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Pyroxenes and fayalites in the Bandelier Tuff, New Mexico:
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ABSTRACT

Ferromagnesian silicates and magnetite are found throughout the Pleistocene Bandelier
Tuff, Jemez Mountains, New Mexico. The upper (Tshirege) member of this rhyolitic ash-
flow formation repeats the general type of sequence found in the lower (Otowi) member,
a basal pumice air-fall unit followed by a succession of many ash flows. Clinopyroxene
coexists with fayalite in the basal air fall and succeeding ash flows of each member and
with orthopyroxene in its later flows. The compositions of these minerals range from Fe-
rich at the base of each member to less Fe-rich at its top. This gradual change is related
to the variation in chemical composition and temperature of the magma in the zoned
magma chamber for each eruptive cycle. The ferrohedenbergite (Ca,,MgsFe,,) and fayalite
(Fe;, .Mn, s Mg, sCa,,) of the basal air fall of the Tshirege Member formed at the lowest
temperature (~700 °C). The uppermost, or last erupted, ash flow has the most Mg-rich
augite (Ca,;Mg,,Fe,,) and hypersthene (Ca,Mg;,Fe,;) and had a pre-eruptive temperature
close to 850 °C. The regularity of the variation in composition and temperature throughout
the Tshirege Member exists, undoubtedly, because all these phases crystallized from mag-
ma in the same zoned chamber.

The types and compositions of the ferromagnesian silicates of the Bandelier Tuff are
related to the oxygen fugacity. A comparison of the chemical composition of the Bandelier
Tuff samples and other rhyolites described in the literature indicated that, in general,
higher oxygen fugacities could be related to lower agpaitic indices and lower Fe/Ca ratios.
The Bandelier Tuff and certain other rhyolites on or below the FMQ oxygen-buffer curve
have subaluminous compositions and higher Fe/Ca molar ratios (> 1.9) than those of high-

silica rhyolites located on higher oxygen buffer curves.

INTRODUCTION

The occurrence of pyroxenes and fayalites in the Ban-
delier Tuff was reported by Smith and Bailey (1966). The
chemical composition and mineralogical properties of
these phases and the correlation of the former with the
stratigraphy of the tuff and with the pre-eruptive temper-
ature and oxygen fugacity of the magma are the principal
concerns of the present paper. A secondary concern is the
determination of relationships between the types and
compositions of the ferromagnesian silicate phenocrysts
and the whole-rock compositions within the Bandelier
Tuff and in similar rhyolites described in the literature.

The Bandelier Tuff

The Bandelier Tuff, a Pleistocene rhyolite formation in
the Jemez Mountains, New Mexico, has been described
in preliminary papers by Smith and Bailey (1966), Bailey
et al. (1969), and Smith (1979). The formation was sub-
divided into upper (Tshirege, 1.1 Ma) and lower (Otowi,
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1.45 Ma) members, each consisting of a basal air fall
overlain by a succession of ash flows showing varying
degrees of welding. The formation, which has an outcrop
area of about 1300 km?, is exposed in canyons that dissect
plateaus flanking the Valles Caldera, the center of which
is about 25 km west of Los Alamos. Smith and Bailey
(1966) presented evidence that each member is the prod-
uct of a single caldera-forming eruption with numerous
pulses from a magma chamber that was zoned chemically
and thermally. The upper member erupted after an in-
terval of about 350000 yr, during all or part of which
time the thermal and chemical zonation, similar to that
of the lower member, was recovered.

Smith and Bailey (1966) mentioned that the upper and
lower members of the Bandelier Tuff are similar in phys-
ical and chemical properties and gave details of these
properties for only the upper (Tshirege) member in their
preliminary study. They subdivided the Tshirege Mem-
ber into five subunits on the basis of mineralogy and
thermal characteristics as shown by degrees of welding or
of devitrification (Smith and Bailey, 1966, Figs. 8-12, p.
8-14). In the present paper, subunit I consists solely of
the Tsankawi Pumice Bed, the basal air fall, as shown in
Table 1. Smith and Bailey (1966) found that the abun-
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TaBLE 1. Description of samples listed in sequence from top of
Tshirege Member, Bandelier Tuff, to its basal air fall
Sam-
ple Ferromag-
num-  nesian Dominant  Locality, 15’
Subunit* ber silicates™™ feldspar quadrangle
Vor 6 cpx, opx anorthoclase Frijoles
Anorthoclase Unit
v 7 Cpx, opx anorthoclase Frijoles
5 c¢px, opx anorthoclase, San Ysidro
sanidine
1] B2 cpx, opx, fa sanidine San Ysidro
2 cpx, opx, fa sanidine Abiquiu
3 cpx, fa sanidine Abiquiu
1] B8 cpx, fa sanidine Abiquiu
30 cpx, fa sanidine Abiquiu
B9 cpx, fa sanidine Abiquiu
B4 cpx, fa sanidine Jemez
1 copx, fa sanidine Espanola
lor B5 cpx, fa sanidine Espanola

Tsankawi Pumice Bed

Note: The prefix “'B” for Bandelier on some of the sample numbers was
used in an earlier numbering system.

* This composite section does not indicate thickness or volume of the
subunits.

** Abbreviations: cpx, clinopyroxene; opx, orthopyroxene; fa, fayalite.

dance of phenocrysts increases from subunit I, which came
from the top of the magma chamber, through subunit V,
the last erupted ash flows of the Tshirege sequence. In
addition to the phenocrysts shown in Table 1, quartz is
also present in all but subunit V. The Tshirege Member
contains microphenocrysts of magnetite and ilmenite, and
traces of zircon, apatite, chevkinite, and allanite. Not all
of these occur in every subunit.

In their preliminary chemical studies, Smith and Bailey
(1966) found that the Bandelier Tuff is composed essen-
tially of high-silica (76-77%) rhyolite except for subunit
V, which has 72% SiO,. The CIPW norm for an unpub-
lished analysis of one of the Bandelier Tuff samples sug-
gested that 97 wt% of the anhydrous portion of the mag-
ma might consist of silica and aluminosilicate networks.
Mahood and Hildreth (1983) stated that 98 mol% of cer-
tain high-silica rhyolites consists of silica, alumina, and
alkalies and alkaline earths for charge-balancing. Seifert
et al. (1982) using Raman spectra determined the differ-
ent three-dimensional structural configurations in such
silicate melts. All the oxygens in these structures are the
bridging type, i.e., there are no nonbridging oxygens per
tetrahedral ion (NBO/T = 0).

Evidence for the chemical gradient within the magma
chamber was obtained by Smith and Bailey (1966) by
plotting the amounts of Fe, Mg, alkalies, halogens, and
some trace elements in samples of the tuff against the
stratigraphic sequence from subunits I through V. This
early preliminary study revealed changes in the types of
ferromagnesian silicates but gave no data on the chemical
composition of these phases.

The initial results of the present study were reported
by Warshaw and Smith (1980), with the conclusion that
the compositions of the ferromagnesian silicate pheno-
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crysts in the Bandelier Tuff differed significantly from
those occurring in a couple of other high-silica rhyolites,
e.g., the Bishop Tuff (Hildreth, 1977).

Other studies

Earlier studies of ferromagnesian silicates in low-mag-
nesia, high-silica rhyolites were made by Hildreth (1977,
1979) and Mahood (1980, 1981). The Bandelier Tuff cli-
nopyroxenes had the widest range for a silicic volcanic
suite from a single eruption for which Warshaw and Smith
(1980) had yet seen pyroxene analyses. Hildreth (1981)
reported that the clinopyroxenes of the eruptive sequence
associated with the formation of the Yellowstone Caldera
have the same compositional range as those of the Ban-
delier Tuff. Hildreth et al. (1984) showed that this range
was for both the Lava Creek Tuff and the Upper Basin
Member of the Plateau Rhyolite, the latter being postre-
surgence moat rhyolites from the same magma chamber
as the Lava Creek Tuff.

Carmichael (1967) found that the wide range in the
relative amounts of Fe and Mg in the pyroxenes from
many different salic volcanic rocks was not related to
temperature. It was influenced by the prior crystallization
of Fe-Ti oxides, by magnetite more than by ilmenite. The
“iron ratios,” 100(Fe + Mn)/(Fe + Mn + Mg), of the
pyroxenes were lower than those of the whole rocks.
However, the same was not true for the fayalites, which
were from rocks on a lower oxygen-buffer curve than those
that contained orthopyroxenes.

Izett (1981) studied the chemical and physical prop-
erties of the glass portion of volcanic rocks. He used the
relative amounts of FeO and CaO, as well as the presence
of biotite, to separate rhyolitic volcanic ashes into two
types. His plot also separated rhyolites from andesites.
Izett selected these two oxide components because they
showed the largest variation in the analyses. Fayalite
phenocrysts were limited to the rhyolite type with high
FeO/CaO ratios.

METHODS

Sample selection

The samples in Table 1 were selected, after preliminary lab-
oratory studies of more than a hundred samples, as being rep-
resentative of different horizons throughout the Tshirege Mem-
ber of the Bandelier Tuff. Because they are from widely separated
sections and because the individual flows vary in thickness be-
tween sections, it is not possible to give differences in depth
between samples. The sanidine compositions were useful in es-
tablishing the sequence, particularly in subunit II. A sample of
the Guaje Pumice Bed, the basal air fall of the Otowi Member
of the Bandelier Tuff, was also selected for study in order to
compare it with the Tsankawi Pumice Bed.

All the minerals of this study were separated from nonwelded
pumice lumps consisting of silky, fibrous glass containing 5-30
vol% phenocrysts of feldspar plus quartz. Whenever possible,
the minerals of each sample were separated from a single, large,
representative pumice lump. Representative grains from the
concentrates were mounted and polished for electron-micro-
probe analyses, while others were examined optically. Some con-
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TaBLE 2. Optical and crystallographic data for hedenbergite and
fayalite from Guaje Pumice Bed

Hedenbergite Fayalite
Refractive indices™
o 1.727 =1.814
8 1.733 1.852
Y 1.749 =1.862
Cell parameters*
a 9.810 A 4831 A
b 9.008 A 10.499 A
c 5.262 A 6.103 A
8 105°35'
% 447.90 A 309.53 A

Note: Determined by K. Dickson, U.S. Geological Survey.

centrates were further purified for “wet”-chemical and neutron-
activation analyses.

Electron-microprobe analysis

Earlier analyses were made with a manual ARL-EMX electron
microprobe. With the automated microprobe used later, the
quantitative analysis program of Finger and Hadidiacos (1972)
was used together with the Bence-Albee (1968) matrix correction
scheme. For all analyses, the operating conditions were 15 kV,
0.1 uA, and 20-s preset time (or 20000 counts). The standards
used for the silicate analyses were the same as those used by
Huebner and Turnock (1980, p. 249).

With the manual instrument, 4 to 8 points per grain on 5 to
8 grains were probed for each set of three elements, the analysis
of each point being repeated. The homogeneity or lack thereof
was apparent from the count data. Average elemental compo-
sitions were calculated from the raw microprobe data and cor-
rected with program ABFAN (Hadidiacos et al., 1971), which cal-
culates oxide percentages and formulas for pyroxenes based on
6 oxygens.

Most of the earlier analyses were repeated with the automated
microprobe, and no significant differences were found between
replicates.

Temperature determination

Electron-microprobe analyses were used to calculate the per-
centages of ulvospinel (Fe,TiO,) in the titanomagnetites and of
FeTiO, in the ilmenites by the Carmichael (1967) method. Fe-
Ti oxide geothermometry could be used only on one sample.

Most of the Bandelier ash flows contain magnetite but no il-
menite. The flows containing fayalite (F), magnetite (M), and
quartz (Q) should be located on an oxygen-buffer curve displaced
from the FMQ buffer for pure fayalite and magnetite. At first,
the minimum temperatures of the fayalite-magnetite pairs were
estimated by locating them on the Buddington-Lindsley (1964)
oxygen fugacity—-temperature plot at the intersections of the ap-
propriate magnetite (mt)-ulvéspinel (usp) isopleths with the dis-
placed Hewitt (1978) FMQ buffer curve. The amount of dis-
placement (toward a higher oxygen fugacity) was determined by
the method of Simmons et al. (1974). Finally, the minimum
temperatures and oxygen fugacities of the samples containing
magnetite and fayalite but no ilmenite were determined for a
pressure of 2 kbar by D. H. Lindsley (pers. comm.) by the QUIIF
(quartz-ulvospinel-ilmenite-fayalite) method of Frost et al. (1988).

DESCRIPTIONS OF PYROXENES AND FAYALITES

The color of the prismatic clinopyroxene grains ranges
continuosly from very dark green in the Tsankawi air fall
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Fig. 1. The compositions of the pyroxene and fayalite pheno-
crysts from the Tshirege Member of the Bandelier Tuff plotted
in terms of Ca, Mg, and Fe + Mn. Roman numerals indicate
subunits. Sample numbers are shown for compositional end
members. Clinopyroxene no. 6B and orthopyroxene no. BS are
xenocrysts. The apparent equilibrium tie lines, with some cal-
culated temperatures (°C), are dashed. Only one set of tie lines
is shown for subunit III. Only two of the tie lines to the fayalites
of subunits I and II are drawn. The others of subunit II would
be parallel to these. The stippled area between the two solid tie
lines enclosing the pyroxenes of subunit V represents the limits
of the two-pyroxene field for the Bishop Tuff (Hildreth, 1977).
Its temperature range is also shown. The small filled oval indi-
cates the ferrohedenbergite compositions of the rhyolites of the
Sierra La Primavera (Mahood, 1980). The corners of the figure
are labeled as on the pyroxene quadrilateral: En = enstatite, Fs
= ferrosilite, Di = diopside, Hd = hedenbergite.

to light green in subunit V. The latter also contains an
olive-green pyroxene, no. 6B. The o’ and +' indices of
refraction of cleavage fragments range from 1.730 and
1.751 for the dark-green clinopyroxene (hedenbergite) to
1.699 and 1.719 for the light-green augite.

The optical properties of the hedenbergite from the
Tsankawi and Guaje Pumice Beds—Tshirege and Otowi
basal air falls, respectively—are the same within the lim-
its of error. Their chemical compositions are also very
similar, as will be shown later. Optical and crystallo-
graphic data for the dark-green hedenbergite from the
Guaje air fall are given in Table 2.

Orthopyroxene in equilibrium with clinopyroxene is
not found below the top of subunit IIT in the Tshirege
Member and is rare in the earliest flows in which it first
appears. The color observed with a binocular microscope
ranges from light brown in the lower samples to light tan
in the uppermost ash flows, as the highest refractive index
of the cleavage fragments decreases from 1.745 to 1.720.
The pleochroic colors are pinkish tan and pale green.

The fayalites are smooth, glossy, honey-colored sphe-
roidal grains ranging from 0.5 mm to more than 1.0 mm.
The larger grains show some development of crystal faces
but still have a rounded habit. Optical and crystallo-
graphic data for the Guaje fayalite are given in Table 2.

CHEMICAL COMPOSITION

Equilibrium phases

Formulas based on four cations and six oxygens for the
pyroxenes and on three cations for the fayalites were de-
rived from the average chemical compositions deter-
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TasLE 3. Average chemical analyses and formulas of clinopyroxenes in Bandelier Tuff

Air falls Ash flows
Member: Otowl Tshirege Tshirege
Pumice bed: Guaje Guaje Tsankawi
bottom top top
Subunit: I I il \
Sample number: B5 1 B2 6
Chemical method: wet electron microprobe
Weight percent™
Sio, 48.5 48.27 48.67 48.48 49.34 51.48
AlLO, 03 0.29 0.29 0.30 0.28 0.91
Fe,0, 2.6
FeO 24.8 27.22 26.84 26.97 23.44 13.02
TiO, 0.13 0.08 0.08 0.08 0.10 0.21
MgO 24 2.28 2.36 2.46 5.61 12.36
MnO 2.9 2.80 2.53 2.57 1.96 1.10
CaO 18.2 18.26 18.23 18.16 17.87 19.06
Na,0 0.7 0.62 0.65 0.59 0.48 0.53
Total 100.2 99.82 99.65 99.61 99.08 98.67
Formulas
Basis of
6 oxygens Basis of 4 cations and 6 oxygens
T Si 1.972 1.971 1.987 1.981 1.985 1.972
Al 0.014 0.014 0.014 0.014 0.013 0.028
Al 0.013
Fe* 0.080 0.089 0.059 0.065 0.049 0.041
Fe* 0.843 0.841 0.858 0.856 0.740 0.376
M Ti 0.004 0.002 0.002 0.002 0.003 0.006
Mg 0.145 0.139 0.144 0.150 0.336 0.706
Mn 0.100 0.097 0.087 0.089 0.067 0.036
Ca 0.793 0.799 0.797 0.795 0.770 0.782
Na 0.055 0.049 0.051 0.047 0.037 0.039
Total T 1.986 1.985 2.001 1.995 1.998 2.000
Total M 2.020 2.016 1.998 2.004 2.002 1.999
Total wt% with Fe,O, 100.2 100.11 99.84 99.82 99.24 98.81

*J. Marinenko, U.S. Geological Survey

** Wt% Zn by neutron-activation analysis (P. Baedecker, U.S. Geological Survey): no. B5, 0.085; no. 1, 0.082; no. 5 (subunit 1V), 0.08; no. 6, 0.04.

mined by electron-microprobe analysis. This necessitated
converting some of the FeO in the microprobe analyses
of the pyroxenes to Fe,O, to maintain charge balance.
Percentages of Wo, En, and Fs were calculated from the
atomic proportions of Ca, Mg, and total Fe plus Mn, and
these percentages were plotted on the pyroxene quadri-
lateral in Figure 1. Fayalites are shown near the ferrosilite
corner. The progressive variation in composition from
right to left along the trends shown for each phase on the
diagram is in accordance with the stratigraphic sequence
shown in Table 1; therefore, sample numbers are not
shown for all the plotted points.

Complete analyses for the clinopyroxenes from the air
falls and from the lowest and highest ash flows of the
Tshirege Member of the Bandelier Tuff are given in Table
3. Also shown is the analysis of an augite from subunit
III that was found associated with both fayalite and hy-
persthene. The compositions of the fayalites and hyper-
sthenes found together with the clinopyroxenes of Table
3 are given in Table 4. The percentage of MnO was found
to be highest in the Guaje fayalite and is the highest we
have ever seen reported for a magmatic fayalite.

The “wet-chemical analyses of a few of these samples
agree very well with the microprobe analyses given. in

Tables 3 and 4, including the percentages of Fe,O, found
by calculating these stoichiometric formulas. One exam-
ple, the Guaje clinopyroxene, is shown in Table 3. The
percentages of FeO and Fe,O, found by calculation to be
24.6 and 2.9, respectively, should be compared with the
values by “wet” chemistry.

As Table 3 shows complete compositions for only five
of the pyroxenes plotted in Figure 1, the variation of all
the component oxides in 11 of the analyzed Tshirege cli-
nopyroxenes is presented in Figure 2, where formula val-
ues are plotted against the amounts of Mg in the formula
unit based on four cations. This element increases in the
clinopyroxenes from basal unit to uppermost ash flow.
Figure 2B shows the minimum in Ca that is observed on
the quadrilateral plot at the composition of augite in sam-
ple 5, one of the subunit IV samples. It appears that a
minimum in Na accompanies the minimum in Ca. Figure
2C indicates that as Mg increases, AL increasingly sub-
stitutes for Si in tetrahedral coordination in subunits IV
and V.

Heterogeneity and nonequilibrium phases

The clinopyroxenes and fayalites from each of the sam-
ples from subunit I through most of subunit III are ho-
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TaeLE 4. Average chemical analyses and formulas of fayalites and orthopyroxenes in Bandelier Tuff

Air falls Ash flows
Member Otowi Tshirege Tshirege
Pumice bed Guaje Tsankawi
bottomn top top top
Subunit | ] n n v
Sample number B5 1 B2 B2 6
i hy
Phenocryst Fayalite Hypersthene
Weight percent”
Si0, 29.92 30.25 29.70 30.63 48.22 51.52
AlLO, 0.00 0.00 0.00 0.00 0.19 0.32
FeO 61.61 61.88 61.78 61.79 38.89 26.96
TiO, n.d. n.d. n.d. n.d. 0.14 0.18
MgOo 1.28 1.40 1.41 3.77 8.26 17.89
MnO 6.80 6.14 6.30 4.60 2,93 2.06
Ca0 0.17 0.19 0.19 0.20 1.52 1.30
Total 99.78 99.86 99.38 100.99 100.15 100.03
Formulas
Basis of 3 cations Basis of 4 cations and 6 oxygens
T ) S 1.005 1.014 1.001 0.998 1.978 1.980
T Al 0.009 0.014
Fe** 0.025 0.015
Fea+ 1.731 1.735 1.741 1.685 1.309 0.851
M Ti 0.004 0.005
Mg 0.064 0.070 0.071 0.183 0.505 1.013
Mn 0.194 0.174 0.180 0.127 0.102 0.067
Ca 0.006 0.007 0.007 0.007 0.067 0.054
Total T 1.005 1.014 1.001 0.998 1.987 1.994
Total M 1.995 1.986 1.999 2.002 2.012 2.005
No. oxygens 4.005 4.014 4.001 3.998 6.000 6.000
Total wt% with Fe,0, 100.23 100.08

*W1% Zn by neutron-activation analysis (P. Baedecker, U.S. Geological Survey): no. B5, 0.014; no. 5, (subunit [V), 0.09; no. 6, 0.08.

mogeneous. At the top of subunit III, however, the av-
erage compositions of some of the clinopyroxene grains
of sample B2 vary from the overall average shown in
Table 3 by as much as 0.5 and 0.3% FeO and MgO,
respectively, with about 10% of the orthopyroxene grains
being intermediate between those of samples B2 and 6 in
composition (Table 4).

The pyroxenes from subunit IV also show minor
intergrain heterogeneity. In additon, some of the ortho-
pyroxene (opx) grains of sample 5 are zoned, with ho-
mogeneous cores having a composition slightly more Mg-
rich than opx in sample 6, and outer portions becoming
increasingly higher in Fe away from the core. These cores
may be xenocrysts, as is probably true also for the minor
plagioclase found in this sample. The gradual change in
the composition of the opx crystals may have occurred
at the same time that the overgrowth of sanidine on the
anorthoclase was taking place. The outermost portion of
these opx grains is considered to be in equilibrium with
the bulk of the clinopyroxene.

The orthopyroxene grains obtained from the subunit V
sample (no. 6) are homogeneous. Most of the augite from
this sample is light green. Its intergrain variation from
the average (Table 3) was found to be as large as 1.2 and
0.9% for FeO and MgO, respectively. A minor amount
of another clinopyroxene (cpx), designated 6B in Figure
1, is also present. This is olive-green and contains more
Mg and less Fe than no. 6, as shown on the quadrilateral

plot. The olive-green cpx has twice as much alumina and
four times as much titania as the light-green augite. The
amounts of these two constituents are even higher, al-
most 4% alumina and more than 1% titania, in zones that
appear to be remnants of a replacement process. This
more aluminous pyroxene may have had the same source
as the andesine xenocrysts in sample no. 6.

Izett and Wilcox (1968, p. 1561) reported that the
Tsankawi Pumice Bed contains hornblende, bronzite, and
rare plagioclase in addition to hedenbergite, fayalite, and
sanidine. Sample B5, the Tsankawi, was found to have a
considerable amount of hornblende and also some ortho-
pyroxene, rare plagioclase, a light-green augite (<0.5% of
the total clinopyroxene, the bulk of which is dark-green
hedenbergite) and “exsolved” magnetite containing much
more magnesia than in the bulk of the magnetite, which
is homogeneous. Some crystal clots separated from the
heavy-mineral concentrates consist of a combination of
all of these minerals. Both the orthopyroxene (opx), plot-
ted in Figure 1, and the light-green augite (cpx) are higher
in magnesia (opx, 25.9%; cpx, 14.5%) and alumina (opx,
2.3%; cpx, 1.4%) than any of the Tshirege equilibrium
opex and cpx phases and were obviously not formed in
equilibrium with the fayalite, hedenbergite, sanidine, and
most of the magnetite. The Tshirege Member of the Ban-
delier Tuff contains some pumice lumps of a rock iden-
tified as “hornblende pumice.” It is difficult to remove
all of these small pumice lumps from samples of the
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Fig. 2. The amounts of major and minor elements per for-
mula based on 4 cations vs. the amounts of Mg per formula unit
for 11 Tshirege clinopyroxenes: (A) Fe and Mn; (B) Ca and Na;
(O) Si, Al, and Ti. Sample number is shown at significant change
in slope.

Tsankawi air fall, thus, the nonequilibrium phases in
sample B5 are probably from the included hornblende
pumice, which has the general chemical composition of
quartz latite, a dominant rock type of the pre-Bandelier
Tschicoma Formation.

TEMPERATURE AND OXYGEN FUGACITY

Minimum temperatures and the corresponding oxygen
fugacity for subunits I through III, containing magnetite
only, are given in Part A of Table 5.

Oxide temperatures were not estimated for subunit IV
because the titanomagnetites are partially oxidized and
contain ilmenite lamellae. The temperature and oxygen
fugacity for subunit V (Table 5, Part B) were determined
by the latest version of the Fe-Ti oxide geothermometer
described by Andersen and Lindsley (1988).

The presence of two pyroxenes in the upper ash flows
of the Bandelier Tuff suggests that two-pyroxene geother-
mometers might be used to check the Fe-Ti oxide tem-
peratures. Temperatures obtained with the Lindsley and
Andersen (1983) method are given in Table 5.

Figure 3 indicates where the Bandelier Tuff would be
located on the oxygen fugacity-temperature plot in the
classic paper by Carmichael (1967, Fig. 2). His plot in-
cludes several dacites in addition to rhyolites. The Ban-
delier Tuff samples (@) are plotted according to the ear-
liest determinations (see section on methods) and not
according to the later data in Table 5. Figure 3 also in-
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TaBLE 5. Pre-eruptive temperatures and oxygen fugacities of
the Bandelier Tuff determined by different methods

Two-
pyroxene
temper-
Oxide-silicate ature**
Molar fractions* temperature
Sub- cpx  opx
unit Sample usp iim fay (°C)  log,ofo, (°C) (°C)
Part A. Samples containing magnetite but no ilmenite
Guaje 0.257 0.8660 696 —16.92
I B5 0.260 0.8678 697 —16.90
I B4 0.278 0.8690 706 —16.69
It 1 0.282 0.8701 710 -—16.57
I 30 0.312 0.8610 726 -16.20
in B2 0.347 0.8432 746 —15.70 700 800
n 2 0.358 0.8448 753 —15.54
Part B. Samples containing magnetite and ilmenite
v 5 n.d. nd. no fay 760 800
\% 7, nd. 0905 no fay 785 810
\ 6 0364 0.894 nofay 837 —13.01 840 770

Note: In Part A, oxide-silicate values for 2 kbar were determined by D.
H. Lindsley (pers. comm.) by the method based on the latest studies of
Andersen and Lindsley (1988) and of Frost et al. (1988) on Fe-Ti oxide—
silicate equilibria. In Part B, “‘n.d."” signifies “‘not determined’’ because the
titanomagnetite was not homogeneous and the ilmenite was rare.

* Molar fractions of ulvdspinel and ilmenite were calculated by the Car-
michael (1967) method. Molar fractions of fayalite were determined from
formulas based on 4 oxygens.

** Values obtained by the method described by Lindsley and Andersen
(1983).

cludes several high-silica rhyolites, which are more com-
parable to the Bandelier Tuff. Symbols and references for
all the data in Figure 3 are given in Table 6 along with
silica percentages and the temperatures as given in the
original references. The short solid line below the FMQ
buffer curve shows the ranges of temperature and oxygen
fugacity of the Lava Creek Tuff according to Hildreth
(1981). Dashed lines are shown for some of the other
volcanic suites. Bandelier Tuff sample 6 is located on the
“pyroxene minus biotite” line. This line is not extended
to lower temperatures where biotite may occur just above
the FMQ buffer curve (e.g., Hildreth, 1977, 1981). The
distance of a plotted point above the FMQ is not only a
measure of the oxygen fugacity of a rock but also an in-
dication of the relative values of Fe**/Fe?* ratios of mag-
mas prior to eruption. The nearly linear relationship be-
tween log Fo,, and log(Fe?*/Fe*+) at any one particular
temperature was determined experimeéntally by Mysen et
al. (1980, 1984), who also gave references to previous
studies. It was reported for natural systems by Luhr and
Carmichael (1980).

Figure 3 shows higher temperatures and oxygen fugac-
ities for the Bandelier Tuff samples than those in Table
5, Part A, mostly because of the use of the Hewitt (1978)
FMQ data rather than the Haas FMQ data used by Frost
et al. (1988).

DiISCUSSION

Correlation of pyroxene composition with stratigraphy

The compositions of the Tshirege Ca-rich pyroxenes
extend from near the hedenbergite side of the pyroxene
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are listed in Table 6. Celsius temperatures are shown for easy reference to the literature. The line close to, but slightly below, the

FMQ indicates the range of the Lava Creek Tuff.

quadrilateral (Fig. 1) for subunit I, the basal air fall, to
compositions with more than 50% diopside for subunit
V, the uppermost ash flow. The Lava Creek Tuff (Hil-
dreth et al., 1984) is similar to subunits I through III of
the Tshirege Member of the Bandelier Tuff, as its clino-
pyroxenes (cpx) are in equilibrium with fayalite (Fay, o)
and cover the same range of composition except that the
youngest Lava Creek Tuff cpx is slightly more to the diop-
side side of the pyroxene quadrilateral than is the top of
subunit IIT. The oldest part of the Upper Basin Member,
which overlies the Lava Creek Tuff, may be similar to
subunit IV with respect to clinopyroxene composition and
the occurrence of low-Ca pyroxene instead of fayalite.
The correlation of the variation in composition of the
pyroxenes (Figs. 1, 2 and Tables 3, 4) and of the pre-
eruptive temperature (Table 5) with the stratigraphic se-
quence (Table 1) gives evidence for the zonation of the
magma chamber in addition to that given by Smith and
Bailey (1966). The chemical and mineralogical zoning ev-
ident for the Bandelier and some other silicic magma
chambers is not explained by any simple process of frac-
tional crystallization. Shaw et al. (1976) and Smith (1979)
attributed it to “thermogravitational diffusion” aided by

convection in the silicate liquid. Hildreth (1981) de-
scribed this process in detail in relation to his research
on the Bishop Tuff (Hildreth, 1976, 1977, 1979) and gave
numerous references to other research on rocks from
zoned silicic magma chambers.

Geobarometry

The two orthopyroxenes from the top of subunit IIT are
the most Fe-rich. They coexist with the most Mg-rich
fayalites, which indicates that there is a four-phase region
(cpx, opx, fa, qtz) in which the compositions of these
silicate phases are close to those shown in Figure 1 for
subunit ITI. The appearance of the quadrilateral based on
the proportions of Ca, Mg, and total Fe is almost identical
with that in Figure 1, which includes Mn with the Fe.
The maximum Fe/(Ca + Mg + Fe) for orthopyroxene,
sample B2 of subunit III, is 0.70. The oxide temperature
(shown in Fig. 1 as 770 °C) and the compositions of the
B2 orthopyroxene and fayalite indicate that the pressure
must have been between 1.5 and 2 kbar according to D.
H. Lindsley (pers. comm.). A pressure of somewhat less
than 2 kbar indicates a shallow depth for a significant
portion of the Bandelier magma chamber.



TABLE 6. Symbols, references, and characteristics for volcanics plotted in Figs. 3 and 4

Sample identification Sio** Total Fe as Ferromagnesian T
andjor locality* Rock type* (%) FeO** (%) phenocrysts (°C)
x: Sierra La Primavera, Mexico (Mahood, 1980)
South-central dome rhyolite 76.85 1.77 ferrohd, fa 870t
4 : Lava Creek Tuff, Wyoming (Hildreth, 1981)
Early rhyolite ~77 1.1 hd, fa 820
Late rhyolite ~75.5 1.8 aug, fa 900
®: Bandelier Tuff
Guaje Pumice Bed rhyolite 76.83 1.32 hd, fa 696
Tsankawi Pumice Bed
I, B5 rhyolite 76.47 1.59 hd, fa 697
I, 1 rhyolite 76.37 1.50 hd, fa 710
I, 30 rhyolite 76.28 1.47 hd, fa 726
I, 2 rhyolite 76.74 1.38 aug, hy, fa 753
V,6 rhyolite 72.11 1.96 aug, hy 837
A: Mono Craters, California (Carmichael, 1967)
6 rhyolite 76.69 1.03 fa, hb 790
5 rhyolite 76.73 1.03 fa, hb 810
19 rhy.-obs. 76.71 1.03 trace opx 815
16 rhy.-pum. 76.53 1.02 trace opx 820
17 rhy.-obs. 76.69 1.02 trace opx 825
15 rhy.-obs. 76.70 1.02 trace opx 850
{: Bishop Tuff, California (Hildreth, 1977)
104 rhyolite 77.5 0.79 bt 725
88 rhyolite 77.4 0.67 bt, aug, hy 737
107 rhyolite 76.5 0.85 bt, aug, hy 756
72 rhyolite 75.5 1.06 bt, aug, hy 763
78 rhyolite 75.5 1.07 bt, aug, hy 785
77 rhyolite 75.9 1.01 bt, aug, hy 790
®: Kern Plateau, California (Bacon and Duffield, 1981)
Long Canyon rhyolite 76.9 0.46 bt 695
Little Templeton rhyolite 741 1.65 bt
Templeton rhyolite 74.0 1.62 bt, hb, hy 910
Monache rhyolite 72.8 1.96 bt, fa, grt 950
o: Paintbrush Tuff, Nevada (Lipman, 1971; Lipman et al., 1966)
Topopah Spring Member rhyolite 774 0.89 bt 720
Topopah Spring Member gtz. lat. 68.8 2.0 bt, cpx, hb 900
O: Los Chocoyos Ash, Guatemala (Rose et al., 1979)
High-K rhyolite 77.4 0.78 bt 750
Low-K rhyolite 75.7 1.53 hb, cum 950
O3: Volcan Ceboruco, Mexico (Nelson, 1979)
104 rhyolite 7410 1.42 aug, opx 810
122 rhy.-dac. 70.38 217 bt 855
364 rhy.-pum. 70.47 2.15 hb 845
346 rhy.-pum. 69.45 2.4 hb 838
348 rhy.-pum. 69.65 2.39 hb 835
136 andesite 56.63 7.80 aug, opx, fo 935
30 andesite 61.55 5.60 aug, opx 987
117 andesite 61.30 5.68 aug, opx 970
61 andesite 59.84 6.25 aug, opx 1015
A: Glass Mountain, Medicine Lake, California (Carmichael, 1967)
12 rhy.-obs. 73.85 1.67 pyrox 880
14 rhy.-obs. 73.67 1.69 pyrox 930
13 rhy.-dac. 68.54 3.06 pyrox 895
A Iceland (Carmichael, 1967)
Oraefajokull obsidian 71.98 3.41 ferrohd, fa 915
Thingmuli obsidian 72.6 3.12 fa 925
¢ : Inyo Craters, California (Carmichael, 1967)
23 rhy.-obs. 71.74 1.95 bt, hb 920
24 rhy.-obs. 70.47 2.20 bt, hb 930
©: Lassen, California (Carmichael, 1967)
28 dacite 71.58 2.53 hb, bt 865
29 dacite 70.15 2.53 hb, bt 880
27 dacite 70.16 2.46 hb, bt 980
Il: Volcan Colima, Mexico (Luhr and Carmichael, 1980)
9 andesite 61.20 5.07 hb, aug, opx 986

Note: Abbreviations: rhy.-obs., rhyolitic obsidian; rhy.-pum., rhyolitic pumice; qtz. lat., quartz latite; rhy.-dac., rhyodacite; ferrohd, ferrohedenbergite;
fa, fayalite; hd, hedenbergite; aug, augite; hy, hypersthene; hb, hornblende; opx, orthopyroxene; bt, biotite; grt, garnet; cpx, clinopyroxene; cum,
cummingtonite; fo, forsterite; pyrox, pyroxene.

* S8ample designations and rock types are those used in the original references.

** H,0 (and halogen)-free, normalized to 100.0%.

+ Rounded low by Warshaw.
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The four-phase triangle in the pyroxene quadrilateral,
which is based solely on the proportions of Ca, Mg, and
total Fe, is almost identical in location (composition of
CpX, OpX, fa) to that for 800 °C and 1-2 kbar in Figure 6
of Lindsley (1983, p.482).

Relationships among composition, temperature, and
oxygen fugacity

Temperature and pyroxene composition. As shown in
Figure 1, the pre-eruptive temperature of the Tshirege
Member of the Bandelier Tuff increases with increasing
Mg content of the pyroxenes and fayalites. The same re-
lationship between temperature and composition of the
ferromagnesian silicates exists for the Lava Creek Tuff
(Hildreth et al., 1984). The composition ranges of these
phases are the same for both tuffs, but temperatures de-
termined for the Lava Creek Tuff are much higher, 820
°C to 900 °C vs. 710 °C to about 770 °C for subunits I
through III of the Tshirege Member. The compositions
of two other high-silica rhyolites are shown in Figure 1.
The clinopyroxenes of the Sierra La Primavera of Mexico
(Mahood, 1980, 1981) have a much higher Fe content
than the lowest-temperature Bandelier Tuff sample, but
the La Primavera volcanics are in the same temperature
range as the Lava Creek Tuff. Some of the Bishop Tuff
pyroxenes (Hildreth, 1977) are more Mg-rich than those
of sample no. 6, but all the Bishop samples have lower
temperatures (737 °C to 790 °C) than no. 6. Thus a cor-
relation between temperature and increasing proximity
to the diopside side of the pyroxene quadrilateral is pos-
sible only for one particular eruption from a single zoned
magma chamber. The pyroxene and fayalite composi-
tions must be primarily a function of the oxygen fugacity
and composition of the magma including volatiles (Hil-
dreth, 1981) and may be more closely related to the
chemical gradient than to the thermal gradient, though
related to both. The relationship between pyroxene com-
position and temperature is clearly illustrated by Lindsley
and Andersen (1983).

Whole-rock composition. The Bandelier Tuff and other
high-silica rhyolites vary greatly in the types and com-
positions of the ferromagnesian silicate phenocrysts they
contain. These differences are related to the oxygen fu-
gacities of the magmas, as was shown by Carmichael
(1967) and is indicated in Figure 3. Therefore, it is of
interest to consider some of the compositional differences
within the Bandelier Tuff and in other rhyolites that might
be related to phenocryst type and oxygen fugacity. Mg,
Fe, and the Al and Ca in excess of that included in the
three-dimensional framework would be the elements most
likely to be related to the oxygen fugacity of the magma
because their silicates would have NBO/T > 0. Smith
and Bailey (1966) found the percentages of total iron ox-
ides in the Bandelier Tuff to be much higher than those
of magnesia. Magnesia is very low (as low as 0.01% ac-
cording to Hildreth, 1981) in all the high-silica rhyolites,
the pyroxenes of which are plotted in Figure 1. Therefore,
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Fe and Ca were considered the elements most likely to
be related to the oxygen fugacity of different rhyolitic
magmas. Ca is more basic than either Fe or Mg; there-
fore, relatively more Ca might be associated with higher
oxygen fugacity. In fact, Douglas et al. (1965) stated that
previously reported experimental evidence had always
shown that the proportion of a redox ion in the higher
oxidation state increased with the basicity of a glass or
melt.

Figure 4 is a plot of total FeO vs. CaO. Smith and
Bailey (1966) gave some data on the FeO content of the
Bandelier Tuff but no information on the CaO content.
Previously unpublished data on the latter have been used
in Figure 4. Values for more than rhyolites are plotted in
order to compare the results with those of Izett (1981).
The references and symbols for the points in Figure 4 are
the same as those in Figure 3 and are given in Table 6
along with the percentages of FeO and SiO, and types of
rocks and ferromagnesian phenocrysts. All of these fea-
tures are delineated in Figure 4. A dot-dash line is sketched
to show which rocks may be considered to be Fe-rich
relative to the amounts of CaO and silica. In a compar-
ison of Figures 3 and 4, it appears that, when Fe is high
relative to CaO and silica, a smaller proportion of Fe is
in the 3+ state before eruption.

Relationship between oxygen fugacity and magma com-
position. A progression from fayalite through orthopy-
roxene to hornblende is shown in both Figures 3 and 4.
This progression suggests a possible relationship among
oxygen fugacity, Fe3+/Fe*+ ratio, and FeO/CaQ. The in-
dicated relationships agree with the results of the Raman
and Mossbauer spectroscopic studies of Mysen et al.
(1979, 1980, 1984). They showed that changes in the melt
structure and increases in the Fe3+/Fe?* ratio were related
in part to decreasing amounts of Fe relative to alkaline
earths or to an increase in the CaO/(CaO + MgO) ratio.
In high-silica rhyolites that contain very little magnesia,
larger amounts of CaO are comparable to higher CaO/
(CaO + MgO) ratios.

The relationships shown in both Figures 3 and 4 are
summarized in Table 7 together with some other whole-
rock data for rhyolites containing 75% to 77% SiO,, which
includes most of the Tshirege Member of the Bandelier
Tuff. Temperatures are given in Table 6. Table 7 shows
that oxygen fugacity generally increases with decreasing
FeO/CaO and Al-saturation indices. Spaces separate the
rocks into groups based on significant differences in these
ratios. Similar tables could be prepared for the other silica
ranges, but only the one that includes Bandelier Tuff sam-
ple 6 is also included in Table 7. Not all of the Tshirege
Member samples listed in Table 1 are listed here, because
of the lack of temperature or whole-rock compositional
data.

The relation between oxygen fugacity and rock type,
e.g., slightly peralkaline, subaluminous, alkali-calcic, was
stressed when a condensed version of this paper was pre-
sented orally (Warshaw and Smith, 1980). The agpaitic
index (alkalis/alumina) and the other Al-saturation index
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indicate the degree of polymerization of the aluminosil-
icate portion of a silicate mel*. When these indices are
close to 1.00, the NBO/T is close to zero. It increases
with decreasing Al-saturation indices, i.e., with greater
amounts of Al than can be charge-balanced in tetrahedral
coordination. Mysen et al. (1985) showed that the Fe3+/
Fe?* ratio increases with increasing NBO/T (decreasing
polymerization) and Al/(Al + Si). They also found that
the increase in Fe3+/Fe** ratio, a linear function of the
Z/r* (ionization potential) of network-modifying cations
in Al-free silicate systems, is enhanced in aluminous sys-
tems with increasing NBO/T. Such enhancement is in-
dicated in Table 7, which includes both FeQ/CaO ratios
and Al-saturation indices.

All of the Bandelier Tuff rocks that contain fayalite
phenocrysts (subunits I-IIT) have Al-saturation indices
close to 1.0. The clinopyroxenes in these rocks contain

no more than 0.30% Al,Q,, all of it being tetrahedral.
Subunit I'V clinopyroxenes have 0.4% of this constituent.
The clinopyroxene from the subunit V sample has more
than enough Al (0.91% Al,QO;) to fill the tetrahedral po-
sition in this metasilicate. The Al-saturation indices of
this particular ash flow indicate that there is more Al in
this rock than can be charge-balanced by alkalis and al-
kaline earths in an aluminosilicate network.

The compositions of the pyroxenes in the rhyolites are
influenced by all the whole-rock ratios listed in Table 7
but not by the molar ratio of total Fe to Mg for those
peralkaline or subaluminous rhyolites containing very lit-
tle Mg. It is the ratio of Fe?* to Mg in the magma that
influences the location of the pyroxenes on the pyroxene
quadrilateral. The difference between the total Fe/Mg and
the pre-eruptive Fe2*/Mg ratios was probably greater for
the Bandelier Tuff than for the Sierra La Primavera
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TaBLE 7. Molar ratios and types of rocks and phenocrysts of salic volcanic rocks

Sample identification Ca0 + Na,0 + K.0 FeO™ _ FeO™
and/or locality* Agpaitic index AlLO, Ca0 Phenocrystst Type “*FeO + Mg0

Part A. >76% silica

Sierra La Primavera 1.055 1.097 5.07 fa slightly peralkaline 0.95

Lava Creek Tuff, early 0.916 0.951 3.58 fa subaluminous 0.98

Bandelier Tuff

Guaje Pumice Bed 0.969 1.007 3.93 fa subaluminous 0.93

B5 0.953 1.009 3.22 fa subaluminous 0.92

1 0.970 1.037 2.57 fa subaluminous 0.94

30 0.975 1.045 2.44 fa subaluminous 0.88

2 0.979 1.063 1.94 opx, fa subaluminous 0.79

Mono Craters 6 0.946 1.035 131 fa subaluminous 0.93

5 0.950 1.036 1.36 fa subaluminous 0.93

19 0.941 1.028 1.33 opx subaluminous 0.97

16 0.942 1.031 1.29 opx subaluminous 0.93

17 0.943 1.029 1.34 opx subaluminous 0.95

15 0.941 1.028 1.32 opx subaluminous 0.93

Bishop Tuff 104 0.902 0.998 0.94 bt subaluminous 0.93

88 0.911 0.997 0.89 opx, bt subaluminous 0.97

107 0.928 1.025 0.98 opx, bt alkali-calcic 0.87

Long Canyon 0.853 0.934 0.61 bt peraluminous 0.93

Topopah Spring, rhy 0.904 0.963 1.74 bt metaluminous 0.63

Los Chocoyos, hi-K 0.875 0.997 0.73 bt metaluminous 0.68
Part B. >75% silica

Lava Creek Tuif, late 0.882 0.948 2.93 fa metaluminous 0.90

Bishop Tuff 72 0.901 1.016 1.00 opx bt alkali-calcic 0.73

78 0.874 1.001 0.91 opx bt alkali-calcic 0.80

77 0.910 1.050 0.81 opx bt alkali-calcic 0.62

Los Chocoyos, low-K 0.729 0.991 0.61 amph calc-alkalic 0.68
Part C. 70-72% silica

Oraefajokull 1.019 1171 2.36 fa peralkaline 0.97

Bandelier Tuff 6 0.853 0.961 1.74 opx metaluminous 0.83

Inyo Craters 23 0.892 1.024 1.43 hb bt metaluminous 0.80

24 0.868 1.025 1.41 hb bt metaluminous 0.75

Ceboruco 122 0.821 0.994 1.12 bt metaluminous 0.76

364 0.792 0.971 1.10 hb metaluminous 0.76

Lassen 28 0.697 1.018 0.77 hb bt calc-alkalic 0.57

29 0.691 1.048 0.67 hb bt calc-alkalic 0.53

27 0.677 1.046 0.63 hb bt calc-alkalic 0.49

Note: Data listed in each part in order of increasingly higher oxygen-buffer curves (Fig. 3). Each part is based on percentages of silica in Table 6.
* See Table 6 for references, complete sample designation, and abbreviations.

“* Moles total Fe calculated as FeO.
T cpx is also present with fa and opx.

rhyolites (Mahood, 1980, 1981) and even greater for the
Bishop Tuff (Hildreth, 1977, 1979).

CONCLUSIONS

The compositions of the ferromagnesian silicates in the
Tshirege Member of the Bandelier Tuff and the corre-
sponding pre-eruptive temperatures vary in a regular way
with the stratigraphic sequence. The clinopyroxene and
fayalite occurring in the basal air fall of this member of
the Bandelier Tuff are the richest in Fe and Mn and poor-
est in Mg. The uppermost flow of this unit has the most
Mg-rich pyroxenes and the highest pre-eruptive temper-
ature. It came from the deepest, hottest zone of the mag-
ma chamber, the zone that had the highest Mg/Fe ratio
according to Smith and Bailey (1966).

The change from fayalite to orthopyroxene during the
eruption occurred when the material being erupted came

from a zone that had been deep enough so that the Mg/
Fe ratio was such that the low-Ca phase precipitating in
equilibrium with the clinopyroxene contained enough Mg
to stabilize Fe-bearing orthopyroxene at the pressure and
temperature at that depth. The oxygen fugacity of the
magma from the deeper zones in the chamber was deter-
mined to have been higher than that in the upper zones.
The higher oxygen fugacity is compatible with the occur-
rence of orthopyroxenes rather than fayalites, which oc-
cur on or below the fayalite-magnetite-quartz buffer curve
and have higher Fe?+/Mg ratios than orthopyroxenes.
In a comparison of the properties of the Bandelier Tuff
and its ferromagnesian silicate phenocrysts with other
high-silica rhyolites containing little Mg, the following
relationships are apparent. The location of the Bandelier
and Lava Creek (Hildreth, 1981; Hildreth et al., 1984)
tuffs between the fayalite-bearing Sierra La Primavera
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rhyolites (Mahood, 1980) and the orthopyroxene-bearing
Bishop Tuff (Hildreth, 1977) on both the oxygen fugaci-
ty—temperature plot and the pyroxene quadrilateral is re-
lated to the compositions and not to the temperatures of
their magmas. Interrelationships were found among oxy-
gen fugacity and certain aspects of magma composition.
Thus, the Bandelier Tuff lies on higher oxygen-buffer
curves than the Sierra La Primavera sample and has low-
er agpaitic indices and lower Fe2+/Mg and Fe,,,/Ca ratios.
The opposite is true in a comparison of most of the Ban-
delier Tuff with the Bishop Tuff. The Bandelier Tuff and
all the volcanics plotted in the fayalite area of Figure 4
can be described as Fe-rich rhyolites. This includes the
obsidians from Iceland as well as some of the high-silica
rhyolites.
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