscositly
gradicnt would have been present as well.

r objective in this work was to dctermine the pre-cruptive
volalll:]c gradient that was present in the magma which preduced
the BT, based on analysis of the H.O, Cl, and F conients-of melt

inclusions (M) in LBT phenocrysts. These measurements allow
m between cruptive style, volatile, and
density gradients. A secondary objective was to measure the trace
clement contents of bulk pumice and MI in order to aid in
interpretation of the pristine nature of the MI. The data show that
there was a large gradicnt in the H,O content (hence density) of
the magma between an H,O-saturated cap (containing ~5 wt %
H,0, represented by the Plinian eruption) and the body of the
chamber (which contained about 2.5 wt % H,O). This gradient
developed carly in the evolution of thc chamber. The trace
clement analyses of the MI and bulk rocks show that after the
water gradient evolved, the chamber underwent ~40% eutectic
fractional crystallization and was then intruded by a sccond
rhyolitic magma at some time prior to cruption. This work is part
of a larger project, aimed at investigation of volatile contents,
gradients and cruption dynamics in a number of explosive rhyolitic
systems, including the Bishop Tuff [Dunbar and Hervig, 1992},
and the 2 ka Taupo pumice eruption (Dunbar cy, 1989a and b;

Dunbar, 1991). 1 vt i, e
whe WL MoT ¢ )‘
Ir GEOLOGICAL BACKGROUND

The Jemez volcanic field, best known for the Valles caldera
and the Bandelier Tuff, is situated on the westemn edge of the
north-south-trending Rio Grande rift, and lies at the intersection
of the rift with the northeast-trending Jemez volcanic lineament
[e.g., Goff etal, 1989]. The Jemez volcanic field has been active
for the last 13 Ma, and has produced a variety of volcanic rocks,
culminating in the eruption of the two mujor ignimbrites sheets
which form the Bandelier Tuff and two associated collapse
features, the Valles and Toledo calderas. The Bandelier Tuff and
associated calderas have been the focus of pioneering work on
resurgent calderas and compositionally variable ignimbrites {Smith
et al., 1961; Smith and Bailey, 1966).

Eruptive History of the Bandelier Tuff

The first Jemez Voleanic field magmas that appcar to be
genetically related to the Bandelier Tuff arc thc 4 Ma San Dicgo
Canyon ignimbrites [Turbeville and Self, 1988]. The volume of
these poorly exposcd rhyolites has been estimated at >5 km®
[Turbeville and Self, 1988). The San Dicgo Canyon ignimbrites
arc chemically similar to the Bandelier Tuff, although slightly
more mafic, and were probably derived from the same magma
chamber [Self et al., 1986; Turbeville and Self, 1988]. Goff ¢t al.
[1989] concluded that the San Dicgo Canyon ignimbrites were
extensive features, and may have been crupted from a small
caldera located near the western margin of the present-day Valles
Caldera.
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The Bandelicr Tuff consists of two Plinian-ignimbrite pairs, the ‘
Lower Bandelier Tuff (LBT) and the Upper Bandelier Tuff (UBT). t
These two tuffs, erupted at 1.51 and 1.14 Ma, respectively {Spell

et al., 1990], have eruptive volumes of 400 km® and 250 kn?
DRE (dense rock equivalent) respectively [Self and Lipman,
1990]. The LBT was crupted from the ring-fracture system of the
Toledo caldera, which was approximately coincident with the
present-day Valles Caldera (Goff ef al., 1989]. Between the
cruption of the LBT and the UBT a scquence of domes and
pyroclastic falls and flows called the Cerro Toledo rhyolites, were
erupted in the vicinity of the Toledo Caldera [Stix et al., 1988].
Some of these deposits are present today around the northern and
southeastern rim of the Valles Caldera. The UBT was erupted
from the Valles caldera, possibly from a central vent location,
rather than from ring fractures {Self et al., 1986]. The degree of
welding in the LBT and UBT ignimbrite sheets is variable, and
most of the tuff is unwelded to moderately welded [Smith and
Bailey, 1966; Kuentz, 1986}.

Chemical Composition and Mineralogy of the Bandelier Tuff
The LBT and UBT are high-silica rhyolites which werc derived

from chemically heterogencous, and perhaps systematically zoned, L /
magmas. Both of thesc magmas may have been initially dcrivcdl1/ s

from a parental dacitic ma body, and compositional &
heterogeneity within the rhyolitic magma may bc the result of
fractional crystallization [Smith, 1979; Kuentz, 1986; Balsley,
1988]. Both the LBT and the UBT contain up to 30%
phenocrysts, dominantly quartz and sanidinc plus subordinate to
trace amounts of pyroxcne, magnetite, apatite and chevkinite.

Other phases found in the LBT arc allanite and zircon, whcreaswnw‘l )

the UBT contains biotite, hornblende and ilmenite [Kuentz, 1986;
Balsley, 1988]. Some trace clement trends in the UBT arc
inconsistent with fractional crystallization, and may be a result of
contamination by a dacitic magma [Balsley, 1988]. The magmatic

ignimbrite-producing magma was certainly hotter [Warshaw and
Smith, 1988].

Although there is no simple relation between stratigraphy and
bulk chemistry in the LBT ignimbrite, analyses of individual
pumice fragments within the ignimbrite indicate that the magma
chamber was compositionally heterogencous. The clements Zr,
Rb, Y, Nb, Cs, Th, and U show strong positive correlations, and
the Plinian tephra is uniformly richer in these clements [Kuenzz,
1986]. Niobium, the clement which Kuentz [1986] uscd as a
reference component following Smith {1979] ranges from S0 to
180 ppm among individual pumice lumps from the LBT ignimbrite
and clusters around 185 ppm in the LBT Plinian samples. Kueniz
{1986] suggested that a pre-eruptive chemical gradient was present
in this magma, with the lowest Nb contents samples derived from
decpest in the magma chamber, but that this gradient was
destroyed by the cruptive process, and was therefore not record
in the stratigraphy of the deposit. L 4%7 o/ A 4"“%

Sommer and Schramm [1983] made measurements of H,0
contents in some MI from the LBT, and determined that magma
which produced the Plinian tephra and ignimbrite contained ~5
and ~2 wt % H,O respectively. However, since no trace element
data were gathered for the glass in which the phenocrysts were
found, therce was no control on stratigraphic position in the
pre-eruptive magma, and therefore the calculated volatile gradient
would have large uncertainties.

The Cerro Toledo Rhyolites were erupted betweenthe UBT and
LBT and these are supposed to have tapped the ligyids near the
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temperature of the Plinian phase of the LBT was ~700°C, and the &‘1 J‘(’C
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top of the Bandelicr magma chamber [Stix ef al., 1988]. They
record the re-cstablishment of compositional zonation alter the
sruption of the LBT. This evolution occurred over about 0.37

_.-Ma, and has been attributed to fractional crystallization of quartz,

alkali feldspar, zircon and a light rare earth clement phasc [Stix et
al., 1988].

ANALYTICAL METHODS
Sampling and Sample Preparation

Bulk samples of Plinian tephra were taken at intervals through
the exposed section, and individual pumice clasts were collected
from the ignimbrite. Of these, three samples of the LBT Plinian,
one sample from the UB Plinian, and nine samples from the LBT
ignimbrite were selected for detailed study. Sample locations are
given in Table 1. The three samples of Plinian tephra from the
deposit represent the base, center, and top of the tephra unit.
Ignimbrite pumice samples were choscn based on freshness,
availability of suitable melt inclusions (MI), and bulk chemical
composition of the pumice. One half of each pumice clast was
reserved for bulk chemical analysis; phenocrysts for MI analysis
were scparated from the other half. The portion-of the pumice
lump from which phenocrysts were separated was lightly crushed
with a porcelain mortar and pestle, and sicved to 40 mesh.
Phenocrysts of quartz, sanidine, and pyroxene were hand picked
from the coarse fraction. In some cascs, quartz was split from
sanidine by hcavy liquid separation (sodium metatungstate). The
phenocrysts were then mounted in epoxy on I-inch round glass
slides, ground, and polished in diamond powder suspended in
distilled water.

Electron Microprobe

Major elements and Cl were analyzed ‘with a JEOL 8600
electron microprobe at Arizona State University. The error for Cl
determinations was around 100 ppm based on replicatc analyses
of rcference material (glasses KE-12 and KN-18, from H.
Sigurdsson; [see Devine et al., 1984]).

Ion Microprobe

Jon microprobe analyses were done in two stages. We first
analysed MI with emphasis on H, Li, B, and F. Other trace
clements were analysed with relatively low precision. Later, as
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we rcalized the interesting naturc of the trace clement daja, we
returned to selected M1 and collected more precise trace clement
analyses. Analyses were made on a Cameca IMS 3f ion
microprobe at Arizona State University. Analytical procedures
follow Hervig et al. [1989]. A 1-2 nA mass-analyzed primary
beam of 'O ions was focussed 1o a spot 10-20 pm in diameter.
Secondary ions were accelerated to +4500 ¢V and the transfer
optics and field aperturc were set to accept secondary ions into the
mass spectrometer from a 20 pm circular arca on the sample.
After the secondary ion signal had stabilized (about 7 min) the
sample voltage was ramped +100 V from 4500, whilc the
intensity of ¥Si* was monitored. The sample voltage was
returned to the centroid of the intensity versus sample potential
curve to correct for the small amount of charging which occurred.
The energy bandpass was fully open (130 ¢V) for carly analyses,
but in the later stages of this study we closed it to 40 eV.
Molecular interferences were removed by collecting sccondary ion
intensities at high energies, which were achieved by offsctting the
sample voltage -75 V from the centroid position for H, Li, B, F,
P, Ti, Fe, Rb, Sr, Y, Zr, Nb, Cs, Ba, Ce and Th. In fact, there
are no serious interferences on Li or B so it is not necessary to
collect ion signals with an offset, but it was found that
reproducibility of the analyses could be substantially improved by
collecting all secondary ion intensitics at the same sample voltage.
There is no molecular interfercnce on H, but the presence of a
hydrogen background from the vacuum is very scrious. Hervig et
al. [1987] and Hervig and Williamms {1988] found that the H
background could be reducced by collecting data at an offset of 2
few volts. They concluded that the large number of secondary
clectrons generated during sputtering of oxides resulted in clectron
stimulated desorption (ESD) of surface hydrogen. This intense
signal varied strongly with the secondary electron yield of the
matrix. Because the energy spectrum of ESD ions is extremely
narrow, a small voltage offset elimina
background.»

The secondary ion intensity for hydrogen was calibrated using
experimentally hydrated rhyolitic glasscs analysed by infrared
spectroscopy (kindly provided by E. Stolper). Trace clements
were calibrated against NBS 610, a sodium- and silica-rich glass

1S _SOUrce o

containing nominally 500 ppm of 61 tracc clements. Comparison

of NBS-610 with several bulk-analyzed rhyolitic glasscs indicated

TABLE 1. Locations for Lower Bandelier Tuff Samples

Ak

j ave)

J v M'\"

Sample Quadrangle Sample Location and Description
Plinian BB-096 White Rock NW 1/4, NE 1/4 Sec. 21, T19N R7E; multiple pumice from 0.5 m above (
exposed base of ~7 m thick section of plinian tephra. \ o‘f/w‘
Plinian BB-094 White Rock same as BB-096, multiple pumice from ~2 m above apparent top of
section {top not well exposed)
Plinian BB-005 Puye NE 1/4, SW 1/4 Sec. 32, T20N R7E; multiple pumice from top 0.5 mof 8 m
thick Plinian section
Basal Ignimbrite BB-003 Puye See BB-005, single pumice from 0.3 m above plinian-ignimbrite transition
Basal ignimbrite BB-004 Puye See BB-00S, single pumice from 0.4 m above plinian-ignimbrite transition
ignimbrite 8B8-021 White Rock See BB-096, single pumice 25 m below top of ~40 m thick ignimbrite
Ignimbrite BB-045 Canones Polvadera land grant, ~ 1.5 miles south of town of Caiones, single
pumice from 10 m below base of ~ 40 m thick ignimbrite section
Ignimbrite BB-037 Cafones See BB-045, single pumice 4 m above base of ~40 m thick ignimbrite
Ignimbrite BB-014 White Rock See BB-096, single pumice 15 m below top of ~ 40 m thick ignimbrite
ignimbrite BB-027 White Rock See BB-096, single pumice 24 m below top of ~40 m thick ignimbrite
Ignimbrite BB-030 White Rock See BB-096, single pumice 5 m above base of ~40 m thick ignimbrite
ignimbrite BB-057 Canones See BB-045, single pumice from near apparent top of ~40 m thick

ignimbrite
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that the trace elements studied were within 10% of their nominal
concentration. Exceptions are P and Ti, which arc present in
NBS-601 at levels of 350 and 590 ppm, respectively. lon
microprobe analyses reported in this paper the corrected value for
NBS-610. Analyses for F used a combination of NBS 610 and
KN-18, a comendite glass with 6400 ppm F. Observed
reproducibility of secondary standards suggested that the precision
of analyses arc Li, B, Ti, Fe, Rb, Y, Zr, Nb, Ce and Th +10%,

DUNBAR AND HERVIG: BANDELIER TUFF MELT INCLUSION COMPOSITION

®ive  teov

Fig. 1. Photomicrographs of mell inclusions, all in quanz host crystals.
(a) Photomicrograph of a typical Ml from the LBT plinian tephra. Bar
represents 100 um. (b) Photomicrograph of MI from the Lower Bandclicr
ignimbrite, showing a more faceted shape and more abundant vapor
bubbles than MI from the plinian tephra. Bar represents 100 um. ()
Photomicrograph of an “hourglass® MI from the plinian tephra. Bar
represents 100 pm. (d) Back-scattercd electron (BSE) image of a slightly
devitrified MI from the LBT ignimbrite. Bright acicular shapes within the
inclusion represent devitrification crystals. Bar represents 100 um. (e)
BSE image of a devitrified MI from the LBT ignimbrite. The uneven
shade of the MI indicates the hetcrogencous mean atomic number of the
glass. The bright ring around the rim of the Ml is K-rich, Na-pour,
whereas the dark interior is Na-rich, K-poor. Bar represents 10 um.

P +25%, Ba, Sr +25%, F £30%. Reproducibility of the
analyses for H;O is no worse than +0.5 wt %, and is usually
better. The very low count rates for '’F* were a source of some
concern, particularly as *OH* could be present at mass 19. We
reanalyzed several MI from the Plinian tephra on the clectron
microprobe and obtained results within 200 ppm of the ion
microprobe data.

X Ray Fluorescence

X Ray fluorescence analyses were made of crushed pumice
samples for Th, Rb d Nb. Analyses followed
the procedure of Norrish and Chappell {1977}, using a Rigaku

3062 instrument.
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RESULTS
Petrography of Inclusions

MI in the LBT and associated Plinian samples (Figures 1a and

“esx 1b) are abundant in quartz, but also occur in sanidine and

pyroxene. In the Plinian tephra, Ml range from <10 to 600 pm
in diameter, with most between 50-200 pm. Bubbles in the MI
from the Plinian tephra are rare, and where present are very small
(< <1% of inclusion volume). Ml in crystals from the body of
the LBT ignimbrite are smaller and less abundant than those from
crystals in the Plinian tephra, and usually contain one or more
bubbles. The glass:bubble ratio is. variable for MI in the body of
the LBT ignimbrite, but no vapor-dominated MI are present.
Some ignimbritc MI contain many bubbles, but all are small.
Total bubbles in ignimbrite MI generally represent <5% of MI
volume. N K

Woughchgmr-yﬁsd;s fromTEc) Plgi\an tcl;fl?raoapr‘nmb%cly
unwelded portions of the ignimbrite are generally unbreached,
some inclusions from ignimbrite samples are cracked, as has been
described by Skirius et al. [1990]. Three main types of cracks
have been observed, of which a single MI may be affected by
none, some or all. First, some inclusions are surrounded by
small, subtle radial cracks which are generally shoner in length
than the diameter of the inclusion. These cracks tend to radiate
from the most strongly curved areas, or "corners” of the inclusion
walls. The second type of crack also radiates from the MI but is
large scale and extends from the inclusion to the crystal edge.
The third type of crack is also large and tends to extend to the
edges of the crystal but does not appear to be directly related to
inclusion, as the oricntation relative to inclusions appears to be
random. These cracks fracture the inclusion glass and thereforc

_ must have formed afler the inclusion was relatively cool.

Several inclusion morphologies are seen in LBT crystals. Most
MI are round to subrounded, and are evenly dispersed throughout
the crystal. A second type of Ml is found in quartz from the LBT
Plinian and in some crystals from the LBT ignimbrite. The Ml
are long and thin, and arc connected to the cdge of the crystal
(Figurc lc). Thesc may be similar to the "hourglass inclusions”
described by Anderson [1991] in the Bishop Tulf.

Many MI in crystals from the Plinian tephra arc clear, and
show no signs of devitrification or alteration. Optical and back-
scattered electron imaging of MI suggests that there has been no
post-cntrapment crystallization.. The crystal-melt contact is sharp,
and no compositional gradient is apparent within the inclusions.
Although many MI analysed from the LBT ignimbrite are pristine,
some are incipiently to strongly devitrified. Devitrified MI are
darker in color than pristine ones and some contain clots of
crystals visible at low power magnification. Devitrification can
also cause migration of Na and K within the glass, and this
produces a mottled or zoned appearance in back-scatter imagery.
Two stages of devitrification arc shown in Figures 1d and le.

Major Elements

Major element composition of most Ml were determined by
electron microprobe to assess whether or not MI represent the
magma which was present at the time that the crystals grew, or if
any major alteration has affected the MI after trapping. Mean
major element compositions of MI from the four Plinian samples
from the LBT Plinian and UBT Plinian, and from the cight
pumice lumps from the LBT ignimbrite which were analyzed as
part of this study are shown in Table 2. Also shown in Tabie 2
are whole rock analyses for major elements in pumice samples
from the LBT Plinian and UBT Plinian, and the mcan whole rock
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TABLE 2, Mean Major Element Composition of Ml From the
Plinian and Ignimbrite Phases of the Lower Bandelier Tuff, and a
Plinian Tephra from the Upper Bandelier Tuf.

Sample n SiO, ALO; FeO, MnO, CaO, Na©, KO,
Number WX Wt wt% wth wt%h wi wty

Lower Bandelier Plinian Tephra Samples (UOE v IS

BB096 41 775 121 13 0.1 03 42 4.4
BB094 6 767 127 1.0 01 03 4.6 4.4
BBOOS 11772 120 13 0.1 03 44 4.4

Pumice’ 771 122 12 01 03 43 44

Lower Bandelier Ignimbrite Samples
BB-0O3 19771 121 12 01 0.3 4.6 45
BB004 20772 123 10 0.1 0.2 46 4.4
BB-045 28 769 123 12 0.1 0.2 4.9 4.3
BB037 25772 119 12 0.1 0.3 4.5 4.6
BBO14 18 77.1 122 12 0.1 0.2 4.6 4.4
BBO27 2772 122 12 041 0.2 43 45
BB030 24 77.4 123 12 0.1 02 44 45
BBO57 8 775 118 12 01 0.3 4.6 4.4

Pumice. 773 120 10 01 03 40 50

Upper Bandelier Plinian Sample
BB092 21 761 126 1.1 0.1 0.3 3.8 5.6

Pumicet 762 123 13 01 13 34 54

All analyses are made by electron microprobe, and are
recalculated water-free. The plinian samples are listed in
stratigraphic order, and the ignimbrite samples are listed in order
of inferred depth in the magma chamber. The n represents the
number of analyses made of each sample.

*’ Mean pumice composition from Kuentz [1986).

. Mean pumice composition from Balsley [1988].

major element composition from the LBT ignimbrite. The major
clement composition of pumice and Ml are very similar within
each of the cruptive units. The only possible exceplion to this
close agreement is for Na,O and K,;O in the LBT ignimbrite
samples. The Na,O and K;O contents of pumice from the LBT
ignimbrite are variable, and can be attributed to hydration and
alteration of pumicc [Kueniz, 1986], so MI compositions may
actually be more representative of pre-eruptive magmatic liquids.

Post-entrapment crystailization apparently did not affect Ml in
the Bandclier Tuff. The composition of MI does not appear to be
affected by the type of host crystal: analyses of Ml in quartz,
feldspar and pyroxene phenocrysts are indistinguishable, whereas
if even a small degree of single-phase postentrapment
crystallization had taken place the compositions would be
systematically different [Watson, 1976]. Also, stepwise analyscs
across MI indicate that they are homogencous.

Volatile Components

Over 150 analyses of H,0, Cl, and F were made of MI from
the Bandelier Tuff (Tables 3 and 4). Each value in Tables 3 and
4 represents from 1 to 3 analyses of a single MI. Most Ml in
Plinian tephras contain between 4 to 5.5 wt % H,0 and 0.2 to0 0.3
wt % F (Table 3). In the LBT ignimbritc, MI in first-deposited,
basal samples contain between 3 to 4 wt % H,0 and 0.1 to 0.2 wt
% F, and those from the body of the ignimbrite contain
approximately 2 to 3 wt % H,0 and 0.05 to 0.15 wt % F.
Histograms of the H,O and F contents of all analyzed samples,
and of the H.O contents of MI from individual ignimbritc samples
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TABLE 3. Volatile and Tra
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ce Element Compositions of Melt Inclusions From the Upper and Lower Bandelier Plinian Tephras

Xtal n HO, C, F u B P Ti Rb S Y Zr Nb Ba Ce Th Ml M
wi%h wt% wt% £\ Color__Condition}.
( \ Base of plinian(B8-096)
fspt 2 57 023 024 11 \/ 18 299 367 100 d v
qz1 2 42 024 026 160 { 32 | /\/ o v
gz 1 47 021 021 122 | 25 oA cl v
qz2 1 56 018 034 122 | 24 cl v
qzz 160 019 030 203 | 36 cl v
qz3 159 0.34 3| 38 e v
qzé 1 54 0227031 17 ] 28 92 320 5 72 42 cl v
qz4 1 44 025 027 281 23 |[132 252 3 77 31 cl v
qz5 145 025 028 23| 19 |16 29 2 75 34 cl v
qz6 2 46 023 034 2] 33 cl v
qz6 150 023 032 791 25 (104 242 361 o058 291 226 1 89 44 cl v
qz7 148 023 036 80| 35 cl v
quzs 156 0.30 151] 11 |105 302 355 1495 268 199 3 S3 26 el v
mean 5.1 022 0.30 a1] 27 [110 319 383 1098 268 212 3 73 35
Near top of plinian (BB-054)
qtzt 1 45 0.21 58] 32 cl v
gzt 150 023 019 e8] a2 4 cl v
qz2 1 51 022 114 =2 e’ o v
qzz 1 41 024 026 60| 32 Jon o v
qz3 174 0.24 17] 32 el v
qtz3 1 67 0.23 153 43 cl v
mean 55 024 023 78 32
Top of plinian (BB-005)

pyxt 2 56 021 015 12 17 86 274 337 06117 260 189 3 102 36 el v
pyxi 2 38 018 015 82 1 70 346 206 0372 192 137 3 83 25 ¢l v
fspt 2 4.0 0.21 83| 17 81 308 320 498 223 174 5 69 IR cl v
tsp2 1 41 0.16 101 16 s8 320 278 0495 228 184 3 80 34 cl v
fsp3 1 4.1 0.11 sol 24 ¢l v

1 240 021 017 84| 21 53 303 338 0197 246 198 3 75 41 cl v

147 022 018 189] 35 ' : cl v
qz3 131 020 02 47| 23 cl v
qz4 1 40 0.23 76] 23 cl v
fspd 149 0.10 48 6 70 542 283 1189 235 174 5 64 28 el v
mean 42 020 017 78] 19 69 350 309 1292 231 176 4 79 33
Upper Bandelier plinian (BB-092)

gzt 159 033 028 12| 35 cl v
qzt 245 029 023 s9{ a2 cl v
qzt 139 0.2 1] 26 o v
gzt 135 034 029 124| 32 cl v
qul 142 0.27 s8| 32 ¢l v
qzz 3 4.1 0.2 37} 29 ‘-\«)\/ﬁ\ {V‘% o v
qz2 1 43 0.25 65 32 cl v
mean . 43 032 025 78\ 32

All elements were analyzed by ion microprobe with the exception of Cl, which was analyzed by electron microprobe. Each data set
represents one or more analyses of a single MI. "Xtal" represents the crystal type and crystal number in which analyzed Mi were located,
and n represents the number of analyses made within each Ml Analytical errors are discussed in the text.

* Color of Ml glass: cf, colorless.

} Condition of Mi glass: v, vitreous.

are shown in Figures 2 and 3. The scatter for most multiple  samples Cl ranges from 0.29 to 0.34 wt 9. Most Ml in the LBT
analyses of a single Ml is low (~10.2 wt %), the scaller for ignimbrite cluster between 0.17 and 0.23 wt % Cl. However,
multiple MI within a single crystal is higher (Table 3 and 4), and  there is a st of MI, particularly noticeable in samples BB-014,
the greatest scatter is found for analyses of Ml in different crystals  BB-027, and BB-030 which contain between 0.10 and 0.14 wt. Cl.
within the same sample (Table 3 and 4). As will be discussed Some severely devitrified MI were analyzed by ion microprobe
later, although some of this variability is certainly real, some may  and were found to be enriched in H,0 (up to 8 wt % H,0 for MI
be duc to the sensitivity of ion probe analyses to the surface  from the ignimbritc), possibly because H,O becomes enriched in
geometry of the sample. Surface geometry would tend to be most  the residual glass as devitrification proceeds. These MI were only
consistent within a single MI, and most variable between multiple analyzed in order to sec how devitrification affected the H,0
crystals. Chlorine content of Ml in the LBT Plinian are between  content, and are not included in the data set presented here.
0.20 and 0.25 wt %, whereas in the Upper Bandeclier (UB) Plinian
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TABLE 4. Volatile'and {race Element Compositibns of Melt | usions From the Lower Bandelier Ignimbrite

xtal n H,0, Cl, F, { L / B P T Rb St Y It Nbo Ba Ce Th M M
’ wtoe wto% wt% o Color _Condition}:
— /[ \ Basal ignimbrite (B8-003)
<« 241 014 017 55 4 d v
. 2 25 0.5 013 25 |15 B tbr v
a2 239 018 014 62 |16 Rbr v
qz3 132 015 012 58 | 12 o v
qzs 143 023 on 4 | 21 el v
qzs 142 047 014 108 | 25 el v
qz6 3 35 018 0.6 41 12 - tbr v
qz6 1 36 015 049 38| 13 o el v
qz7 1 40 0.4 012 63| 11 $ el v
fpt 135 019 013 124 | 2 o d v
qz8 232 022 013 56 \ 25 tbr v
fsp2 1 22 0.13 2 | 12 d v
mean 35 017 014 58 | 16
Basal ignimbi )
qzt 1 40 021 011 124 | 15[ 343 257 326 266 tbr v
gzt 138 022 012 33 | 22| 276 267 326 214 tbr v
qzz 141 024 013 43 | 13| 258 284 335 235 el v
qz3 146 018 015 a6 | 16| 255 201 225 281 el v
qz3 1 38 0.08 48 | 11 | 203 382 276 167 el v
qz3 141 021 013 50 | 17 | 232 296 284 280 el v
qzé 152 020 012 33 8 | 162 352 225 162 o v
qz4 155 021 010 30| 11 | 204 263 335 ol v
qzé 1 46 152 21 | 201 261 365 213 el v
qzé 150 1s0| 21 | 196 238 358 182 el v
qzs 1 33 0.22 73l 11 23 382 212 164 ol v
qz6 1 52 0.19 127} 23 |=231 295 351 205 o v
qu? 1 41 19} 15 ol v
qz8 1 45 0.12 88| 28 e v
mean 4.4 021 013 73| 17 233 301 302
Ignimbrite Np=161 ( B-021)
fspt 2 18 0.05 100 | 33 o v
quzt 222 0.03 48 | 32 172 215 314 dk br v
tsp2 1 27 0.04 92 34 cl v
v 2 0.10 59 34 1185 216 329 kbr v
w .qz3 2 26 0.18 79 | 30 [ 102 378 300 v
quzs 1 24 0.07 g2 | 19 d v
qzé4 1 31 0.09 64 | 32 v
quzs 1 21 0.23 63 | 35| 100 236 397 cl sl dev
qut 1 24 0.04 52 | 30 88 271 370 tbr v
fsp2 1 35 0.05 137 195 508 d v
mean 2.4 0.08 72 | 31| 115 263 342
ignimbrite Nb= (BB-045)
qzt 3 24 023 0.16 80 | 21 90 299 32 103 269 ad v
qz2 228 019 017 127 | 30 tbr sldev
qz3 128 017 014 68 | 31 br  stdev
qzé 124 024 009 g9 | 23| 105 282 289 Y
qz5 223 020 010 94 6| 195 298 285 o v
g6 222 026 0.16 116 | 25 | 114 275 333 o v
gqz7 121 018 011 108 | 21 o v
qz8 219 024 019 141 | 23 | 100 238 324 tbr sldev
qz8 123 020 017 112 | 17| 108 321 271 | 0783 tbr v
qzio 1 1.9 024 010 32 | 23| 387 285 299 | 07|83 e v
qzit 1 24 020 008 8t | 17| 214 315 270 | 06{82 o v
qi2 123 018 009 j07 | 17| 187 316 282 | 06|83 Y
mean 23 021 043 g6 | 21| 167 309 297 | 0690
Ignimbrite Nb=140, (8B-037)
qut 127 021 012 64 | 32| 76 351 341 187 Y
qz2 130 o022 012 83 | 35 66 328 352 | 0793 tbr v
qzs 124 022 016 87 | 26 82 338 289 | oBsi cl v
qz3 2 44 047 014 201 | 34 91 307 338 93 tbr v
qzd4 127 0.15 016 209 | 31 63 297 335 5 85 25 tbr v
quzS 2 28 024 012 94 | 36 43 316 294 3 92 29 ¢ v
qz5 120 020 008 102 ] 21| 154 310 253 678 23 cl v
qzé 127 023 012 77/ 35| 84 330 346 6 92 7 cl v
qz6 130 023 016 104 | 32| 60 318 285 88 28 cl v
qz7 2 30 021 012 78| 28 d v
quz7 136 021 013 M7 20 59 316 86 21 cf v
qze 2 34 021 016 93| 28 61 335 92 28 tbr v
qz9 135 015 013 247 \ 34 tbr v
mean 30 020 020 120 30 77 302 87 27
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TABLE 4 (continued)

Xtal n H,O0, C, F, Li 8 P Ti Rb
wt% wt% wt%

Sr Y Zr

_Nb Ba Ce Th M M
Color Condition}

1.9 013 004

ignimbrite Nb=74 (BB-014)

1 51 17 cl v
‘qzi 1 18 019 001 a9 [32 e v
gz2 120 021 004 64 | 31 e v
qz3 122 017 005 so | 15 br v
gz3 122 022 0.11 48 | 29 tbr v
gzé 120 013 005 57 |12 tbr v
qtz5 1 0.23 0.07 45 | 33 cl v
qzé 1 24 022 006 58 | 33 tbr v
mean 21 0.19 005 53 | 25
, Ignimbrite Nb=53 (B88-027)
gzt 123 021 006 15 | 83 br v
gzt 121 021 007 a6 | 29 br v
qz2 120 021 007 a3 | 17 14 227 1281 274 162 5 67 24 br v
qz3 1 14 013 006 35 5 Upaa @ 154 1334 200 59 10 79 13 o v
qzé 107 0.13 006 41 | 22 . dk br v
qz5 3 1.4 015 007 47 | 10 [156 255 281 0964 252 12 5 61 22 dkbr v
qz6 2 18 0.18 0.12 31 [ 10 84 314 284 2060 175 142 6 55 18 br v
qz6 1 23 0.19 0.10 a6 | 19 73 320 292 208 212 161 5 67 38 o v
qtz6 129 0.08 47 7 61 294 0680 245 151 1 75 33 el v
qz7 123 0.10 004 38 | 10 | 179 187 2830 210 60 11 84 13 v
gz?7 110 025 0086 a1 | 3 L Y
qz8 1 18 0.2 009 21 10 Y
mean 1.9 017 007 39| 22 { 100 414 255 1368 226 133 5 67 25
Ignimbrite Nb=52 (88-030)
qzt 1 41 047 72 6| 105 307 196 0842 130 9% 4 38 12 el sldev
qz2 133 012 004 31 3 159 2333 234 64 9 76 8 Rbr v
qz3 118 012 50 5 120 1233 1983 68 8 70 9 el v
qz4 130 022 0.03 as | 19 26 1683 245 168 S5 58 21 el v
qzs 1 1.3 011 007 66 4 118 0B28 180 50 5 66 8 Rbr v
qzé 2 30 023 a7 6 8 77 07 206 134 3 50 29 ¢l sldev
qz7 123 0.11 008 61 sp110 Bgz> 115 1329 188 54 8 68 8 dkbr v
qzé 133 011 007 37 5 79 (543> 87 1426 172 29 7 60 10 tbr v
gz 132 023 005 21 2| 89 246 209 0568 226 145 2 53 25 ¢l sldev
qz10 1 25 022 0.1 55 | 10 79 287 283 0466 238 9 3 S0 24 o v
qtzi1 1 30 0.16 46 4 92 118 0640 157 64 2 52 12 o v
qz12 1 46 .11 38 3 |125 @ 126 1024 160 48 8 48 12 o v
qzi3 1 23 02 30 | 18 73 261249 1968 210 143 4 45 23 e v
qzi3 1 30 0.1 38 | 4 |100 (6370 139 2627 175 48 11 64 12 o v
mean 29 0.16 0.06 45 7 1105 443 167 1142 195 88 5 57 15
Top of ignimbrite (BB-057)
gzl 116 021 008 86 | 28 br cl
qzi 220 019 008 102 29 br v
qzz 222 023 015 87| 35 tbr v
qz3 t 18 0.09 95 36 tbr v
qzd 122 0I5 82| 24 tbr v
qz4 124 022 022 o5\ 30 d v
mean 21 021 013 91

All elements were analyzed by ion microprobe with the exception of Ci, which was analyzed by electron microprobe. Each data set
represents one or more analyses of a single Mi. “Xtal* represents the crystal type and crystal number in which analyzed Ml were located,
and n represents the number of analyses made within each MI. Analytical errors are discussed in the text. .

* Color of Mi glass: ¢l, colorless; It br, light brown; br, brown; dk br, dark brown.

4 Condition of Ml glass: v, vitreous; sl d, slightly devitrified.

Trace Elements

lon microprobe analyses of Li, B, P, Ti, Rb, Sr, Y, Zr, Nb,
Ba, Ce, and Th for Ml are listed in Tables 3 and 4. Whole rock
analyses for Pb, Th, Rb, Sr, Y, Zr, and Nb in pumice lumps arc
given in Table 5. The ncw pumice analyses are within the range
of compositions detcrmined by Kuentz [1986]. MI show a similar
compositional range as whole-pumice analyses. A number of
trace elements in MI, including Nb, Rb, Zr, Y, and Th, covary
and overlap with the range of bulk analyses (Figures 4a and 4b).
MI analyzed from the Plinian tephra overlap with the most
evolved ignimbrite MI compositions (Figures 4a and 4b, Figure

8a). MI compositions in the Plinian tephra arc similar to the bulk
composition (Figure 4c) whereas in some ignimbrite samples, a
population of MI are enriched in the aforementioned clements with
respect to the bulk composition of the pumice in which the Ml
were found (Figure 4d).

The analyses are most simply described as falling into two
groups. The first group, the so-called “normal” LBT composition,
includes MI from ignimbrite and Plinian pumice lumps which
show Nb ranging from 120-230 ppm and Ti from 190-350 ppm
{the "normal field", Figurc 4¢). The Plinian Ml are distinguished
by their high H,;O and F contents (described previously). The

PO 2 %
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Fig. 2. Histogram of volatile contents of all MI from the LBT plinian and ignimbrite as analyzed by ion microprobe. (a)

Histogram of H,0. (b) Histogram of F.

second group consists of a suite of M1 from ignimbrite samples
004, 014, 027, and 030 which are characterized by high titanium
and low Nb (Nb from 30 to 100 ppm, and Ti from 350 to 637
ppm, the “high-Ti" group Figure 4e). The high-Ti MI arc also
richer (on average) in Sr and Ba but are poorer (on average) in
Cl, Li, B, Rb, Y, Nb, and Th (Figures 4e and 4f). There is no
statistically significant differcnce between the low- and high-Ti
ignimbrite MI for P, Fe, and Ce.

The distinction between the high and low-Ti MI does not
appear to be sharp when all data are considered (Figures 4e and
4f). However, when analyses from a single pumice lump are
examined, the differences are more pronounced. This comparison
is shown on Figure 5 (Ti versus Cl, Y, Ba, and Th) for sample
030, where bulk and microbeam data arc compared. Whole rock
analyses of the pumice lump are similar to the analyses of high-Ti
MI and the single analysis of matrix glass. While on average
there is a difference in the Li and F contents between high- and
low-Ti MI, this difference does not show up on the scale of a
pumice lump. Note that single quartz crystals in samples 030 and
004 contain a high- and a low-Ti MI. The relative positions of
these MI within the crystal is difficult to ascertain because of
culting geometry.

The single pumice analyses by Kuentz [1986] and those made
as part of this study also can be split into the same groups.
Pumice analyses show distinctly high Zr in the high-Ti suite of
samples. Kuentz analyzed several elements not studied here, and
we note that Eu and Sc are enriched in the high-Ti samples while
Ga, Sb, Cs, Ta, U, Zn, Hf, Sm, and heavier trivalent rare earth
clements are depleted relative to low-Ti pumice. The analyses by

Kuentz [1986] indicated that Plu@{ samples do not show a wide

~WN

range of chemistry while ignimbrite samples can be quite variable.
The ion probe data also show less variability in Plinian MI
compositions. In general, analyses of ignimbrite pumice samples
best match the MI containing the lowest Nb.

Step scans for Li, P, Ti, Rb, Sr, Ce, and Ba were made across
three sanidine crystal from LBT ignimbrite sample BB-027 and
four sanidine crystals from LBT ignimbritc sample BB-021
(Figure 6). In one of the crystals analyzed from BB-027, the core
of the phenocryst contains low and constant abundances of Ba, Sr,
Ti, and Ce, but these clements are enriched by factors of §,
~1.5, 2 and 5 respectively, beginning about 400 pm from the rim
of the crystal. Strontium, Ba, Fe (not shown), Ti and P increase
sharply at about 200 gm from the crystal edge, but then tend to
fall sharply again. Rubidium and Li are virtually constant from
200 to 700 um (Figures 6a and 6b). Barium, Sr, Ti, and Ce are
strongly correlated in this sanidine. The two other sandine
crystals from BB-027 showed similar correlations between Ba, Ti,
Sr, and Ce near the crystal margins but absolute concentrations
were lower.

Three of the crystals from BB-021 are homogeneous with
respect to Rb (Figure 6d), with concentrations of ~115 ppm.
One of the three crystals contains a MI with 300 ppm Rb (scan 3).
The resulting calculated partition coefficient (0.3) is consistent
with other measurements [e.g. review in Nash and Crecraft, 1985,
Kovalenko et al., 1988]. Li decreases by 30-50% at the rims of
sanidines. Two step scans at right angles werc made across a
fourth crystal from sample 021 contains about 50 ppm Rb. In the
long direction of the sanidine, the Rb increased from ~ 50 ppm at
the core to 90 ppm at the rim, w{x_ilg? the other direction the Rb

remained uniformly low. 7
) '5 /'US/& )
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Fig. 3. Histogram of the H,O content of MI from individual LBT

ignimbrite samples. The samples are arranged in order of inferred depth
in the magma chamber. The “basal ignimbrite™ samples are located based
on stratigraphic position in the deposit. The samples from the body of the
ignimbrite are arranged in order of decreasing whole pumice Nb content.
Sample BB-057 was too small for bulk trace element determination.

Are Melt Inclusions Representative of Preeruptive Melt?

Maelt inclusions are small samples of magmatic liquid which are
trapped in crystals during their growth [Roedder, 1984]. If
unaltered, these MI can provide direct samples of preeruplive
silicate. Any investigation of MI must involve detailed assessment
of the quality of the inclusions in order to determine if alteration
has taken place. A number of factors may cause MI compositions
to deviate from true pre-cruptive magmatic liquid composition.
For example, if a MI remains at near-magmatic temperature for
an extended time, additional crystalline material may precipitate
onto its interior wall. If a single crystalline phase, that of the host
crystal, is deposited, the remaining glass becomes enriched or
depleted in the elements which are respectively incompatible or
compatible in this crystal [Webster and Duffield, 1990; Watson,

DUNBAR AND HERVIG: BANDELIER TUFF MELT INCLUSION COMPOSITION

TABLE 5. Trace Element Compositions of Bulk Pumice and
Matrix Glass From the Body of the Lower Bandelier ignimbrite

Sample Pb, Th, Rb, Sr, Y, Zr, Nb,
Number opm ppm._RRM _pPM PRM _PRM _PPM
Bulk Pumice
Basal ignimbrite
B8B-002 30 29 211 9 68 173 100
B8B-003 28 25 194 12 61 174 90
BB-004 27 25 211 9 60 170 86
Body of ignimbrite
BB-014 13 22 162 7 52 182 74
BB-021 14 43 307 3 105 223 161
BB-027 15 17 17 6 37 215 83
BB-030 177 13 114 5 38 20t 82
BB-037 36 39 284 12 96 201 140
BB-045 31 40 285 15 96 206 142
Matrix Glass
BB-027 14 110 4 25 184 55
BB-037 32 310 2 86 217 166

Whole pumice analyses by Xray fluorescence analysis, d
matrix glass analyzed by ion microprobe.

1976: Anderson and Wright, 1972]. If a cuteclic asscmblage wer
dcposited, the residual glass might not be altered with respect to
major elements, but the sccondary crystals would not be optically
continuous with the host crystal. Eutectic crystallization within a
MI has not been obscrved in other magmatic systems. Based on
the close agreement between the major element compositions of
M1 and matrix glass, and the lack of an optically discontinuous
layer bounding the glass, Ml in the Bandelier Tuff appear to be
pristine. The slight ncgative crystal shape observed in some Ml
from the LBT ignimbritc may be a result of crystal anncaling
[Anderson, 1991].

Inclusion glass may become devitrified afier entrapment,
particularly if the MI remains at high temperature for an extended
time. Devitrified MI can be recognized with petrography, major
clement analyses, and backscatter electron imaging, so analysis of
these MI was avoided. Incipient devitrification can be morc
difficult to recognize in a MI but Skirius et al. [1990] suggest that
incipient devitrification does not affect the volatile content of MI.

MI may trap non-representative magma. For example, if the
crystal grew faster than a specific element could diffusc away
from the crystal-melt interface, an envelope of anomalous mclt
around the crystal could result [Bacon, 1989]. This effect can be
difficult to assess in MI because the diffusional process is
complex, and may affect some elements more than others. For
cxample, it is apparent from the variable trace clement
compositions of Ml in a single pumice lump that MI may not be
compositionally identical to the bulk melt+crystals from which

they were trapped. However, the lack of correlation between u\c\,\)\l\\

variable trace clements (Rb, Y, Nb, Cs, Ce, and Th) and volatile
components suggests that the processes responsible for the trace
clement chemistry did not influence the volatile content.

Some MI contain bubbles that may have been trapped during
crystal growth [Belkin et al., 1985] or, may have evolved during
cooling due to differential contraction of the host crystal and
inclusion glass [Roedder, 1984). Bubbles which evolve in MI may
contain a vapor phase, but bubbles in M1 from the LBT probably
do not contain a significant amount of H;0, due to their small size
(<5% of total MI volume) and the high H,O content of bulk
glass.

¢

vy
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Finally, it is possible that Ml may lose H,0, particularly if they
arc held at clevated tempcratures for long periods of time.
Ideally, M1 for volatile analysis should have quenched rapidly, as
the diffusion rate of water increases with temperature [Karsten et
al., 1982; Hofinann, 1980]. However, rapidly quenched samples
of ignimbrites may be difficult to obtain. In some cases, Ml
appear to have degassed through "sub-micron capillaries™ [Bacon
et al., 1992], or through large cracks in the host crystal {Skirius
et al, 1990]. We attempted to avoid analysing Ml which were
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penetratively cracked. Some host crystals contain small radial
fractures around the included glass, but the volatile content of
these slightly fractured MI does not appear significantly diffcrent
than those from uncracked crystals. Some MI with anomalously
low H,O contents were disgarded because of the possibility of
unobserved penetrative cracking. The volatile contents of M
which showed slight radial cracking were similar to those which
appeared uncracked, as was also observed by Skirius et al. [1990}.
However, Skiritus et al. [1990] suggest that, in some slowly cooled
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Fig. 4. Plots of trace clement contents of MI from the LBT as analyzed by ion microprobe. Solid circles represent MI from the
plinian tephra, and open circles are from the ignimbrite. (@) Nb versus Rb for all ML The line on the figure represents the
range of bulk samples as analyzed by Kuentz [1986]. (b) Nb versus Y for all MI. The fine on the figure represents the range
of bulk samples as analyzed by Kueniz [1986]. (c) Nb versus Th for MI from a single sample of LBT plinian tephra. The open
circle represents bulk composition of plinian tephra as determined by Xray fluorescence by Kuenzz [1986]. (d) Nb versus Th
for MI from a single pumice lump (BB-027) from the LBT ignimbrite. The open circle represents the bulk composition of the
pumice lump as determined by Xray fluorescence analysis. (¢) Plot of Ti versus Nb for all MI from the LBT as analysed by
ion microprobe. The outlined field represents the “high-Ti~ composition MI; others are part of the "normal field.” (/) Plot of
T versus Cl for all MI from the LBT as analyzed by ion microprobe. The outlined field represents the “high-Ti" composition

MI, all others arc part of the "normal field.”
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ignimbritcs, vitreous rhyolitic MI have becn affected by cracking
and that presumably the loss of volatiles allowed the Ml to remain
vitreous. They suggest that unalicred volatile contents can be

‘most  reliably determined by revitrifying  devitrified ML

Therefore, we would like to acknowledge that some of the lower
H,O contents of Ml may result from analysis of MI with
undetected cracks, which have lost H;O.

The process of diffusive hydrogen loss [Qin and Arderson,
1992] is difficult to address in a natural system, because the Ml
from the ignimbrite remained at high temperature for longer than
those from the Plinian tephra and the rclatively lower water
contents measured could also result from expected from predicted
volatile element zonation (higher volatile contents near the top of
the chamber). We werc able to collect one sample (BB-057) from
the pumice-poor, completely nonwelded top of the LBT
ignimbrite, which probably cooled rapidly compared to the body
of the ignimbrite. The volatile contents of the MI from this
sample were similar to other samples from the body of the
ignimbrite.

Variations in the H,O contents of LBT Ml in a pumice lump
tend to exceed our estimated analytical uncertainty of £0.5 wt %.
The magnitude of variability appears to increasc with the scale of
observation, being lowest for multiple analyses of a single MI and
highest for Ml in different crystals. Some MI contain abnormally
high water contents (c.g., Table 3, Figure Ta) which could be
attributed to spurious individual analyses, but high valucs have
also been observed in MI using other analytical techniques [e.g.,
Skirius et al., 1990]. However, magma in a natural system is not
necessarily homogeneous [e.g.. Oldenberg et al., 1989], and some
of the variations observed arc likely to be due to local
inhomogeneity in the volatile concentrations in the magma
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chamber. On a larger scale, pre- or syn-eruplive processes could
also be important, including settling of crystals in a zoned magma
chamber or small-scale mixing (on the scale of a single pumice
lump) of magmas with distinct volatile contents at the time of
cruption [Blake and Campbell, 1986; Carrigan and Eichelberger,
1990].
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DISCUSSION OF VOLATILE DISTRIBUTION

Volatile Distribution in the Lower Bandelier Magma

Our determinations show that a significant volatile gradient was
present in the LBT magma chamber, with higher H,0 and F in the
upper zone which produced the LBT Plinian as compared to that
which formed the LBT ignimbrite (Tables 3 and 4; Figures 2 and
3). The greatest and most systematic amount of variation in
preeruptive H,;O and F content appears to be in the magma which
produced the Plinian tephra and the directly overlying ignimbrite,
which we presume to represent the top of the magma chamber.
The mean H,0 and F contents of these samples vary from 5.5 to
3.5 wt % and 3000 to 1200 ppm, respectively. The variation in
volatile contents for this portion of the magma chamber appears
to be stratigraphically preserved in the deposit, suggesting that, at
least in this part of the cruption, sequentially decper layers of the
magma chamber were being removed. This eruptive style has also
been suggested for the ecarly stages of eruption based on field
evidence [Self and Lipman, 1989]. Within the body of the
ignimbrite, there is no systematic variability in the mean H,0 and
F contents of individual samples (Table 4) with either stratigraphic
position in the deposit, or with trace element concentration of the
whole rock pumice sample. Although the samples from the basal
ignimbrite are more enriched in H,O and F than those from the
body of the ignimbrite, there is no positive corrclation between
these two components in the body of the ignimbrite. Thercfore,
on a large scale, the H,O and F contents of the >300 km® of the
magma which produced the bulk of the ignimbrite appears to have
been relatively uniform.

The abundance of MI in magmatic phenocrysts also provides
indirect evidence of the volatile gradient in the LBT magma. We
observe that quartz crystals in the LBT Plinian tephra contain
abundant MI (estimated at up to 20% of the crystal volume),
whereas MI abundance is lower in the basal ignimbrite crystals,
and lowest in the body of the ignimbrite, where some quartz
crystals are inclusion-free. Inclusion abundance is dependent on
crystal growth rate {Roedder, 1984], which is, in turn, dependent

on diffusion rate of major structural componcats in the magma wt

{Ghiorso, 1987). Thus crystals growing in the more H,O-rich
portion of the melt should contain more MI. The average
abundance of MI is much lower in feldspar crystals than in quantz
crystals for any given sample. This feature, however, probably
does not indicate that the feldspar crystals grew in a more volatile-
poor magma than did quartz, but rather that the probability of M1
entrapment is dependent on crystal type. The regularity of crystal
morphology during growth varies with crystal type, and will affect
the likelihood of trapping MI. Quartz may grow in a non-faceted
morphology [Kirkparrick, 1975] which may promote MI
entrapment.

Evidence for Volatile Saturation in the Bandelier Magma

Several lincs of evidence suggest that parts of the magma which
produced the Bandelier Tuff may have been volatile saturated.
The mean water content of the melt phasc of the first-erupted
Bandelier magma was ~5 wt %. Based on the solubility of water
in a thyolitic melt [Burnham, 1975, 1979a; Silver et al., 1990},
this magma would be water-saturated at depths of 5-6 km. At the
present time, this is the best estimate for the depth to the
Bandelier magma chamber [Goff et al., 1989].

The covariation of H,O and F is further evidence for water
saturation of the LBT magma. Water and F are both enriched in
the magma from the body of the ignimbrite to the base of the
ignimbrite to the top of the Plinian tephra. Although there is no
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apparent correlation between H,0 and F content of individual MI
within samples from the magma which produced the LBT Plinian,
the mean H,O content of samples (averages of multiple M1)
incrcases only slightly, if at all, while mean F incréases
dramatically. A possible cxplanation for this behavior is that the
upper level of the LBT magma chamber was water-saturated so
that the water content of the melt was buffered by the présence of
the vapor phase. Any additional H,;O introduced into the melt by
crystallization, or other processes, would partition into a vapor
phase, Jeaving the H,0 content of the melt unchanged. However,
if F were transported to the upper portion of the magma chamber
by the samc process as H,0, it could become enriched in the
silicate melt while H,0 remained constant because of the greater
compatibility of Ein a silicate O-dominated fluid
(fluid/silicate melt partition cocefl ficients are <0.5; Webster el al.

{1 ~London et ai. 1988]). Tlus would lcad 10 concentration

O{mestcm.

In contrast to F, the mean Cl content of samples from the upper
portion of the magma chamber were similar (Tables 3 and 4), and
the maximum Cl content of the melt for all samples was virtually
ideritical (Figure 7b). Chlorine behaves very much like H,0, and
this bchavior is consistent with water saturation becausc Cl
partitions preferentially into an H,O-rich vapor phase from a
rhyolitic melt [Kilinc and Burnham, 1972]. The experimentally
determined maximum Cl content in water-saturated rhyolites at 2
kbar is 2600 ppm [Webster and Holloway, 1988}, which 1s

" identical to the maximum Cl content of MI from the LBT Plinian

cruption. In contrast, Ci contents of M1 from the Upper Bandelicr
(UB) Plinian cruption are uniformly greater than 2600 wt %
(Table 3), which, according to the work of Webster and Holloway
[1988], would only be possible if no H,O-rich vapor phasc were
present. Shinohara et al. {1989] suggest that the solubility of Cl
in a melt is inversely pressurc dependent, in which case the higher
Cl contents of the UB magma could simply indicate that the UB
magma resided higher in the crust than the LBT magma.
However, the water content of the UB Plinian suggests that the
magma would have been saturated at 3- to 4-km depth, which is
shallower than has been estimated for the UB magma chamber
{Goff e1 al., 1989]. However, the Cl content of samples from all
nts of the LBT are similar, and the maximum Cl contents of
virtually all MI analyzed from the LBT, with the exception of
high-Ti MI, are virtuaily identical. While these data do not
negate the above arguments, they show that Cl and H,0 did not
behave similarly in the magmatic systcm as a whole.
Measurements by London et al. {1988} and Pichavant {1981}
suggest high fluid/melt partition coefficicnts forBof ~2and ~3
respectively. Assuming that B is partitioned into a hydrous fluid,
a plot of F versus B should show similar characteristics to the
plots of F versus Cl and F versus H.O. As Figure 7c reveals, this
is indecd the casc. Thus all identified hygrophilic elements show
similar behavior in the ML, with the Plinian samples notable for
their high F contents. The behavior of F and H,0, together with
the independent depth estimates, strongly suggests that a hydrous
fluid was present in the upper levels of the magma chamber.

DISCUSSION OF TRACE ELEMENT SYSTEMATICS

Trace element compositions of Mi from the LBT Tuil are
variable, and encompass & similar range of values as observed for
pumice lumps, although the major clement composilions are
invariant (Figures 4a-4f, Table 2). The range of tracc element
contents in Plinian Ml overlaps with bulk Plinian pumice analyses,
as well as with the more trace-clement-rich ignimbrite MI
compositions. In addition to the normal trend of trace clement
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variation, there is the high-Ti trend described earlicr. 1t docs not
appear that the observed trace element variations can be explaincd
by a single, simple process. Some procesées that may have
contributed to the observed variations are discussed here.

Magma Mixing

Trace clement compositions of some MI from the LBT
ignimbrite appear 1o show evidence of input of magma that is
chemically distinct from “typical” LBT magma that defines the
trace element trends described by Kuentz [1986]). A group of Mi
from some pumice lumps have very high Ti and low Nb (Figure
4¢). Cerium, Ba, Sr, and Zr arc high in high-Ti MI, and in
contrast, B and Cl arc low in these ~ 20 high-Ti Ml (e.g., Figure
4f). Populations of low Cl (1000 to 1500 ppm) and B (10-20
ppm) M, which arc all high-Ti M1, can be observed in Figures
7b and Tc. Major clements appear to be invariant in all M1, The
observed variations in MI composition, which cannot be explained
by fractional crystallization, suggest that a second magmatic
component influenced the composition of part of the Bandelier
magma chamber. This type of compositional variation has also
been observed in the Bishop Tuff [Hervig and Dunbar, 1992;
Dunbar and Hervig, 1992].

If the second magma was derived from the lower portion of the
magma which produced the LBT, eruptions subscquent to the LBT
ignimbrite might be expected to show chemical affinities with the
second component. This is the case, as evidenced by the first
Cerro Toledo tephra crupted after the LBT ighimbrite [Stix and
Gorion, 1990; J.Stix, personal communication, 1990] which is
enriched in Zr (312 ppm), Ti (720 ppm), Ce (124 ppm), Sr (11
ppm) and depleted in Cl (840 ppm) and Nb (50 ppm) as compared
to typical LBT magma (Table S) althdugh their major element
compositions are similar. Recent ion microprobe analyses of Ml
from this tephra confirm that B is also low (9 ppm [Layne and
Stix, 1990]). These data suggest that the anomalously high-Ti
composition of some MI in the LBT ignimbrite may represent a
second magma which underlay the “normal” LBT magma.

Introduction of a sccond magma of similar major clement
composition but distinct trace element composition into the lower
portion of the Bandelier magma chamber may not have aftected
the crystallizing phase assemblage, but, barring a deviation from
Henry's law behavior for trace element partition coefficients,
some phenocrysts should record the different tracc elcment
composition of the second magma. We mgasurcd trace clement
vanations in three sanidine crystals from BB-027, which contains
Ti-rich MI derived from the second magma. The results of a step
scan on one crystal are shown in Figures 6a-6¢. Note that Ba, Sr,
Ti, and Ce arc low and constant in the phchocryst cofe. At about
400 pm from the cdge of the phenocryst, these elements all start
to increasc markedly. Wide variations in trace clement
composition have becn found at the edges of many sanidinc
crystals from the LBT, but these are especially pronounced.
Barium, Sr, Ti, and Ce arc strongly correlated in the sanidine,
which further suggests that the Ti-rich MI do reflect a dramatic
change in thc magmatic composition around this phenocrystduring
crystal growth. Further evidence comes from the presence of two
MI in a single phenocryst, onc displaying the Ti-rich component,
onc not (Table 4, BB-004, quartz 4: BB-030 qtz 13). The
different rate of increasc of elements rimwards probably relates to
differcnces in the diffusion rates of these trace clements
sanidinc and the mixing silicate magmas {Hervig and Dunbar,
1992].

Although the process that we describe here is not large-scale,
complete mixing of two strongly different endmembers [e.g..
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Anderson, 1976), it does represent local interaction between two
_.~hemically distinct magmas. This interaction is likely to have
:n place in the lower portion of the magma chamber, because
e composition of the second magma is similar to magmas
crupted after the LBT. Although the high-Ti magmatic component
is most pronounced in the ignimbrite samples with the lowest
whole-pumice Nb contents, it can be identified in most ignimbrite
samples, but is not found in the Plinian tephra. The presence of
this high-Ti, low Nb component, and its apparent influence on the
bulk Nb content of ignimbrite pumice samples suggests that some
of the apparent syn-cruptive mixing suggested by Kueniz [1986]
may be duc to pre-cruptive inhomogeneities in the magma
chamber.

Fractional Crystallization

Although some of the compositional variation observed in MI

from the LBT magma can be adequately explained by mixing of

& high-Ti, -Ba, -Sr, -Ce rhyolite into the base of the LBT chamber
at some time prior to eruption, the dominant compositional
variation in the LBT MI and pumice are cxpressed as the linear
correlations between a number of trace elements shown in Figures
4a and 4b. Liquid compositions below 100 ppm Nb may have
been affected by the magma mixing process, but those above 120
ppm probably are not. The close correlation between the pumice
and MI compositions suggest that the same evolutionary process
affected both. This variation was attributed to fractional
crystallization by Kueniz {1986]. Fractional crystallization in the
body of "normal” LBT magma (not including the high-Ti
component) could have produced enrichments of incompatible
clements such as Nb, Rb, Y, Th, Ce, and Zr, and could have
zencrated the armay of MI compositions observed for those

% Jements. Fractionation of a eutectic assemblage is necessary,

because the major clement composition of the pumice is invariant.
The major mineral phases in the LBT magma are quariz and
sanidine, with subordinate pyroxenc, and magnetite, and trace
amounts of zircon and allanite (Kuentz, 1986]. Trace amounts of
chevkinite have also been reported {Izett and Wilcox, 1968]. As
such, the bulk partition coefficients for several trace clements (Rb,
Y, Nb, Th, Cl, and F) are < <1. The effects of fractional
crystallization can be calculated as follows. For Rayleigh
fractionation,

2 phet
o

where x; is the concentration of element i in the initial melt, x{ is
the concentration of i in the melt afler f fraction crystallization, F
is fraction of melt remaining (f=1-F) and D; is the crystal/melt
partition coefficient for clement i. If D;=0, this simplifics to

i

1
o F
i

»

Selection of initial liquid composition. Recognition of magma
mixing in the LBT magma is important in order to establish a
reasonable starting point for fractional crystallization calculations
as these models are profoundly affected by the initial composition
selected. In the ideal case, we could use the bulk analysis of the
most unevolved pumice lump as the initial composition.
Admixing of the distinctive, high-Ti magma, which has altered the
bulk magmatic composition, and makes sclecting 2 starting point
more difficult. Kuentz's {1986] bulk analyses reveal that a change
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in slope is present on plots of Nb versus Th, Sc, Eu, Zr, Pb, and
Ga, at approximately 100 ppm Nb (representative example, Figure
8). Magmatic compositions with < 100 ppm Nb may represent
magmas containing significant amounts of the high-Ti component
(Figure 4¢). Thereis a compositional gap between 100 and 120
ppm Nb (Figure 8), so we have chosen 120 ppm Nb as an initial
liquid composition, and used the data from Kuentz [1986] to
determine the concentrations of other elements at this Nb content.

Fractional crystallization modeling of trace elements. The
positive linear corrclations between Nb and trace elements Th, Y
and Rb in Figure 9 might result from fractional crystallization of
up to 40% was calculated for phases free of these clements. The
observed variation of Nb vs. Zr for Ml (Figurc 8a) could also be
a result of 40% fractional crystallization. However, a number of
MI contain anomalously high Zr contents. Overlap onto a
microcryst of zircon during analysis could be responsible for the
high Zr, for even a very small overlap (<0.03 modal percent
zircon) could generate the deviant values.

A plot of Nb versus Ce content of MI shows a nearly flat trend
with some MI having high Ce contents. This can be explained by
the presence of trace amounts of chevkinite in the fractioning
assemblage. Analyses of chevkinite in other localities compared
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Fig. 9. Calculated fractional crystallization paths and observed

compositions foc Rb, Th, and Y versus Nb. The solid lines represent from
0 to 40% fractional crystallization, and the open symbols represent the
observed melt inclusion compositions. Fractional crystallization
calculations are discussed in the text.

to host rocks yields high Ce partition coefficients of 1100-1700
[Michael, 1988]. With such a high partition coefficient,
fractionation of about 0.1 modal percent chevkinite will yield a
bulk partition coefficient near unity, resulting in littie variation in
Ce in the residual melt during crystallization, with the occasional
high Ce resulting from overlap of the ion beam on a
microphenocryst of chevkinite.

Other elements. Although is is possiblc to model evolution of
the LBT MI as fractional crystallization with trace elements
conventionally used as petrologic indicators, a number of other
elements do not seem to fit this model. H,0, F, Li, and B, which
are generally considcred to represent the volatile component of a
silicate melt, but are also incompatible in the crystallizing phase
asscmblage, do not exhibit the same trend in MI as nonvolatile
trace elements. These are clements which are not normally
representatively preserved in bulk rock, and are not generally used
as indicators of fractional crystallization. There is a weak positive
correlation between Nb and Cl in MI. However, there is no
correlation between Nb and F, B, Li or H;O. If the initial
concentration of Cl were 0.15 wt %, slightly over 40%
crystallization would be required to cxplain the Cl contents of the
most enriched M1, but the poor correlation makes this conclusion
doubtful. Water and F can be considered incompatible in the LBT
magma as long as no fluid phase were separating from the mek.
The lack of correlation between these components and Nb do not
support a model of compositional variation bascd on fractional
crystallization, suggesting that H,0 and F are decoupled from
other trace elements in the magmatic system. All may be
excluded from the crystalline phases, but H,0 and F may be
concentrated upwards by a different mechanism, and/or at a faster
rate than the other clements {e.g., Trial and Spera, 1990].
However, this explanation cannot be applied to Li and B because
of their slower diffusion rates, so their invariance must be due to
another process. Both are compatible in an H,O-rich fluid phase
under certain conditions [Webster er al., 1989; Pichavani, 1981;
London et al., 1988], and could be buffered by such a fluid.
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However, the low measured H,O content of the LBT magma
precludes presence of an H,O-rich vapor. A remaining possibility
is that these elements were buffered by a CO,-rich vapor phase,
but we have no direct evidence for the presence of CO; and no
information about the behavior of Li and B in the presence of
COy-rich vapor.

An alternative explanation for the variation in trace clements,
also not without contradictory evidence, is to invoke an additional
magma mixing cveni(s) early in the history of the chamber.
While we have abundant evidence for the mixing of a high-Ti
rhyolitic component, evidence for an ecarlicr mixing cvent is
mainly supported by the inability of local fractional crystallization
to completely explain the chemistry of MI. The only dircct
evidence for magma mixing lies in the wide range of composition
observed in MI from the same crystal host (Table 3). For
example, examine Qiz 13 from ignimbrite sample 030. To
explain this chemistry would require a strong change in magmatic
composition during crystal growth, or simply the mixing of two
batches of rhyolite with subtly different trace element composition.

EVQLUTION AND ERUPTION OF THE LOWER BANDEUER TUFF

Although the H,O and F contents of the LBT magma are
variable, and are strongly enriched in the upper portions of the
magma chamber, the distribution of these components within the
magma chamber is not the same as the anmmilc

_raceslemeats. The H,O and F contents of M1 from the Plinian
tephra are proportionally more strongly enrichied than those of
lithophile trace elements as compared to ignimbrite compositions.
Furthermore, although the nonvolatile trace element compositions
of the Plinian and more-enriched ignimbrite Ml overlap, the H,0
and F contents of these MI are gencrally distinct. The net
enrichment of non-volatile trace elements can be explained by
40% fractional crystallization, whereas H,O incrcases by
approximately a factor of 3 from the ignimbrite to the Plinian
tephra. The obscrved variation suggests that the process of
concentrating of H;O and F in the upper part of the magma
chamber was more efficient than the process affecting other trace
elements. The same pattern is observed for MI from the Bishop
Tuff Plinian and ignimbrite deposits [Hervig and Dunbar, 1992;
Dunbar and Hervig, 1992]. Fractional crystallization, particularly
sidewall crystallization, has been called on in other systems to
explain upward enrichment of incompatible trace clements
[Turner, 1980] and Spera et al. (1989) and Trial and Spera {1990]
suggest that rapidly diffusing components, particularly H;0, may
become eariched upward much more rapidly than slower-diffusing
clements. Prior to the onset of the LBT cruption, an
H,0-rich vapor phase was generated in the upper portion of the
magma chamber, as evidenced by the proportionally greater
increase in contents of ‘F over H;O contents of MI, and the
invariance of Cl and B in MI from the Plinian tephra.
Experimental evidence suggests that Cl and B would fractionatc
strongly into an H,0-rich vapor phase [Kilinc and Burnham, 1972,
Pichavant, 1981], so could remain invariant in the melt once a
vapor phase had been generated. However, if the vapor phase did
not escape thc magma chamber after its generation, the magma
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chamber would have become overpressured [Burnhamn, 1979b,

Tait et al., 1989]. An estimate of the overpressure can be
determined by comparing the concentration gradients of F and
H,0. Fluorine increases by about 30% from midway through the
Plinian (BB-094) to the basc of the Plinian tephra (BB-096),
whereas increase in H,O contents is less. Assumingthat H,O was
cnnchcd in the magma at the same rate as F, the H;O content of
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the base of the Plinian would have been ~6.8 wt %, s0 ~ 15wt t\)\’?‘(’
% H,0 has exsolved. Given that the LBT Plinian has a m .

volume of 20 km®, or a mass of 5.3x10' g, then a total mass of
1x10" g of H,O would have exsolved from the melt, if the entire
Plinian magma was saturated. At a pressure of 2 kb, assuming
ideal gas behavior, this mass of H,0 vapor would occupy 1 km®
in the magma chamber and would gencrate considerable
1t is likely that as watcr vapor evolved in the
chamber, minor failure in the roof of the magma chamber
occurred, as described by 7Zait et al. {1989). The magma chamber
may have bechaved as an open system with respect to a vapor
component, allowing the vapor to continuously escape as it was
generated. Geothermal fluids related to magmatic systems, and in
some cases, gas content of soils around active volcanoes, contain
a magmatic component, suggesting that magmas are able to degas
passively [e.g., Burnham, 1979b; Allard et al., 1989]. Assuming
that excess volatile components were able to escape from the
chamber, the eruption of the LBT was probably not caused by
simple, progressive buildup of volatile components in the upper
portion of the chamber, but may have instead been initiated by a
more catastrophic event, such as influx of new magma, or tectonic
disturbance {Sparks et al., 1977].

The LBT eruption appears to have been characterized by
removal and deposition of discrete horizons of the magma
chamber, followed by chaotic eruption of deeper magma [Kuentz,
1986]. The density and viscosity variations in 2 magma chamber

strongly influence the withdrawal mechanisms of the magma from

the chamber, and can, in turn, strongly affect the eruptive style
{Blake, 1984; Blake and Ivey, 1986; Spera et al., 1986}. Based
on the volatile and major clement compositions of the LBT Plinian
and ignimbrite magmas, density and viscosity variations within the
magma chamber have been estimated (Figure 10) in order to relate
these changes to the eruptive style. The density of the magma
was calculated for a temperature of 850°C (based on estimates of
Upper Bandelier Ignimbrite magma from Warshaw and Smith
{1988} using partial molar volumes from Mo er al. [1982] and
Burnham and Davies {1971]). The partial molar volumes for all
components except H,O were determined for a pressure of 1 bar,
as data are not currently available to determine the absolute
density of the magma at 2 kbar. However, the objective of these
calculations is to determine the density difference between the
watcr-rich and water-poor LBT magma, and if this difference for
the LBT magma is analogous to albitic melts studicd by Burnham
and Davies {1971}, the variable H,O content of the magma has a
much stronger cffect on the calculated magmatic density than the
compressibility of anhydrous components, or that of rcasonable
variations in temperature. The viscosity was calculated following
the method of Shaw [1972]. The effect of F on melt viscosity is
roughly similar to that of water [Dingwell, 1987} and for viscosity
calculations of the Bandelier magma, the F content of the meit
was added to that of water. Magmatic phenoeryst content was not
included in the calculations because the phenocryst content is
generally low (<20% corrected for vesicularity) and there is no
evidence of strong systemalic variations in phenocryst content
throughout the Bandclier magma [Kueniz, 1986].

The density and viscosity of the Bandelicr magma are strongly
affccted by magmatic water content, therefore the largest change
in these magmatic propertics per volume of magma occurred
within the upper part of the chamber (sec Figure 10). The magma
which produced the bulk of the Plinian tephra appears to have
been saturated with H,0, which could have drastically reduccd the
bulk density. The body of the ignimbrite was relatively
homogeneous with respect to water, and therefore, assuming that
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Fig. 10. Calculated magmatic (a) density and (b) viscosily versus inferred
depth in the LBT magma chamber. The depth in the chamber is roughly
based on the volume of crupted material for the plinian and the basal
ignimbrite, and is inferred based on the Nb content of the sample for the
body of the ignimbrite. Mean H,O contents of ML are used for cach
sample, and a temperature of 85C°C is used throughout.

no CO,-rich vapor phase was present, with respect to magmatic
density and viscosity as well.

The non-uniform density and viscosity variations within the
Bandclicr magma may have influenced the eruption dynamics of
the magma, causing withdrawal of discrete compositional layers
of magma in the carly stages of the cruption, followed by the
more chaotic style of eruption which may characterize the body of
the ignimbrite, in which a number of compositional layers were
tapped simultancously, and mixed. This behavior is consistent
with the cruptive styles predicted for magmas as a function of
density and viscosity gradients [Blake and Ivey, 1986; Spera,
1984; Spera e1 al., 1986]. However, as discussed in Dunbar and
Hervig {1992} the magma which produced the Bishop Tuff appears
1o have contained a similar volatile gradient to the Bandelier
magma, although the cruptive style of the Bishop ignimbrite
appears 0 be more regular than that ignimbsite.
Furthermore, the H,O content of the magma at the
Plinian:ignimbrite transition of these two ecruplions is quite
different; 4.3 wt % for the LBT and 2.6 wvt % for the Bishop
Tuff. As vent width is one of the factors which controls Plinian
versus ignimbrite eruptive style [c.g., Wilson ef al., 1980}, a
possible reason for this difference is that the vent of the LBT
cruption may have widened drastically afier 20 km® of magma was
erupted, precipitating the onsct of ignimbrite eruption. A
catastrophic vent widening, perhaps associated with caldera
collapse, could have disrupted the eruption style to the point
where chaotic, rather than systematic, withdrawal occurred. The
above observations suggest that although the volatile components
of a magma arc the driving force behind explosive voicanic
cruptions, the volatile gradient of a magmatic system is not
necessarily the primary factor controlling the eruption dynamics,

and that other factors, such as thc geometry of the magma . (Lo
chamber and vent systems, gay also be important. < C’:{\)‘m "
X
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The LBT eruption cnded after approximately 400 km® of
magma had been erupted, but the volatile content of the magma
did not decrease markedly towards the end of the eruplion.
However, tapping of the high-Ti magma underlying the normal
LBT magma may have caused the LBT eruption to end. The

- geason for termination, however, is not immediately clcar, because

although the Cl content of the Ti-rich magma is low, the water
content, major clement concentrations, and crystallinity do not
appear notably different than the LBT magma. Melt inclusions in
the tephra directly overlying the LBT ignimbrite contain 2.5 Wi %o
H,O [Layne and Stix, 1990], further suggesting that the high-Ti
and LBT magmas contained similar H,O contents. Possible
reasons for eruption termination, such as a sudden change in
magmatic density, or decrease in vesiculation behavior, are not
supported by the observed compositional similarity. ~ Other
physical propertics of the high Ti magma, or the interface between
the dominantly high and dominantly low Ti magmas not apparcnat
from our analyses, may have caused the eruption to ccase, or the
cruption could have beca terminated by further caldcra collapse.

CONCLUSIONS

1. Analysis of melt inclusions from the Lower Bandelicr
Plinian tephra and ignimbrite indicate that a volatile gradient was

" present in the pre-cruptive magma. Magmatic H,O and F range

from around 5.5 to 1.5 Wt %, and from 3500 to 500, ppm
respectively, from the base of the Plinian to the top of the
ignimbrite. The volatile gradicnt was strongest in the magma that
produced the Plinian tephra and the basal ignimbrite, and was
much less pronounced in the magma that formed the body of the
jgnimbrite. Variation in the magmatic volatile content appears to
have been decoupled from trace clement variations observed in
whole-pumice analyses and in ML

2. The upper portion of the LBT magma chamber appears to
have been saturated with respect to a H,0-rich volatile phase, as
evidenced by a continuous increase in magmatic F contents with
no corresponding increase in magmatic H,0. Elcments Cland B
apparently partitioned into the vapor phase, as would be expecied
from experimentally determined partition coefficients.

3. The initial part of the LBT eruption removed relatively
discrete compositional layers of magma, consistent with a magma
with a strong density and viscosity gradient, whereas during
cruption of the main body of the ignimbrite, different portions of
the magma chamber were tapped concurrently. The volatile
gradicnt of the LBT is qualitatively similar to that of the Bishop
Tuff, which was apparently erupted sequentially from a zoned
chamber. The H,O content of the initially-erupted ignimbrite

amples is higher for the LBT than for the BT. This suggests that
‘cruption dynamics s, in large part dcpendent on vent
configuration, and that relatively early caldera collapsc may have
affected cruption of the LBT.

4. Magmatic volatile contcnts of the Upper Bandelier Plinian
tephra were subtly dilferent from those of the Lower Bandelicr
Plinian. The UB magma may not have been saturated with
respect to a volatile phase at the time of cruption. The Bandelier
magmatic system was able to regenerate to near its original
composition in the 300,000 yrs between these two eruptions.

S. Partof the compositional variation in the LBT, as observed
in both whole pumice samples and MI, could have been generated
by 40% fractional crystallization.  However, the lack of

correlation between H;0, F, and other trace clements, along with '

the high degree of enrichment of H,;O and F in the upper region
of the magma chamber, suggests that thesc componcals wcre
highly mobile in the magmatic system, and were able to move
upwards at a faster rate than other trace elements.
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6. Evidence for magma mixing is observed in some Ml
compositions from the top of the LBT ignimbrite. These Ml have
compositions that can be explained by up to 2 50% mixture
between the LBT magma and a compositionally distinct, high-Ti
rhyolitic magma which erupted from the Valles caldera following
the LBT. Removing the late-stage, high-Ti component has a
profound impact on models of fractional crystallization, and shows
that the tracc element composition of the LBT magma chamber
was less variable than previously thought. As much as any other
conclusion, this emphasizes the utility of microbeam trace element
analysis in its ability to detect compositional variations that may
be overlooked by bulk analytical techniques. Other large
eruptions should be investigated in order to determine if apparent
compositional gradients are partly due to mixing events.
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