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The Lower Bandelier Tuff, erupted from the Valles Caldera at 1.51 Ma, is composed of a Plinian tephra 

and associated ignimbrite. Based on ion and electron microprobe analyses of melt inclusions (MI) in quartz, 

sanidinc, and pyroxene phenocrysts, a strong volat' · • was resent in the u er portion of the rna rna 

c!Bgihc:r• In the 20 km' of magma at p uced the Plinian tephra, most z an · contents of Ml are 

between 4 to 5 wt% and 0.18 to 0.20 wt%, respectively, and between 3 to 4 wt% and 0.12 and 0.14 wt% 

in the first-deposited basal ignimbrite. M.:asurements of the H,O and F contents of the 380 km' of magma 

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

respectively. The invariance of H,O (and possibly Cl and B) relative to Fin the magma which formed the 

Plinian tephra suggests that this portion of the magma chamber was saturated with respect to an H,O-rich va o 

~The trace ~ e~em.compost ton o . · , · ·· · .. mtce u~~s. A 

group of Ml are ncb m Tt, Sr, Ba and low m B, Cl, Rb, Y, Nb, and Th, and are compostttonally surular to 

analyses of matrix glass from some ignimbrite pumice lumps. These represent the mixing of a second rhyolite 

into the base of the Lower Bandelier magma chamber. Ml influenced by the second magma have not been 

found in Plinian samples, but occur in ignimbrite samples from base to top of the deposit. When these Ml are 

removed from the data s.:t, the remainder show strong lin.:ar correlations between Nb and Rb, Y, Zr, and Th. 

The....e correlations can be most easily explained by fractionation of approximately -40% quartz and alkali 

fcldspar (with trace amounts of chevkinit.:). Ml from the Plinian tephra are similar to bull.: Plinian pumice 

composition, sugg.:sting that magmatic evolution was well-progressed at the time that the Ml were trapped. 

However, fractional crystallization is difficult to reconcile with the observed distribution of some other 

elements, including H, B, Li, F and Cl. The enrichment of H,O and F in the upper portion of the magma 

chamber, along with their lack: of correlation with Nb, Rb, Zr, Y, and Th, suggest that these sets of elements 

were decoupled during magmatic evolution. The upward enrichment of H,O and F must have occurred at a 

faster rate than other trace elements. The obs.:rved volatile gradient may have influenced the eruption dynamics 

of the magma, initially causing discrete layers of magma to be removed when the gradient was large, followed 

by chaotic eruption of the bull.: 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, not differences in the absolute concentration of volatiles. 

ll'o'TRODUCTION 

Many silicic tuffs show cvid.:ncc of compositional zonation in 

their parental magmas. Altho~gh there is st",..,e variation in the 

style of zonation, erupth•e sequences.er· .tly begin with the 

most evolved magma, and proceed 'il&rds Y, .. :..:ss-cvolved material. 

The specific mechanism by whi t~otn\'$:··sitional gradients are 

generated is unclear; in some ease!(~r :~tional crystalliZation may 

be important, but in other cases, a more complex differentiation 

mechanism may be responsible [Hildreth, 1981: Millu and 

Miltlefehldt, 1984). Systematic 7.onation 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 determination.~ "Jf volatile gradients in melts have been 

made [Sommer and Schramm, 1983, Anderson, 1991; Dunbar and 

Hervig, 1992), but gradien·~ have been inferred from the type and 

quantity of phenocrysts in a magma, and also from changes in 

eruptive style characteristic'-: !llrge cruptions.{Hildretlt, 1981). 

Some magmatic systems appea~: to ~a'!-:. <..-tintaincd a continuous 

gradient [e.g., Hildreth, 1979], ~'.liercas others show evidence of 
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distinct I.'Ompositionallayers which produce step-wise, r.t.thcr than 

smooth, compositional variations within their eruptive products 

[e.g., Bacon, 1983). 

The preeruptive volatile content of a magma, particularly the 

pre-eruptive H20 in a rhyolitic melt, may exert strong control on 

some aspects of the eruptive style. A gradient in the pre-eruptive 

water content of a rhyolitic magma may influence the transition 

from eruption of Plinian tephras to the eruption of ignimbrites, 

although other factors, particularly vent diameter, probably also 

contribute [Wilson et aL, 1980}. Furthermore, a significant pre

eruptive volatilt~ gradient in a magma results in a corresponding 

density gradic ., which may influence the geometry of magma 

removal from •e chamber, allowing discrete compositional layers 

to be either scxtuentially or simultaneously withdrawn [e.g., Blake 

and lvey, 198 ); Spera et aL, 1986). In general, if all other 

parameters a1~ ~ eruption of a magma with small density 

gradient mayt.ap '!l!ifnbcr of stratigraphic layers simullaneously, 

w~erea.<~ , _ .ro~g den~iLy gradient in a mell may .. allow.f_Clativcly 

thm . . "~rapluc honzons to be tapped sequentsali)!AB/akt' and 

lvey;}<":.io6). -

The Lower Bandelier Tuff (LBT), erupted from the Valles 

Caldera in northwest New Mexico, was derived from a large 

silicic magma chamber. The LBT eruption began as a pumice 

fall, but soon shifted to ignimbrite deposition. Tite LBT deposit 
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is not systematic-ally compositionally 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 (Kuent;:, 

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. Kuent;. [1986] interpreted the 

chemical zonation as a result of fractional crystallization, and 

implied that a volatile gradient, and resultant density and viscosity 

gradient would have been present as well. 

l 
r objective in this work was to determine the 

vola e gra aen at was present in the mao 

the , as on ana ysas o the H.O Cl and F co elt 

i.n_clusaons tn BT phe~ocrysts. These measurements allow 

a~ent of the felauonslUp between eruptive style, volatile, and 

density g~dients. A secondary objective was to measure the trace 

element contents of bulk pumice and Ml in order to aid in 

interpretation ofthe pristine nature of the MI. The data show that 

there was a large gradient in the H20 content (hence density) of 

the magma between an H20-saturated c.ap (containing -5 wt % 

H20, represented by the Plinian eruption) and the body of the 

chamber (which contained about 2.5 wt % H20). This gradient 

developed early in the evolution of the chamber. The trace 

element analyses of the Ml and bulk rocks show that afier the 

water gradient evolved, the chamber underwent -40% eutectic 

fractional crystallization and was then intruded by a second 

rhyolitic magma at some time prior to eruption. This work is part 

of a larger project, aimed at investigation of volatile contents, 

gradients and eruption dynamics in a number of explosive rhyolitic 

systems, including the Bishop Tuff [Dunbar and Hen•ig, 1992]. 

and the 2 lea Taupo pumice eruption (Dunbar ct If, 1989a and b; 

Dunbar, 1991). 1'"" ~ A/Jf'vl} ftt, •_.,v 
w"' ""..v . tV· ~ I r GEOLOGIC'.ALBACKGROUND 

The Jemez volcanic field, best known for the Vall.:s caldera 

and the Bandelier Tuff, is situated on the western 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 et aL, 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 major 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 ignimbrit.:s [Smith 

et al., 1961; Smith and Bailey, 1966]. 

Eruptive History of the Bandelier Tuff 

The fmt Jemez Volcanic field magmas that appear to be 

genetically related to the Bandelier Tuff are the 4 Ma San Diego 

(\ Canyon ignimbrites [Turbeville and Self, 1988). The volume of 

• these poorly exposed rhyolites has been estimated at > S km3 

"(\" \ [Turbeville and Self, 1988]. The San Diego Canyon ignimbrites 

A I d ~ arc chemically similar to the Bandelier Tuff, although slightly 

J~\ ~~ more mafic, and were probably derived from the same magma 

· ~ \)0,_~ chamber [Self et aL , 1986; Turbeville and Self, 1988]. Goff et al. 
\ 4 

[1989] concluded that the San Diego Canyon ignimbrites were 

extensive features, and may have been erupted from a small 

caldera located near the western margin of the present-day Valles 

Caldera. 

The Bandelier Tuff consists of two Plinian-ignimbrite pairs, the 

Lower Bandelier Tuff (LBT) and the Upper Bandelier Tuff (UBT). 

These two tuffs;'eruptcd at 1.51 and 1.14 Ma, respectively (Spdl 

ct aL, 1990), have eruptive volumes of 400 km3 and 250 km3 

ORE (dense rock equivalent) respectively [Self and Lipman, 

1990). The LBT was erupted from the ring-fracture system of the 

Toledo caldera, which was approximately coincident with the 

present-day Valles Caldera [Goff et al., 1989). Between the 

eruption of the LBT and the UBT a sequence of domes and 

pyroclastic falls and flows called the Cerro Toledo rhyolites, were 

erupted in the vicinity of the Toledo Caldera [Slix et al., 1988]. 

Some of these deposits are present today around the northern and 

southeastern rim of the Valle$ Caldera. The UBT was erupted 

from the Valles caldera, possibly from a central vent location, 

rather than from ring fractures [Self et a/., 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 were derived i 
from chemically heterogeneous, and perhaps systematically zoned 'i.lh 
magmas. Both of these magmas may have been initially deriv.::d'l/' 1'j , 
from a parental dacitic magma body, and compositional U ! 

heterogeneity within the rhyolitic magma may be the result of I 
fractional crystallization [Smith, 1979; Kuent;., 1986; Balsley. · 

1988]. Both the LBT and the UBT contain up to 30% 

phenocrysts, dominantly quartz and sanidine plus subordinate to 

trace amounts of p~roxene, magnetite, ~patite a~d chevkinite. _ J j 
Other phases found an the LBT are allamte and z1rcon, whcreasW"~ 
the UBT contains biotite, hornblende and ilmenite [Kilentz, 1986; 

Balsley, 1988]. Some trace element trends in the UBT arc 

inconsistent with fractional crystallization, and may be a result of 

contamination by a dacitic magma [Balsley, 1988]. The magmatic 

temperature of the Plinian phase of the LBT was -700"C, and the J.- J'iie_ 
ignimbrite-producing magma was certainly .hotter [Warshaw and ......--, ~1 
Smith, 1988]. 1t 

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 heterogeneous. The elements Zr, 

Rb, Y, Nb, Cs, Th, and U show strong positive correlations, and 

the Plinian tephra is uniformly richer in these elements [Kuentz, 

1986]. Niobium, the element which Kuentz [1986] used as a 

reference component following Smith [1979] ranges from 50 to 

180 ppm among individual pumice lumps from the LBT ignimbrite 

and clusters around 185 ppm in the LBT Plinian samples. Kuent;:, 

[1986] suggested that a pre-eruptive chemical gradient was present 

in this magma, with the lowest Nb contents samples derived from 

deepest in the magma chamber, but that this gradient was 

destroyed by the eruptive process, and was therefore not reeQrdCJi?_ 

in the stratigraphy of the deposit. L ~;~J CfV vf #;~ 
Sommer and Schramm [1983] made measurements of H20 

contents in some Ml from the LBT, and determined that magma 

which produced the Plinian tephra and ignimbrite contained - 5 

and -2 wt% H20 respectively. However, since no trace clement 

data were gathered for the glass in which the phenocrysts were 

found, there 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 between the U BT and 

LBT and these are supposed to have~ taped the li ids near the 

. 'i>W'C Cl VC«<\. ((A v,y. Pf. 

. ~~vl) ~ 
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top of the Bandelier magma chamber (Stu et al., 1988). They 

record the re-establishment of compositional zonation after the 

'ruption 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 element phase [Stix et 

aL, 1988). 

ANALYTICAL MElliODS 

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 samplcs 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. 

15.153 

Ignimbrite pumice samples were chosen 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 Ml analysis 

were separated 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 sieved to 40 mesh. 

Phenocrysts of quartz, sanidine, and pyroxene were hand picked 

from the coarse fraction. In some cases, quartz was split from 

sanidine by heavy liquid scparotion (sodium metatungstatc:). The 

phenocrysts were then mounted in epoxy on l-inch round glass 

slides, ground, and polished in diamond powder suspended in 

distilled water. 

Electron Microprobe 

Major elements and Cl were analyzect"with a JEOL 8600 

electron microprobe at Arizona State University. The error for Cl 

determinations was around ± 100 ppm based on replicate analyses 

of reference material (glasses KE-12 and KN-18, from H. 

Sigurdsson; [see Devine et al., 1984}). 

we realized the interesting nature of the trace clement dala, we 

returned to selected Ml 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 •6()- ions was focussed to a spot 10-20 pm in diameter. 

Secondary ions were accelerated to +4500 eV and the transfer 

optics and field aperture were set to accept secondary ions into the 

mass spectrometer from a 20 pm circular area on the sample. 

After the secondary ion signal had stabilized (about 7 min) the 

sample voltage was ramped ± 100 V from 4500, while the 

intensity of JOsi + 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 eV) for early analyses, 

but in the later stages of this study we closed it to 40 eV. 

Molecular interferences were removed by collecting secondary ion 

intensities at high energies, which were achieved by offsetting 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 intensities at the same sample voltage. 

There is no molecular interference on H, but the presence of a 

hydrogen background from the vacuum is very serious. Hen•ig et 

al. [1987} and Hervig and Williams [1988) found that the H 

background could be reduced by collecting data at an offset of a 

few volts. They concluded that the large number of secondary ~· 
electrons generated during sputtering of oxides resulted in electron 

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 

naft2_w, a small voltage offset ehmtnated this source o) 

background .a. 

Ion Microprpbe 

The secondary ion intensity for hydrogen was calibrated using 

experimentally hydrated rhyolitic glasses analysed by infrared 

spectroscopy (kindly provided by E. Stolper). Trace elements 

Ion microprobe analyses were done in two stages. We fJJ"St 

•nalysed Ml with emphasis on H, Li, B, and F. Other trace 

elements were analysed with relatively low precision. Later, as 

were calibrated against NBS 610, a sodium- and silica-rich glass ~{( 

containing nominally 500 ppm of 61 trace elements. Comparison 

of NBS-610 wilh several bulk-analyzed rhyolitic glasses indicated 

Sample 

PlinlanB~ 

Plinian BB-094 

Plinian BB-005 

Buallgnlmbrite BB-003 
Basal Ignimbrite BB-004 

Ignimbrite BB-021 
Ignimbrite BB-045 

Ignimbrite BB-037 
Ignimbrite BB-014 
Ignimbrite BB-027 
Ignimbrite BB-030 
Ignimbrite BB-057 

TABLE 1. Locations for Lower Bandelier Tuff Samples 

Quadrangle 

White Rock 

White Rock 

Puye 

Puye 
Puye 
White Rock 
Canones 

Canones 
White Rock 
White Rock 
White Rock 

Canones 

Sample Location and Description 

NW 1/4, NE 1/4 Sec. 21, T19N R7E; multiple pumice from 0.5 m above 

exposed base of -7 m thiek section of plinian tephrL 

same as B~. multiple pumice from -2 m above apparent top of 

section (top not well exposed) 

NE 1/4, SW 1/4 Sec. 32, T20N R7E; multiple pumice from top 0.5 m of 8 m 

thick Plinian aection 
See BB-005, single pumice from 0.3 m above plinian-ignimbrite transition 

See BB-005, single pumice from 0.4 m above plinian-Ignimbrite transition 

See B~. single pumice 25 m below top of -40 m thick Ignimbrite 

Polvadera land grant, - 1.5 mDes south of town of Canones, single 

pumice from ~ 0 m below base of - 40 m thick Ignimbrite section 

See 88445, s1Qgle pumice 4 m above base of -40 m thick ignimbrite 

See ~B-096, single pumice 15 m beloW top of - 40 m thick Ignimbrite 

See B~. single pumice 24 m below top of -40 m thick Ignimbrite 

See BB-096, single pumice 5 m above base of - 40 m thick ignimbrite 

See BB-045, single pumice from near apparent top of - 40 m thick 

ignim~ite 

1-J~~tove.) 

\~IW\( 
v,.V~""f' 
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tl 
.J\ J that the trace elements studied were within 10% of their nominal 

1
. 1 concentration. Exceptions are P and Ti, which an: present in 

V V ~ NBS-601 at levels of 350 and 590 ppm, respectively. lon 

ltJ microprobe analyses reported in this paper the corrected value for 

\I\ NBS-610. Analyses for F used a combination of NBS 610 and 

~('" KN-18, a comendite glass with 6400 ppm F. Observed 

r J (\ reproducibility of secondary standards suggested that the precision 

! \ of analyses are Li, 8, Ti, Fe, Rb, Y, Zr, Nb, Ce and Th ± 10%, 

Fig. l. Photomicrographs of melt inclusions, all in quartz host crystals. 
{a) Photorrucrograph of a typical Ml from the LBT plinian tephra. Bar 
represents I 00 IUD· (b) Photomicrograph of Ml from the Lower Band.:li.:r 
ignimbrite, showing a more faceted shape and more abundant vapor 
bubbles than Ml from the plinian tephra. Bar represents 100 IUD· (c) 
Photomicrograph of an •hourglass• Ml from the plinian tephra. Bar 
represents 100 IUD· (4) Back-scatten:d electron (BSE) image of a slightly 
devitrificd Ml from the LBT ignimbrite. Bright acicular shapes within the 
inclusion represent devitrification crystals. Bar represents 100 ~tm. (e) 
BSE image of a devitrificd Ml from the LBT ignimbrite. The unevcn 
shade of the Ml indicates the heterogeneous 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 n:pn:5Cnts 10 I'll\· 

P ±25%, Ba, Sr ±25%, F ±30%. Reproducibility of the 

analyses for H20 is no worse than ±0.5 wt %, and is usually 

better. The very low count rates for 1'F+ were a source of some 

concern, particularly as 110H+ co.uld be present at mass 19. We 

reanalyzed several Ml from the Plinian tephra on the electron 

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 Eb. Th, Rb. Sr Y Zr and ~- Analyses followed 

the procedure of Norrisll and Chappell (1977), using a Rigaku 

3062 instrument. 



DUNBAR AND HERVIG: BANDELIER TUFF MELT INCLUSION COMPOSITION 15.155 

RESULTS 

Petrography of Inclusions 

Ml in the LBT and associated Plinian samples (Figures Ia and 
1b) are abundant in quartz, but also occur in sanidine and 
pyroxene. In the Plinian tephra, Ml range from < 10 to 600 ~tm 
in diameter, with most between 50-200 ~tm. Bubbles in the Ml 
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 Ml in the body of 
the LBT ignimbrite, but no vapor-dominated Ml are present. 
Some ignimbrite Ml contain many bubbles, but all are small. 
Total bubbles in ignimbrite Ml generally represent <5% of Ml 

volume. covvec.f A'IP' I tl'-~ V\ If 01\VVI i\""w 
~ough Ml in cryst!fls from the Plinian teplf'ra and co..<pl'etely 

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 Ml may be affected by 
none, some or all. First, some inclusions are surrounded by 
small, subtle radial cracks which are generally shorter 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 Ml 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 orientation relative to inclusions appears to be 
random. These cracks fracture the inclusion glass and therefore 
must have fonned after the inclusion was relatively cool. 

Several inclusion morphologies are seen in LBTcrystals. Most 
Ml are round to sub rounded, 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 edge of the crystal 
(Figure lc). These may be similar to the "hourglass inclusions" 

described by Anderson [1991) in the Bishop Tuff. 
Many Ml 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-<:ntrapment 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 Ml are 
darker in color than pristine ones and some contain clots of 
crystals visible at low power magnification. Dcvitrification can 
also cause migration of Na and K within the glass, and this 
produces a mottled or zoned appearance in back -scatter imagery. 

1 
Two stages of devitrifieation are shown in Figures 1d and 1e. 

Major Elements 

Major element composition of most MI were detennined 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 eight 
pumice lumps from the LBT ignimbrite which were analyzed as 
part of this study are shown in Table 2. Also shown in Table 2 
are whole rock analyses for major elements in pumice samples 
from the LBT Plinian and UBT Plinian, and the mean whole rock 

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 Tuff. 

Sample n Si02' A~03, FeO, MnO, CaO, N~o. ~o. 
Number wt'l{, wt'l{, wt'l{, wt% wt% wt'l{, wt'l{, 

Lower Bandelier Plinian Tephra Samples V0:2 vv <Jv' s 
BB-096 41 n.s 12.1 1.3 0.1 0.3 4.2 4.4 
BB-094 6 76.7 12.7 1.0 0.1 0.3 4.6 4.4 
B~5 11 n.2 12.0 1.3 0.1 0.3 4.4 4.4 

• Pumice n.1 12.2 1.2 0.1 0.3 4.3 4.4 

Lower Bandelier Ignimbrite Samples 
BB-003 19 n.1 12.1 1.2 0.1 0.3 4.6 4.5 
BB-004 20 n2. 12.3 1.0 0.1 0.2 4.6 4.4 
BB-045 28 76.9 12.3 1.2 0.1 0.2 4.9 4.3 
BB-037 25 n2. 11.9 1.2 0.1 0.3 4.5 4.6 
BB-014 18 n.1 12.2 12. 0.1 02. 4.6 4.4 
.BB-027 22 n.2 12.2 1.2 0.1 0.2 4.3 4.5 
BB-030 24 n.1 12.3 12. 0.1 02. 4.4 4.5 
BB-057 8 n.5 11.8 1.2 0.1 0.3 4.6 4.4 

. 
Pumice n.3 12.0 1.0 0.1 0.3 4.0 5.0 

Upper Bandelier Plinian Sample 
BB-092 21 76.1 12.6 1.1 0.1 0.3 3.8 5.6 

Pumice+ 76.2 12.3 1.3 0.1 1.3 3.4 5.4 
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 ignimbrit.:. The major 
element composition of pumice and MI are very similar within 
each of the eruptive units. The only possible exception to this 
close agreement is for Na20 and K20 in the LBT ignimbrite 
samples. The Na20 and K20 contents of pumice from the LBT 
ignimbrite are variable, and can be attributed to hydration and 
alteration of pumice (Kuentz, 1986), so Ml compositions may 
actually be more representative of pre-<:ruptive magmatic liquids. 

Post-entrapment crystallization apparently did not affect Ml in 
the Bandelier Tuff. The composition of MI does not appear to be 
affected by the type of host crystal: analyses of MI 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 analyses 
across Ml indicate that they are homogeneous. 

VokJtile Components 

Over 150 analyses of H20, CJ, and F were made of Ml 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 MI in 
Plinian tephras contain between 4 to 5.5 wt% H20 and 0.2 to 0.3 
wt % F (Table 3). In the LBT ignimbrite, MI in first-deposited, 
basal samples contain between 3 to 4 wt % H20 and 0.1 to 0.:! wt 

% F, and those from the body of the ignimbrite contain 

approximately 2 to 3 wt % H20 and 0.05 to 0.15 wt % F. 
Histograms of the H20 and F contents of all analyzed samples, 
and of the H:O contents of Ml from individual ignimbrite samples 
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TABLE 3. Volatile and Trace Element Compositions of Melt Inclusions From the Upper and lower Bandelier Plinian Tephras 

Xtal n ~0. Cl, F, 
wt% wt% wt% 

fsp1 2 5.7 
qtz1 2 4.2 
qtz2 1 4.7 
qtz2 5.6 
qtz2 6.0 
qtz3 5.9 
qtz4 5.4 
qtz4 4.4 
qtz5 1 4.5 
qtz6 2 4.6 
qtz6 1 5.0 
qtz7 1 4.8 
qtz8 5.6 
mean 5.1 

qtz1 1 4.5 
qtz1 1 5.0 
qtz2 5.1 
qtz2 4.1 
qtz3 7.4 
qtz3 6.7 
mean 5.5 

pyx1 
pyx1 
fsp1 

vi:~ 
.(~Ct§ 
V'' fsp4 

mean 

2 5.6 
2 3.9 
2 4.0 
1 4.1 
1 4.1 
2 4.0 

4.7 
3.1 

1 4.0 
1 4.9 

4.2 

qtz1 1 5.9 
qtz1 2 4.5 
qtz1 1 3.9 
qtz1 1 3.5 
qtz1 1 4.2 
qtz2 3 4.1 
qtz2 1 4.3 
mean 4.3 

0.23 0.24 
0.24 0.26 
0.21 0.21 
0.18 0.34 
0.19 0.30 

0.34 
0.22· 0.31 
0.25 0.27 
0.25 0.28 
0.23 0.34 
0.23 0.32 
0.23 0.36 

0.30 
0.22 0.30 

0.21 
0.23 0.19 

0.22 
0.24 0.26 

0.24 
0.23 

0.24 0.23 

0.21 0.15 
0.18 0.15 

0.21 
0.16 
0.11 

0.21 0.17 
0.22 0.18 
0.20 0.22 

0.23 
0.10 

0.20 0.17 

0.33 0.28 
0.29 0.23 

0.22 
0.34 0.29 

0.27 
0.22 
0.25 

0.32 0.25 

u 

11 
160 
122 
122 
203 

32 
17 
28 
23 
32 
79 
80 

151 
81 

58 
68 

114 
60 
17 

153 
78 

12 
82 
83 

101 
59 
84 

189 
47 
76 
48 
78 

112 
59 
91 

124 
58 
37 
65 
78 

B 

24 
36 
38 
28 
23 
19 
33 
25 
35 
11 
27 

32 
32 
32 
32 
32 
43 
32 

17 
11 
17 
16 
24 
21 
35 
23 
23 

6 
19 

35 
32 
26 

p 

92 
132 
116 

104 

105 
110 

86 
70 
81 
58 

53 

70 
69 

Ti Rb Sr Y Zr Nb Ba Ce Th 

Base of plinian(BB-Q96) 

299 367 100 

320 
252 
296 

242 361 0.5 88 

206 
222 
206 

291 226 

302 355 1.4 95 268 199 

319 363 1.0 98 268 212 

Near top of plinian (BB-094) 

Top of plinian (BB-005) 

274 337 0.6117 
346 296 0.3 72 
306 320 4.9 86 

329 278 0.4 95 

303 338 

542 283 
350 309 

0.1 97 

1.1 89 
1.2 92 

260 189 
192 137 
223 174 
228 184 

246 198 

235 174 
231 176 

Upper Bandelier plinian (88-092) 

5 72 42 
3 77 31 
2 75 34 

8944 

3 53 26 
3 73 35 

L-s 
/ovJ 

3 102 36 
3 83 25 
5 69 32 
3 80 34 

3 75 41 

5 64 28 
4 79 33 

Ml Mi 
Color • Conditio 

cl 
cl 
cl 
cl 
cl 
cl 
cl 
cl 
cl 
cl 
cl 
cl 
cl 

cl 
cl 
cl 
cl 
cl 
cl 

cl 
cl 
cl 
cl 
cl 
cl 
cl 
cl 
cl 
cl 

cl 
cl 
cl 
cl 
cl 
cl 
cl 

v 
v 
v 
v 
v 
v 
v 
v 
v 
v 
v 
v 
v 

v 
v 
v 
v 
v 
v 

v 
v 
v 
v 
v 
v 
v 
v 
v 
v 

v 
v 
v 
v 
v 
v 
v 

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. "Xtar 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 taxt. 

• Color of Ml glass: cl, colorless. 

t Condition of Ml glass: v, vitreous. 

arc shown in Figures 2 and 3. The scatter for most multiple 

analyses of a single Ml is low (- ±0.2 Wl % ), the scatter for 

multiple Ml within a single crystal is higher (Table 3 and 4), and 

the greatest scatter is found for analyses of Ml in different crystals 

within the same sample (Table 3 and 4). As will be discussed 

y later, although some of this variability is certainly real, some may 

-:.._ ~ \_ be due to the sensitivity of ion probe analyses to the surface 

\~ geometry of the sample. Surface geometry would tend to be most 

~q consistent within a single Ml, and most variable between multiple 

. , crystals. Chlorine content of Ml in the LBT Plinian are between 

0.20 and 0.25 wt %, whereas in the Upper Bandelier (UB) Plinian 

samples Cl ranges from 0.29 to 0.34 wt %. Most Ml in the LBT 

ignimbrite cluster between 0.17 and 0.23 Wl % Cl. However, 

there is a set of Ml, particularly noticeable in samples BB-014, 

BB-027, and BB-030 which contain between 0.10 and 0.14 wt. Cl. 

Some severely devitrified Ml were analyzed by ion microprobe 

and were found to be enric-hed in H20 (up to 8 wt % H20 for Ml 

from the ignimbrite), possibly because H20 becomes enriched in 

the residual glass as devitrifieation proceeds. These Ml were only 

analyzed in order to see how devitrification affected the H20 

content, and are not included in the data set presented here . 



TABLE 4. Volatil 

Xtal n ~0. Cl, F, 
wt% wt% wt% 

'·q'iU! 
qtz3 
qtz4 
qtz5 
qtz6 
qtz6 
qtz7 
fsp1 
qtz8 
fsp2 
mean 

qtz1 
qtz1 
qtz2 
qtz3 
qtz3 
qtz3 
qtz4 
qtz4 
$4 
$4 
qtz5 
qtz6 
$7 
qtz8 
mean 

2 4.1 
2 2.5 
2 3.9 
1 3.2 
1 4.3 
1 42 
3 3.5 
1 3.6 
1 4.0 
1 3.5 
2 32 
1 2.2 

3.5 

1 4.0 
1 3.8 
1 4.1 
1 4.6 
1 3.8 
1 4.1 
1 5.2 
1 5.5 
1 4.6 
1 5.0 
1 3.3 
1 5.2 
1 4.1 
1 4.5 

4.4 

fsp1 2 1.8 
qtz1 2 2.2 
fsp2 1 2.7 

tz2 2 
~ 2 2.6 
qtz4 1 2.4 
$4 1 3.1 
qtz5 1 2.1 
qtz6 1 2.4 
fsp2 1 3.5 
mean 2.4 

qtz1 
qtz2 
qtz3 
qtz4 
qtz5 
qtz6 
qtz7 
qtz8 
qtz9 
qtz10 
qtz11 
qtz12 
mean 

qtz1 
qtz2 
qtz3 
qtz3 
qtz4 
qtz5 
qtz5 
qtz6 
qtz6 
qtz7 
qtz7 
qtz8 
qtz9 
mean 

3 2.4 
2 2.8 
1 2.8 
1 2.4 
2 2.3 
222 
1 2.1 
2 1.9 
1 2.3 
1 1.9 
1 2.4 

2.3 
2.3 

1 2.7 
1 3.0 
1 2.4 
2 4.4 
1 2.7 
2 2.8 
1 2.0 
1 2.7 
1 3.0 
2 3.0 
1 3.6 
2 3.4 
1 3.5 

3.0 

0.14 0.17 
0.15 0.13 
0.18 0.14 
0.15 0.12 
0.23 0.11 
0.17 0.14 
0.18 0.16 
0.15 0.19 
0.14 0.12 
0.19 0.13 
0.22 0.13 

0.13 
0.17 0.14 

0.21 0.11 
0.22 0.12 
0.24 0.13 
0.18 0.15 

0.09 
0.21 0.13 
0.20 0.12 
0.21 0.10 

0.22 
0.19 

0.12 
0.21 0.13 

0.05 
0.03 
0.04 
0.10 
0.18 
0.07 
0.09 
0.23 
0.04 
0.05 
0.09 

023 0.16 
0.19 0.17 
0.17 0.14 
0.24 0.09 
0.20 0.10 
0.26 0.16 
0.18 0.11 
0.24 0.19 
0.20 0.17 
0.24 0.10 
0.20 0.08 
0.18 0.09 
021 0.13 

0.21 0.12 
0.22 0.12 
0.22 0.16 
0.17 0.14 
0.15 0.16 
024 0.12 
0.20 0.08 
023 0.12 
0.23 0.16 
0.21 0.12 
0.21 0.13 
0.21 0.16 
0.15 0.13 
0.20 0.20 

124 
33 
43 
46 
48 
50 
33 
30 

152 
150 
73 

127 
19 
88 
73 

100 
48 
92 
59 
79 
92 
64 
63 
52 

72 

80 
127 

68 
89 
94 

116 
108 
141 
112 

32 
81 

107 
96 

64 
83 
87 

201 
209 

94 
102 
77 

104 
78 

117 
93 

247 
120 

15 
22 
13 
16 
11 
17 
8 

11 
21 
21 
11 
23 
15 
28 
17 

33 
32 
34 
34 
30 
19 
32 
35 
30 

31 

21 
30 
31 
23 

6 
25 
21 
23 
17 
23 
17 
17 
21 

32 
35 
26 
34 
31 
36 
21 
35 
32 
28 
20 
28 
34 
30 

p 

343 
276 
258 
255 
203 
232 
162 
204 
201 
196 
235 
231 

233 

172 

115 
102 

100 
88 

137 
115 

90 

105 
195 
114 

100 
108 
3S7 
214 
187 
167 

76 
66 
82 
91 
63 
43 

154 
84 
60 

59 
61 

77 

1i Ab Sr Y Zr Nb Ba Ce Th 

Basal ignimbrite (BB-003) 

QO~) s. vJ 

~~romb· 2 ~ 
257 326 12 266 184 

267 326 0.8 87 214 169 

284 335 0.8 88 235 172 

291 225 0.8 88 281 178 

382 276 1.1 56 167 91 

296 284 0.5 90 280 167 

352 225 0.7 48 162 91 

263 335 0.0 71 

261 365 0.1 7 

238 358 0.8 7 

382 212 0.5 

295 351 0.4 7 

213 173 
182 148 
164 89 
205 180 

301 302 0.6 ., 215 149 

Ignimbrite N =161 (. 8·021) 

215 

216 
378 

236 
271 
195 
263 

314 

329 
300 

397 
370 
508 
342 

Ignimbrite 
299 322 

282 289 
298 285 
275 333 

238 324 
321 271 
285 299 
315 270 
316 282 
309 297 
Ignimbrite Nb 
351 341 
328 352 
338 289 
307 338 
ZJ7 335 
316 294 
310 253 
330 346 
318 285 

316 ZJ3 
335 283 

302 302 

214 155 

208 165 
216 142 

231 
198 
253 

251 
208 
235 
208 
209 

192 148 
200 158 

214 170 

38 
27 
35 
33 
16 
28 
21 

29 
27 
11 
19 

26 

9 62 19 

6 68 24 
8 49 19 

10 
8 
6 
8 

4 

1 
2 
1 

38 
19 
33 
24 

38 

26 
20 
36 

3 78 35 
3 93 29 
3 71 31 
3 86 30 
1 87 27 

81 30 

67 34 
78 36 

9 66 26 
3 75 31 
2 63 25 
2 72 ZJ 
3 78 23 
5 73 27 
3 72 28 

72 21 
79 28 

72 27 

Ml Mi 
Color • Conditio 

cl v 
h br v 
h br v 
cl v 
cl v 
cl v 
hbr v 
cl v 
cl v 
cl v 
h br v 
cl v 

h br v 
ltbr v 
cl v 
cl v 
cl v 
cl v 
cl v 
cl v 
cl v 
cl v 
cl v 
cl v 
cl v 
cl v 

cl v 
dk br v 
cl v 
It br v 
cl v 
cl v 
cl v 
cl sl dev 
h br v 
cl v 

cl v 
It br sl dev 
br sl dev 
cl v 
cl v 
cl v 
cl v 
h br al dev 
It br v 
cl v 
cl v 
cl v 

cl v 
It br v 
cl v 
It br v 
It br v 
cl v 
cl v 
cl v 
cl v 
cl v 
cl v 
ltbr v 
It br v 
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TABLE 4 (continuedl I X tal n H20, Cl, F, u B p Ti Rb Sr y Zr . Nb BaCe Th Ml Mi 
wt% wt% wt% Color* Condition+ 

Ignimbrite Nb=74 (BB-014) 

qtz1 1.9 0.13 0.04 51 17 cl v 

qtz1 1.8 0.19 0.01 49 32 cl v 

qtz2 1 2.0 0.21 0.04 64 31 cl v 

qtz3 1 2.2 0.17 0.05 50 15 br v 

qtz3 22 0.22 0.11 48 29 It br v 

qtz4 2.0 0.13 0.05 57 12 It br v 

qtz5 023 0.07 45 33 cl v 

t qtz6 2.4 0.22 0.06 58 33 ltbr v 

mean 2.1 0.19 0.05 53 25 

I Ignimbrite Nb=53 (88-027) 

qtz1 2.3 0.21 0.06 15 83 br v 

qtz1 2.1 0.21 0.07 46 29 br v 

t qtz2 2.0 0.21 0.07 43 17 141 @:> 227 1.2 81 274 162 5 67 24 br v 

qtz3 1.4 0.13 0.06 35 5 88 154 1.3 34 200 59 10 79 13 cl v 

qtz4 1 0.7 0.13 0.06 41 22 dk br v I' 
qtz5 3 1.4 0.15 0.07 47 10 156 255 281 0.9 64 252 122 5 61 22 dk br v I 
qtz6 2 1.8 0.18 0.12 31 10 84 314 ?84 2.0 60 175 142 6 55 18 br v l 
qtz6 1 2.3 0.19 0.10 46 19 73 320 292 2.0 86 212 161 5 67 38 cl v I 
qtz6 1 2.9 0.08 47 7 61 ~ 294 0.6 80 245 151 1 75 33 cl v I 
qtz7 1 2.3 0.10 0.04 38 10 .!19- 187 2.8 30 210 60 11 84 13 cl v ! 
qtz7 1.0 025 0.06 41 32 cl v 

qtz8 1.8 0.12 0.09 42 10 cl v 

mean 1.9 0.17 0.07 39 22 100 414 255 1.3 68 226 133 5 67 25 
Ignimbrite Nb=52 (BB-030) 

qtz1 4.1 0.17 72 6 105 307 196 0.8 42 130 96 4 38 12 cl sldev 

qtz2 3.3 0.12 0.04 31 3 94 !151 2.3 33 234 64 9 76 8 It br v -qtz3 1.9 0.12 50 5 0103 120 1.2 33 193 58 8 70 9 cl v 

qtz4 3.0 0.22 0.03 45 19 107 ~ 
1.6 83 245 168 5 58 21 cl v 

qtz5 1 1.3 0.11 0.07 66 4 1:) 107 0.8 28 180 50 5 66 8 It br v 

qtz6 2 3.0 0.23 37 6 204 !s77 0.7 206 134 3 50 29 cl sldev 

qtz7 1 2.3 0.11 0.08 61 5 110 115 1.3 29 188 54 8 68 8 dk br v 

qtz8 1 3.3 0.11 0.07 37 5 79 87 1.4 26 172 29 7 60 10 ltbr v 

qtz9 1 3.2 0.23 0.05 21 2 89 246 299 0.5 68 226 145 2 53 25 cl sl dev 

qtz10 1 2.5 0.22 0.11 55 10 79 287 283 0.4 66 238 96 3 50 24 cl v 

qtz11 1 3.0 0.16 46 4 92 
~ 

118 0.6 40 157 64 2 52 12 cl v 
qtz12 1 4.6 0.11 38 3 125 126 1.0 24 160 48 8 48 12 cl v 

qtz13 1 2.3 022 30 18 73 @)249 1.9 68 210 143 4 46 23 cl v 
qtz13 1 3.0 0.11 38 4 100 139 2.6 27 175 48 11 64 12 cl v 
mean 2.9 0.16 0.06 45 7 105 443 167 1.1 42 195 88 5 57 15 

Top ollgnimbrite (BB-057) 

qtz1 1 1.6 0.21 0.08 86 br cl 

qtz1 2 2.0 0.19 0.08 102 br v 

qtz2 2 2.2 023 0.15 87 ltbr v 

qtz3 1 1.8 0.09 95 ltbr v 

qtz3 1 2.2 0.15 82 ltbr v 
qtz4 1 2.4 0.22 022 95 cl v 
mean 2.1 0.21 0.13 91 

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 Ml were located, 
and n represents the number of analyses made within each MI. Analytical errors are discussed in the text. 

• Color of Ml glass: cl, colorless; It br, light brown; br, brown; dk br, dark brown. 
t Condition of Ml glass: v, vitreous; sl d, slightly devitrified. 

Trace Element.f Sa). Ml compositions in the Plinian tephra arc similar to the bulk 

lon microprobe analyses of Li, B, P, Ti, Rb, Sr, Y, Zr, Nb, composition (Figure 4c) whereas in some ignimbrite samples, a 

Ba, Ce, and Th for Ml are listed in Tables 3 and 4. Whole rock population of Ml are enriched in the aforementioned elements with 

analyses for Pb, Th, Rb, Sr, Y, Zr, and Nb in pumice lumps are respect to the bulk composition of the pumice in which the Ml 

given in Table 5. The new pumice analyses are within the range were found (Figure 4d). 

of compositions determined by Kuentz [1986). Ml show a similar The analyses are most simply described as falling into two 

compositional range as whole-pumice analyses. A number of groups. The first group, the so-called "normal" LBTcomposition, 

trace elements in MI. including Nb, Rb, Zr, Y, and Th, covary includes Ml from ignimbrite and Plinian pumice lumps which 

and overlap with the range of bulk analyses (Figures 4a and 4b). show Nb ranging from 120-230 ppm and Ti from 190-350 ppm 

Ml analyzed from the Plinian tephra overlap with the most (the "normal field", Figure 4e). The Plinian Ml are distinguished 

evolved ignimbrite Ml compositions (Figures 4a and 4b, Figure ~y their high H20 and F contents (described previously). The 
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Fig. 2. Histogram of volatile contents of all Ml from the LBT plinian and ignimbrite as arialyzcd by ion microprobe. (a) 

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

second group consists of a suite of Ml 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 Ml 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 4./). There is no 

statistically significant difference between the low- and high-Ti 

ignimbrite Ml for P, Fe, and Ce. 
The distinction between the high and low-Ti Ml does not 

appear to be sharp when aU data are considered (Figures 4e and 

4.1). However, when analyses from a single pumice lump are 

examined, the differences ar:e more pronounc.ed. This comparison 

is shown on Figure 5 (Ti versus Cl, Y, Ba, and Th) for sample 

030, where bulk and microbeam data are compared. Whole rock 

analyses of the pumice lump are similar to the analyses of high-Ti 

Ml 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 Ml, 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 

\~ thes~ Ml within the crystal is difficult to ascertain because of 

(\.Pv J cutting 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 Scare enriched in the high-Ti samples while 

Ga, Sb, Cs, Ta, U, Zn, Hf, Sm, and heavier trivalent rare earth 

elements are depleted relative to low-Ti pumice. The analyses by 

K"'""- (1986] mdiou<d lh>t Plw~ do not •how a wUie 

~ 

range of chemistry while ignimbrite samples can be quite variable. 

The ion probe data also show less variability in Plinian Ml 

compositions. In general, analyses of ignimbrite pumice samples 

best match the Ml 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 ignimbrite 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 elements are enriched by factors of S, 

-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 pm from the crystal edge, but then tend to 

fall sharply again. Rubidium and Li are virtually constant from 

200 to 700 pm (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 aMI with 300 ppm Rb (scan 3). 

The resulting calculated partition coefficient (0.3) is consistent 

with other measurements [e.g. review in Nash and Cree raft, 1985; 

Kovalenko et aL, 1988]. Li decreases by 30-50% at lhe rims of 

sanidines. Two step scans at right angles were made across a 

fourth crystal from sample 021 contains about SO ppm Rb. In the 

long direction of the sanidine, the Rb increased from -SO ppm at 

the core to 90 ppm at the rim, w~e i7 the other direction the Rb 

"""'""" un;ronnly low. yc r-rr, 
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Fig. 3. Histogram of the HzO content of MI from individual LBT 

ignimbrite umples. The umples arc arranged in order of inferred depth 

in the magma chamber. The "basal ignimbrite" samplesarc located based 

on stratigraphic position in the deposit. The samples from the body of the 

ignimbrite arc arranged in order of decreasing whole pumice Nb content. 

Sample BB-057 was too small for bulk trace elemo:nt determination. 

Are Melt Inclusions Representative of Preeruptive Mell? 

Melt 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 preeruptive 

silicate. Any investigation of MI must involve detailed assessment 

of the quality of the inclusions in order to dctennine if alter.ttion 

has taken place. A number of factors may cause Ml compositions 

to deviate from true pre-eruptive magmatic liquid composition. 

For example, if a Ml 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, 

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 ppm ppm ppm ppm ppm ppm ppm 

Bulk Pumice 

Basal ignimbrite 
BB-002 30 29 211 9 68 173 100 

BB-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 17 117 6 37 215 53 

BB-030 17 13 114 5 38 201 52 

B~7 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 

B~7 32 310 2 86 217 166 

Whole pumice analyses by Xray fluorescence analysis, ~ 

matrix glass analyzed by ion microprobe. J j 

1976: A ""man a•od IV•igM, 19701. If ><u<O<li< ""mblag< =c J 
deposited, the residual glass might not be altered with rcspc<.·tt~ 
major elements, hut the secondary crystals would not be optically 

continuous with the host crystal. Eutectic crystallization within a 

Ml has not been observed in other magmatic systems. Based on 

the close agreement between the major element compositions or 

Ml 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 negative crystal shape observed in some Ml 

from the LBT ignimbrite may be a result of crystal annealing 

[Anderson, 1991]. 
Inclusion glass may become devitrified after entrapment, 

particularly if the M I remains at high temperature for an extended 

time. Devitrified Ml can be recognized with petrography, major 

element analyses, and backscatter electron imaging, so analysis of 

these Ml was avoided. Incipient devitrification can be more 

difficuh to recognize in a Ml 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 diffuse away 

from the crystal-melt interface, an envelope of anomalous melt 

around the crystal could result [Bacon, 1989). This effect can be 

difficult to assess in Ml because the diffusional process is 

complex, and may affect some elements more than others. For 

' I 

' 

example, it is apparent from the variable trace element 

compositions of Ml in a single pumice lump that Ml may not be 

compositionally identical to the bulk melt+crystals from which '\.-

they were trapped. However, the lack of correlation between the~\IV""" 
variable trace elements (Rb, Y, Nb, Cs, Ce, and Th) and volatile 

components suggests that the processes responsible for the trace ::t-
element chemistry did not influence the volatile content. v.tJ 

Some MI contain bubbles that may have been trapped during <S 
crystill 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 Ml may 

contain a vapor phase, but bubbles in Ml from the LBT probably 

do not contain a significant amount of Hp, due to their small size 

( <5% of total Ml volume) and the high H20 content of bulk 

~lass. 
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Finally, it is possible that Ml may lose H20, particularly if they 

arc held at elevated temperatures for long periods of time. 

Ideally, Ml for volatile analysis should have quenched rapidly, as 

the diffusion rate of water increases with temperature [Karsten el 

al., 19~2; Hofmann, 1980). However, rapidly quenched samples 

of ignimbrites may be difficult to obtain. In some cases, Ml 

appear to have degassed through "sub-micron capillaries" [Baco11 

el al., 1992), or through large c.racks in the host c.rystallSkirius 

et a/, 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 fract\lred Ml does not appear significantly different 

than those from uncracked crystals. Some Ml with anomalously 

low H20 contents were disgarded because of the possibility of 

unobserved penetrative cracking. The volatile contents of Ml 

which showed slight radial cracking were similar to those which 

appeared uncrackcd, as was also observed by Skirius eta/. [1990\. 

However, Skirius eta/. (1990) suggest that, in some slowly cooled 
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Fig. 4. Plots of trace clement contents of Ml from the LBT as analyzed liy ion microprobe. Solid circles represent Ml from the 

plinian tephra, and open circles arc from the ignimbrite. (a) Nb versus Rb for all MI. The line on the figure represents the 

range of bull:: samples as analyzed by KuenlZ [ 1986). (b) Nb versus Y for all MI. The line on the figure represents the range 
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ignimbrites, vitreous rhyolitic Ml have been affected by cracking 

and that presumably the loss of volatiles allowed the MILo remain 

vitreous. They suggest that unaltered volatile contents can be 

most reliably determined by rcvitrifying dcvitrifieJ Ml. 

Therefore, we would like to acknowledge that some of the lower 

H:P contents of Ml may result from analysis of Ml with 

undetected cracks, which have lost H20. 

The process of diffusive hydrogen loss (Qin and Anderson, 

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 relatively lower water 

contents measured could also result from expected from predicted 

volatile element zonation (higher volatile contents near the top of 

the chamber). We were 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. 1;'he volatile contents of the Ml from this 

sample were similar to other samples from the body of the 

ignimbrite. 
Variations in the H20 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 increase with the scale of 

observation, being lowest for multiple analyses of a single Ml and 

highest for Ml in different crystals. Some MI contain abnormally 

high water contents (e.g., Table 3, Figure 7a) which could be 

attributed to spurious individual analyses, but high values have 

also been observed in MI using other analytical techniques [e.g., 

Skirius el al., 1990). However, magma in a natural system is not 

necessarily homogeneous [e.g., 0/denberg el al., 1989J, and some 

of the variations observed are 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-eruptive processes could 
also be important, including settling of crystals in a 7.oned magma 
chamber or small-scale mixing (on the scale of a single pumice 
lump) of magmas with distinct volatile contents at the time of 
eruption [Blake and Campbell, 1986; Carrigan and Eichelberger, 

1990). 
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DISCUSSION OF VOU.lll£ DISTR.IIlUllON 

Volatile Distribution in the Lower Bandelier Magma 

Our determinations show that a significant volatile gradient was 
present in the LBT magma chamber, with higher H20 and Fin 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 H20 and F content appears to be in the magma which 

produced the Plinian tephra and the directly overlying ignimbrite, fl 
which we presume to represent the top of the magma chamber. 
The mean H20 and F contents of these samples vary from 5.5 to 

3.5 wt '10 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 eruption, sequentially deeper layers of the 
magma chamber were being removed. This eruptive style has also 
been suggested for the early 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 H20 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 sam11le. Although the samples from the basal 
ignimbrite are more enriched in H20 and F than those from the 
body of the ignimbrite, there is no positive correlation between 
these two components in the body of the ignimbrite. Therefore, 
on a large scale, the H20 and F contents of the > 300 km3 of the 
magma which produced the bulk of the ignimbrite appears to have 
been relatively uniform. 

The abundance of Ml 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 Ml (estimated at up to 20% of the crystal volume), 
whereas Ml 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 {1 
crystal growth rate [Roedder, 1984), which is, in tum, dependent ~ 
on diffusion rate of major structural components in the magma .vf.~ 
[Ghiorso, 1987). Thus crystals growing in the more H20-rich 1~ 
portion of the melt should contain more MI. The average U 

abundance of Ml is much lower in feldspar crystals than in quartz 
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 Ml 
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 [Kirkpatrick, 1975) which may promote Ml 
entrapment. 

Evidence for Volatile Saturation in the Bandelier Magma 

Several lines 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 phase of the first-erupted 
Bandelier magma was -5 wt %. Based on the solubility of water 
in a rhyolitic 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 W~" 
Bandelier magma chamber [Goff et aL, 1989]. 

The covariation of H20 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 
jgnimbrite to the top of the Plinian tephra. Although there is no 
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apparent correlation between H20 and F content of individual Ml 

within samples from the magma which produced the LBT Plinian, 

the mean HzO content of samples (averages of multiple Ml) 

increases only slightly, if at all, while mean F increases 

dramatically. A possible explanation for this behavior is tltat tltc 

upper level of the LBT magma chamber was water-saturated so 

\"' that the water content of the melt was buffered by the presence of 

~
V the vapor phase. Any additional H20 introduced into tile melt by 

/1' / crystallization, or other processes, would partition into a vapor 

~ phase, leaving the H20 content of the melt unchanged. However, 

ifF were transported to the upper portion of tile magma chamber 

\t by tile same process as H20, it could become enriched in the 

e\""' silicate melt while HP remained constant because of the greater 

J J compallbility ofF in a silicate melt oyer an H,O-dominated fl}'id 

II'• 'e (fluid/silicate melt partition coefficients are <0.5; Webster et al. ·"r; {1'8/j; LOndon el al. [19881. Thts would lead to concentrallon 

o tn e evolving magmatic system. 

In contrast to F. tile mean Cl content of samples from the upper 

portion of tile magma chamb.:rwere similar (fables 3 and 4), and 

tile maximum Cl content of the melt for all samples. was virtually 

.J"'(/ 11 identical (Figure 7b). Chlorine behaves very much like H20, and 

~ 1'1"'~~ tllis behavior is consistent with water saturation because Cl 

y .J,ftt>. partitions preferentially into an H20-rich vapor phase from a 

vr A rhyolitic melt [Kilinc and Burnham, 1972). The experimentally 

'f. determined maximum Cl content in water-saturated rhyolites at 2 

kbar is 2600 ppm [Webster and Holloway, 1988), which is 

identical to tile maximum Cl content of Ml from the LBT Plinian 

eruption. In contrast, Ci contents of MI from tile Upper Bandelier 

(UB) Plinian eruption are uniformly greater titan 2600 wt % 

(fable 3), which, according to the work of Webster and Holloway 

(1988), would only be possible if no H10-rich vapor phase were 

present. Shinohara et aL (1989] suggest that the solubility of Cl 

in a melt is inversely pressure dependent, in which case tile higher 

Cl contents of tile UB magma could simply indicate that tile UB 

magma resided higher in tile crust titan tile LBT magma. 

However, tile water content of the UB Plinian suggests that tlte 

magma would have been saturated at 3- to 4-km depth, which is 

shallower than has been estimated for the UB magma chamber 

{Goff et al., 1989). However, the Cl content of samples from all 

parts of tile LBT are similar, and the maximum Cl contents of 

virtually all Ml analyzed from tile LBT, witll the exception of 

high-Ti Ml, are virtually identical. While these data do not 

negate tile above arguments, they show that Cl and H20 did not 

behave similarly in tile magmatic system as a whole. 

Measurements by London et al. {1988) and Picllavant (1981) 

suggest high fluid/melt partition coefficients for B of -2 and .- 3 

respectively. Assuming that B is partitioned into a hydrous fluid, 

(L a plot of F versus B should show similar characteristics to the 

~ . 
plots ofF versus Cl and F versus HzO. As Figure 7c reveals, tllis 

is indeed tile case. Thus all identified hygrophilic elements show 

similar behavior in the Ml, with the Plinian samples notable for 

tlleir high F contents. The behavior ofF and H20, together with 

tile independent depth estimates, strongly suggests that a hydrous 

fluid was present in tile upper levels of the magma chamber. 

DISCUSSION OF TRACE ELEMENT SYSTEMA11CS 

Trace element compositions of Ml from tile LBT Tuff are 

variable, and encompass a similar range of values as observed for 

pumice lumps, although tlte major element compositions are 

invariant (Figures 4a-4f, Table 2). The range of trace element 

contents in Plinian Ml overlaps with bulk Plinian pumice analyses, 

as well as witil the more trace-element-rich ignimbrite Ml 

compositions. In addition to the normal trend of trace element 

variation, there is the high-Ti trend described earlier. It docs not 

appear that the ob~erved trace element variations ean be explained 

by a single, simple process. Some processes that may have 

contributed to the observed variations are discussed here. 

Magma Mixing 

Trace clement compositions of some Ml from tile LBT 

ignimbrite appear to show evidence of input of magma that is 

chemically distinct from "typical". LBT magma that defines the 

trace element trends described by K11entz. [1986]. A group of Ml 

from some pumice lumps have very high Ti and low Nb (Figure 

4e). Cerium, Ba. Sr. and Zr arc high in high-Ti Ml, and in 

contrast, Band Cl arc low in thes~ - ::!0 high-Ti Ml (e.g., Figure 

4./J. Populations of low Cl (1000 to 1500 ppm) and B (10-20 

ppm) Ml, which arc all high-Ti Ml, can be observed in Figures 

1b and 7c. Major elements appear to be invariant in all MI. The 

observed variations in Ml composition, which cannot be explained 

by fractional crystallization, suggest tllat a second magmatic 

component influenced tile composition of part of tile Bandelier 

magma chamber. This type of compositional vari.!ttion 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 subsequent to the LBT 

ignimbrite might be expected to show chemical affinities with the 

second component. This is tile case, as evidenced by the first 

Cerro Toledo tephra erupted after the LBT ignimbrite [Siix and 

Gorton, 1990; J .Stix, personal communication, 1990) which is 

enriched in Zr (312 ppm), Ti (7::!0 ppm), Ce (124 ppm), Sr (11 

ppm) and depleted in Cl (840 ppm) and Nb (50 ppm) as compared 

to typical LBT magma (fable 5) although tlleir major element 

compositions arc similar. Recent ion microprobe analyscs of Ml 

from tllis tephra confirm tllat B is also low (9 ppm [Layne and 

Stix, 1990)). These data suggest that the anomalously high-Ti 

composition of some Ml in the LBT ignimbrite may represent a 

second magma which underlay the "normal" LBT magma. 

Introduction of a second magma of similar major clement 

composition but distinct trace element composition into the lower 

portion of the Bandelier magma chamber may not have aO~cted 

tile crystallizing phase assemblage, but, barring a deviation from 

Henry's law behavior for trace element partition coefficients, 

some phenocrysts should record tile different trace element 

composition of the second magma. We m~sured trace elemcnt 

variations in three sanidine crystals from ~B-027, which cont:J.ins 

Ti-rich Ml derived from the second magma. The results of a step 

scan on one crystal are shown in Figures 6ti-6c. Note that Ba, Sr. 

Ti, and Ce arc low and constant in the phenocryst core. At about 

400 p.m from tlte edge of the phenocryst, these elements all start 

'· 

to increase markedly. Wide variations in trace element I) 
composition have been found at the edge$ of many sanidinc 

crystals from the LBT, but tllese are especially pronounced. 

Barium, Sr, Ti, and Cc are strongly correlated in the sanidine, (}fl. 

which further suggests tllat the Ti-rich Ml do reflect a dramatic 

change in the magmatic composition around this phenocryst during 

crystal growtll. Further evidence comes from the presence of two 

Ml in a single phenocryst, one displaying tile Ti-rich component, 

one not (fable 4, BB-004, quartz 4; BB-030 qtz 13). Titc 

different rate of increase of elements rimwards probably relates to 

differences in the diffusion rates of thcse trace elements 

sanidinc and the mixing silicate magmas [Hervig and D11nba1. 

1992). 
Although the process tllat 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 

"'·""'llemically distinct magmas. This interaction is likely to have 

;n place in the lower portion of the magma chamber, because 

'-·.>it composition of the second magma is similar to magmas 

erupted after the LBT. Although the high-Ti magmatic component 

is most pronounced in the ignimbrite samples with the lowest 

who1e-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-eruptive mixing suggested by Kuenlz [1986] 

may be due to pre-eruptive inhomogeneities in the magma 

chamber. 

Fractional Crystallization 

Although some of the compositional variation observed in Ml 

from the LBT magma can be adequately explained by mixing of 

a high-Ti, -Ba, -Sr, -Ce rhyolite into the base of the LBTchamber 

at some time prior to eruption, the dominant compositional 

variation in the LBT Ml and pumice are expressed 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 Ml compositions suggest that the same evolutionary process 

affected both. This variation was attributed to fractional 

crystallization by Kuen1z [1986). Fractional crystallization in the 

body of "normal" LBT magma (not including the high-Ti 

component) could have produced enrichments of incompatible 

elements such as Nb, Rb, Y, Th, Ce, and Zr, and could have 

;!enerated the array of Ml compositions observed for those 

elements. Fractionation of a eutectic assemblage is necessary, 

because the major element composition of the pumice is invariant. 

The major mineral phases in the LBT magma are quartz and 

sanidine, with subordinate pyroxene, and magnetite, and trace 

amounts of zircon and allanite [Kuenlz, 1986). Trace amounts of 

chevkinite have also been reported [lzett and Wilcox, 1968]. As 

such, the bulk partition coefficients for several trace elements (Rb, 

Y, Nb, Th, Cl, and F) are < < 1. The effects of fractional 

crystallization can be calculated as follows. For Rayleigh 

fractionation, 

x{ 

wherext is the concentration of element i in the initial melt, A/ is 
the concentration of i in the melt after f fraction crystallization, F 

is fraction of melt remaining (/= 1-F) and D; is the crystaVmelt 

partition coefficient for element i. If D;=O, this simplifies to 

xf 
I 

0 x, 

1 
F 

Selection of initial liquid compositio11. 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 selecting a starting point 

more difficult. Kuentz. 's [1986) bulk analyses reveal that a change 

in slope is present on plots of Nb versus Th, Sc, Eu, Zr, Pb, and 

Ga, at approxirnately,lOO ppm Nb (representative example, Figure 

8). Magmatic compositions with < 100 ppm Nb may represent 

magmas containing significant amounts of the high-Ti component 

(Figure 4e). There is 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 correlations 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 elements. The 

observed variation of Nb vs. Zr for Ml (Figure Sa) could also be 

a result of 40% fractional crystallization. However, a number of 

Ml 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 Ml shows a nearly flat trend 

with some Ml 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. 8. Plot of Nb vcn.-us Zr content for (o) melt inclusions and (b) 

pumice lumps from the LBT ignimbrite, and bulk pumice samples from the 

LBT plinian tephra. as analyzed by Xray fluorescence. Two distinct 

correlation trends are discernible on plot b, one interpret.:d as magma 

mixing, the other as possibly a fractional crystallization proc.:ss. 
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0 to 40$ fractional crystallization, and the open symbols represent the 

observed melt inclusion compositions. Fractional crystallization 

calculations are discussed in the text. 

However, Ute low measured H20 content of the LBT magma 

precludes presence of an H20-rich vapor. A remaining possibility 

is that tllese elements were buffered by a col-rich vapor phase, 

but we have no direct evidence for Ute presence of C~ and no 

information about the behavior of Li and B in Ute presence of 

col-rich vapor. 
An alternative explanation for Ute variation in trace elements, 

also not without contradictory evidence, is to invoke an additional 

magma mixing event(s) early in the history of Ute chamber. 

While we have abundant evidence for Ute mixing of a high-Ti 

rhyolitic component, evidence for an earlier mixing event is 

mainly supported by Ute inability of local fractional crystallization 

to completely explain the chemistry of MI. The only direct 

evidence for magma mixing lies in Ute wide range of composition 

observed in Ml from Ute same crystal host (Table 3). For 

example, examine Qtz 13 from ignimbrite sample 030. To 

explain tllis chemistry would require a strong change in magmatic 

composition during crystal growtll, or simply the mixing of two 

batches of rhyolite with subtly different trace element composition. 

EVOWTION AND ERUPTION OF THE LOWER BANDEUER TuFF 

Although the HP 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 distribution of nonvotaLilc 

~- The H20 and F contents of Ml from the Plinian 

to host rocks yields high Ce partition coefficients of 1100-1700 tephra are proportionally more strongly enriched than those of 

[Michael, 1988]. With such a high partition coefficient, lithophile trace elements as compared to ignimbrite compositions. 

fractionation of about 0.1 modal percent chevkinitc will yield a Furthermore, although the nonvolatile trace element compositions 

bulk partition coefficient near unity, resulting in little variation in of the Plinian and more-enriched ignimbrite Ml overlap, Ute H20 

Cc in the residual melt during crystallization, with the occasional and F contents of these Ml are generally distinct. The net 

high Ce resulting from overlap of the ion beam on a enrichment of non-volatile trace elements can be explained by 

microphenocryst of chevlcinite. 40% fractional crystallization, whereas H10 increases by 

Other elements. Although is is possible to model evolution of approximately a factor of 3 from Ute ignimbrite to the Plinian 

Ute LBT Ml as fractional crystallization with trace elements tephra. The observed variation suggests tllat Ute process of 

conventionally used as petrologic indicators, a number of other concentrating of H10 and F in Ute upper part of Ute magma 

elements do not seem to fit this model. H20, F, Li, and B, which chamber was more efficient than the process affecting other trace 

are generally considered to represent the volatile component of a elements. The same pattern is observed for Ml from Ute Bishop 

silicate melt, but are also incompatible in the crystallizing phase Tuff Plinian and ignimbrite deposits (Hervig and Dllnbar, 1992; 

assemblage, do not exhibit the same trend in Ml as nonvolatile DunbarandHervig, 1992}. Fractionalcrystallization,particularly 

trace elements. These are elements which are not normally sidewall crystallization, has been called on in oUter systems to 

representatively preserved in bulk rock, and are not generally used explain upward enrichment of incompatible trace elements 

as indicators offractional crystallization. There is a weak positive {Turner, 1980] and Spera et al. [1989} and Trial and Spera [1990} 

correlation between Nb and Cl in MI. However, there is no suggest that rapidly diffusing components, particularly H10, may 

correlation between Nb and F, B, Li or H10. If the initial become enriched upward much more rapidly Ulan slower-diffusing 

concentration of Cl were 0.15 wt %, slightly over 40% elements. Prior to Ute onset of Ute LBT eruption, an 

crystallization would be required to explain Ute Cl contents of Ute Hp-rich vapor phase was generated in the upper portion of Ute 
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most enriched Ml, but the poor correlation makes tllis conclusion magma chamber, as evidenced by Ute proportionally greater 

doubtful. Water and F can be considered incompatible in the LBT increase in contents of F over H10 contents of M I, and Ute ~""<. ( 1'~ 
magma as long as no fluid phase were separating from Ute melt. invariancc of Cl and B in Ml from Ute Plinian tephra. 

The lack of correlation between tllese components and Nb do not Experimental evidence suggests that Cl and B would fractionate 

support a model of compositional variation based on fractional strongly into an H10-rich vapor phase [Kilinc and Bllrnham, 1972; d 
crystallization, suggesting tllat H10 and F are decoupled from Pichavant, 1981], so could remain invariant in Ute melt once a ;"'"eovve 
other trace elements in Ute magmatic system. All may be vaporphasehadbeengenerated. However,iftllevaporphascdid 

excluded from Ute crystalline phases, but H20 and F may be not escape Ute magma chamber after its generation, U1e magma 

concentrated upwards by a different mechanism, and/or at a faster chamber would have become overpressured (Burnham, 1979b, · 

rate Ulan Ute oilier elements [e.g., Trial and Spera, 1990). Tait tl al., 1989]. An estimate of Ute overpressure can be 

However, Utis explanation cannot be applied to Li and B because determined by comparing Ute concentration gradients of F and 

of their slower diffusion rates, so their in variance must be due to H20. Fluorine increases by about 30% from midway tllrough Ute 

another process. Both are compatible in an H20-rich fluid phase Plinian (BB-094) to Ute base of Ute Plinian tephra (BB-096), 

under certain conditions [Websttr tl a/., 1989; Pichavant, 1981; whereas increase in HP contents is less. Assumingtllat H20 was 

London tt a/., 1988), and could be buffered by such a fluid. enriched in Ute magma at Ute same rate as F, Ute H10 content of 

~ rAoli\IV\. 2 
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the base of the Plinian would have been -6.8 wt %, so ~LJ~~ 
% H20 has exsolved. Given that ~e LBT Plinian has a~ • 

Log Magmatic Viscosity 
(poises) 

volume of 20 km3
, or a mass of 5.3x1016 g, then a total mass of 

~x1014 g of H20 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 H20 vapor would occupy 1 km3 

in the magma chamber and would generate considerable 

overpressure. It is likely that as water vapor evolved in the 

chamber, minor failure in the roof of the magma chamber 

occurred, as described by Tail el al. (1989). The magma chamber 

may have behaved as an open system with respect to a vapor 
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component, allowing the vapor to continuously escape as it was .£ 

generated. Geothermal fluids related to magmatic systems, and in r. a. 
some cases, gas content of soils around active volcanoes, contain 11 

"0 

a magmatic component, suggesting that magmas are able to degas 

passively [e.g., Burnham, 1979b; Allard el 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 [KuenJz, 

1986). The density and viscosity variations in a magma chamber 

strongly influence the withdrawal mechanisms of the magma from 
the chamber, and can, in tum, strongly affect the eruptive style 
(Blake, 1984; Blake and lvey, 1986; Spera ez a/., 1986]. Based 

on the volatile and major element compositions of the LBT Plinian 
and ignimbrite magmas, density and viscosity variations within the 

magma chamber have been estimated (Figure 1 0) 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 Stnilh 

[1988) using partial molar volumes from Mo el aL {1982) and 

Burnham and Davies [1971)). The partial molar volumes for aU 

components except H20 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 diffcrenc.e between the 

water-rich and water-poor LBT magma, and if this difference for 

the LBT magma is analogous to albitie melts studied by Burnham 
and Davies [1971], the variable H20 content of the magma has a 

much stronger effect on the calculated magmatic density than the 

compressibility of anhydrous components, or that of reasonable 
variations in temperature. The viscosity was calculated following 

the method of Shaw [1972). The effect ofF on melt viscosity is 

roughly similar to that of water [Dingwe/1, 1987] and for viscosity 

calculations of the Bandelier magma, the F content of the melt 
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Fig. 10. Calculated magmatic (a) density and (b) viscosity versus inferred 
dcplh in the LBT magma chamber. The depth in the chamber is roughly 
based on the volume of erupted malerial for the plinian and the basal 
ignimbrile, and is inferred based on the Nb con1.:n1 of the sample for the 
body of the ignimbrile. Mean H,O conl.:nls of Ml ar.: used fur .:ach 
sampl.:, and a lemperature of 850'C is us.:d throughout. 

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

The non-uniform density and viscosity variations within the 

Bandelier magma may have influenced the eruption dynamics of 
the magma, causing withdrawal of discrete compositional layers 

of magma in the early stages of the eruption, 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 simultaneously, and mixed. This behavior is consistent 

with the eruptive styles predicted for magmas as a function of 

density and viscosity gradients [Blake and lvey, 1986; Spera, 

1984; Spera tl a/., 1986). However, as discussed in Dunbar and 
Hervig [1992] the magma which produced the Bishop Tuff appears 
to have contained a similar volatile gradient to the Bandelier 

magma, although the eruptive style of the Bishop ignimbrite 

appears to be more regular than that of the I RT igni!Mtlite. 

Furthermore, the H20 content of the magma at the 
Plinian:ignimbrite transition of these two eruptions is quite 

different; 4.3 wt % for the LBT and 2.6 wt % for the Bishop 

Tuff. As vent width is one of the factors which controls Plinian 

was added to that of water. Magmatic phenocryst content was not versus ignimbrite eruptive style [e.g., Wilson el a/., 1980], a 

included in the calculations because the phenocryst content is possible reason for this difference is that the vent of the LBT 

generally low ( < 20% corrected for wsicularily) and t11..:rc is no eruption may have widened drastically after 20 km3 of magma was 

evidence of strong systematic variations in phenocryst content erupted, precipitating the onset of ignimbrite eruption. A 

throughout the Bandelier magma [Kuemz, 1986). catastrophic vent widening, perhaps associated with caldera 

The density and viscosity of the Bandelier magma are strongly collapse, could have disrupted the eruption style to the point 

affected by magmatic water content, therefore the largest change where chaotic, rather than systematic, withdrawal occurred. The 

in these magmatic properties per volume of magma occurred above observations suggest that although the volatile components 

within the upper part of the chamber(see Figure 10). The magma of a magma are the driving force behind explosive volcanic 

which produced the bulk of the Plinian tephra appears to have eruptions, the volatile gradient of a magmatic system is not 

been saturated with H20, which could have drastically reduced the necessarily the primary factor controlling the eruption dynamics, 

bulk density. The body of the ignimbrite was relatively and that other factors, such as the geometry of the magma ·t)· I~ 
homogeneous with respect to water, and therefore, assuming that chamber Trvent sys ms, Jay also be important. ~ ~ ~:~11" l'""' 

cv•1r<~f by'·JVt -r( ~ O _ _ ~ p6 JL..._· fi...-"'~.::T:.-, -_T._o_b bvl·~t,y.e,£/ . K 
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The LBT eruption ended after approximately 400 km3 of 

magma had been erupted, but the volatile content of the magma 

did not decrease markedly towards the end of the eruption. 

However, tapping of the high-Ti magma underlying the normal 

LBT magma may have caused the LBT eruption to end. The 

reason for termination, however, is not immediately clear, because 

although the Cl content of the Ti-rich magma is low, the water 

content, major element concentrations, and crystallinity do not 

appear notably different than the LBT magma. Melt inclusions in 

the tephra directly overlying the LBT ignimbrite-contain :!.5 Wl % 

HP [Layne and Stix, 1990). further suggesting that the high-Ti 

and LBT magmas contained similar H20 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 properties of the high Ti magma, or the interface between 

the dominantly high and dominantly low Ti magmas not apparent 

from our analyses, may have caused the eruption to cease, or the 

eruption could have been terminated by further caldera collapse. 

CONCWSIONS 

1. Analysis of melt inclusions from the Lower Bandelier 

II Plinian tephra and ignimbrite indicate that a volatile gradient was 

or-' present in the pre-eruptive magma. Magmatic H20 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 gradient 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 

ignimbrite. Variation in the magmatic volatile content appears to 

have been decoupled from trace element variations observed in 

whole-pumice analyses and in MI. 

2. The upper portion of the LBT magma chamber appears to 

have been saturated with respect to a H20-rich volatile phase, as 

evidenced by a continuous increase in magmatic F contents with 

no corresponding increase in magmatic H 20. Elements Cl and B 

W ""'?.~ apparently partitioned into the vapor phase, as would be expcc<cd 

U 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 

eruption of the main body of the ignimbrite, different portions of 

the magma chamber were tapped concurrently. The volatile 

gradient of the LBT is qualitatively similar to that of the Bishop 

Tuff, which was apparently erupted sequentially from a zoned 

chamber. The HlO content of the initially-erupted ignimbrite 

amples is higher for the LBT than for the BT. This suggests that 

eruption dynamics is, in large part dependent on vent 

~ \ configuration, and that relatively early caldera collapse may have 

\J affected eruption of the LBT. 

4. Magmatic volatile contents of the Upper Bandelier Plinian 

tephra were subtly different from those of the Lower Bandelier 

Plinian. The UB magma may not have been saturated with 

respect to a volatile phase at the time of eruption. The Bandelier 

magmatic system was able to regenerate to near its original 

composition in the 300,000 yrs between these two eruptions. 

5. Part of the compositional variation in the LBT, as observed 

in both whole pumice samples and Ml, could have been generated 

by 40% fractional crystallization. However, the lack of 

correlation between H20, F, and other trace clements, along with 

the high degree of enrichment of H20 and F in the: upper region 

of the magma chamber, suggests that these components were 

highly mohile in the magmatic system, and were able to move 

upwards at a faster rate than other trace elements. 

6. Evidence for magma mixing is observed in some Ml 

compositions from the Lop of the LBT ignimbrite. These Ml have 

compositions that can be explained by up to a 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 trace 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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