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the model to very low pressures. Our results indicate that 
for quartz, sanidine, plagioclase, magnetite, and ilmenite 
to crystallize in equilibrium from lBT magma, magma 
must have been stored at ≤740 °C, even when a substan-
tial amount of CO2 occurs in the coexisting fluid. Such 
temperatures are in conflict with the hotter temperatures 
retrieved from magnetite–ilmenite compositions (~785 °C 
for the sample used in the experiments). Consistent with 
other recent studies, we suggest that the Fe–Ti oxide phases 
in the late Bishop Tuff magma body are not in equilibrium 
with the other minerals and thus the retrieved temperature 
and oxygen fugacity do not reflect pre-eruptive storage 
conditions.

Keywords rhyolite · Thermodynamic model · explosive 
eruptions · experimental petrology

Introduction

Immense eruptions of hundreds to thousands of cubic kilo-
meters of magma are potentially the most hazardous events 
that face the planet, by injecting vast quantities of gas and 
ash into the atmosphere and covering 1000s of square kilo-
meters with thick pyroclastic flows (Christiansen 2001; 
rampino 2002; Baines and Sparks 2005; Self 2006; Wil-
son 2008; Self and Blake 2008). no eruption of that scale 
has happened in recorded history, and so our knowledge of 
such eruptions and of the magma bodies that give rise to 
them is entirely derived from existing deposits. It is thus 
of critical importance to understand where and under what 
conditions do large volumes of magma collect and differen-
tiate in the crust.

Thermodynamic models are one way to evaluate the 
conditions under which magma collects and differentiates. 

Abstract Thermodynamic models are vital tools to evalu-
ate magma crystallization and storage conditions. Before 
their results can be used independently, however, they must 
be verified with controlled experimental data. Here, we 
use a set of hydrothermal experiments on the late-erupted 
Bishop Tuff (lBT) magma to evaluate the rhyolite-MelTS 
thermodynamic model, a modified calibration of the origi-
nal MelTS model optimized for crystallization of silicic 
magmas. experimental results that are well captured by 
rhyolite-MelTS include a relatively narrow temperature 
range separating the crystallization of the first felsic min-
eral and the onset of the ternary minimum (quartz plus two 
feldspars), and extensive crystallization over a narrow tem-
perature range once the ternary minimum is reached. The 
model overestimates temperatures by ~40 °C, a known lim-
itation of rhyolite-MelTS. at pressures below 110 MPa, 
model and experiments differ in the first felsic phase, sug-
gesting that caution should be exercised when applying 
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One such model is rhyolite-MelTS, a modified calibra-
tion of the original MelTS model that better captures the 
quartz-feldspar saturation surface, thus resulting in much 
better results for calculations relevant for silicic magmas 
(gualda et al. 2012). It should be emphasized that the origi-
nal calibration of MelTS had to be performed using very 
limited experimental data on silicic compositions; in par-
ticular, the only experimental dataset available was that of 
naney (1983), with a granite of rhyodacitic composition 
being the most silicic Fe–Mg-bearing sample used in that 
study. gualda et al. (2012) argue that the lack of relevant 
experimental data largely persists, with the few new rele-
vant experimental datasets being plagued by shortcomings. 
They then use the average of early-erupted Bishop Tuff 
(eBT) glass inclusion compositions presented by anderson 
et al. (2000)—which are very similar to the eBT average 
bulk pumice composition of Hildreth (1979), showing the 
“eutectoid” nature of eBT magma—as a constraint for the 
location of the ternary minimum. gualda et al. (2012) show 
that the rhyolite-MelTS calibration is much superior, not 
only for the Bishop Tuff composition used, but also for 
available experiments and a few number of other natural 
systems they studied in greater detail, despite some discrep-
ancies and inconsistencies (e.g., temperatures tend to be 
overestimated, agreement between observed and calculated 
sanidine compositions is relatively poor, and the sequence 
of crystallization for one of the studied compositions does 
not match expectations based on petrography). In this 
sense, a direct comparison of rhyolite-MelTS calculations 
with results from experiments specifically designed to test 
the calibration is of significant interest.

To evaluate the rhyolite-MelTS calibration, we have car-
ried out an experimental phase equilibrium study using a 
pumice clast from the late-erupted Bishop Tuff (lBT). The 
sample used is slightly less evolved than the reference eBT 
composition used for calibration of rhyolite-MelTS, but it 

still corresponds to a high-silica rhyolite and, as such, rep-
resents a good test of rhyolite-MelTS. Further, the Fe–Ti 
oxides in the sample used to record some of the highest crys-
tallization temperatures (>780 °C) for the Bishop Tuff (see 
Hildreth 1979; Hildreth and Wilson 2007); it has recently 
been suggested that such temperatures do not represent pre-
eruptive storage conditions (ghiorso and gualda 2013; see 
also ghiorso and evans 2008), putting into question the 
viability of the presumed stable vertical stratification of the 
Bishop Tuff magma body (gualda and ghiorso 2013), as 
initially proposed by Hildreth (1979; see also Hildreth and 
Wilson 2007). as such, experimentally constraining the 
appropriate crystallization temperature for this high-silica 
composition provides important new data on the structure 
and evolution of the Bishop Tuff, in particular, and the crys-
tallization conditions of silicic magma bodies, in general.

Methods

The sample used in all experiments (aB-6202; see 
Pamukcu et al. 2012) was collected from the Ig2nW lobe, 
which forms part of the late-erupted Bishop Tuff (Wilson 
and Hildreth 1997). aB-6202 is large, pinkish pumice that 
consists of vesicular glass and phenocrysts of quartz, sani-
dine, plagioclase, clinopyroxene, orthopyroxene, biotite, 
magnetite, and ilmenite (Table 1). Parts of aB-6202 were 
crushed to a coarse powder (<100 µm) to use in experi-
ments; other parts were used to make mineral separates 
and thin sections for petrographic work. a grain mount of 
Fe–Ti oxides was made, and 22 ilmenites and 36 magnet-
ites analyzed. no pair of grains was found in contact, but 
all crystals had adhering glass, and was thus in contact with 
the silicate melt. We combine the 58 mineral analyses to 
form 792 ilmenite–magnetite pairs, all of which passed the 
equilibrium test of Bacon and Hirschmann (1988). Together 

Table 1  Composition of late-erupted Bishop Tuff sample (aB-6202) used in this study

all oxides are given in weight percent and averages of n number of grains. Total iron is reported as FeO. Whole-rock analysis by X-ray fluo-
rescence; all other data by electron microprobe. Values in parentheses represent estimated standard deviations in terms of least units cited, thus 
65.55 (96) indicates a standard deviation of 0.96 wt%. Matrix glass is reported normalized to 100 % (original total = 97.90)

WR whole rock, Opx orthopyroxene, Cpx clinopyroxene

Phase SiO2 TiO2 al2O3 FeO* MnO MgO CaO na2O K2O P2O5 n

Wr 76.01 0.189 12.79 1.08 0.023 0.20 0.81 3.38 5.48 0.035 –

glass 77.90 (71) 0.13 (4) 12.27 (16) 0.54 (20) 0.02 (1) 0.08 (1) 0.19 (3) 3.70 (15) 5.17 (7) – 6

Sanidine 65.55 (96) – 19.02 (22) 0.11 (4) – – 0.32 (8) 3.83 (19) 10.78 (48) – 13

Plagioclase 62.59 (180) – 23.66 (103) 0.21 (4) – – 5.29 (103) 7.94 (48) 1.13 (23) – 32

Opx 51.90 (58) 0.11 (6) 0.40 (24) 27.30 (159) 1.15 (17) 18.40 (95) 1.01 (6) – – – 14

Cpx 52.37 (4) 0.19 (0) 0.63 (15) 12.34 (83) 0.69 (9) 12.57 (57) 20.92 (6) 0.40 (1) – – 1

Magnetite 0.02 (2) 46.04 (80) 0.10 (2) 50.48 (156) 0.85 (15) 1.73 (18) – – – – 22

Ilmenite 0.07 (2) 8.35 (78) 1.22 (18) 85.02 (121) 0.50 (7) 0.80 (11) – – – – 35
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those compositions indicate a temperature of 783 ± 23 °C 
and an oxygen fugacity equal to 0.5 ± 0.1 log units above 
the ni–niO buffer (Fig. 1).

all experiments consisted of sample material plus dis-
tilled water held inside 3-mm OD au capsules run in exter-
nally heated, cold-seal pressure vessels, made of a nickel-
based alloy (Table 2). In all cases, enough water was added 
to the charge to ensure that the sample was water-saturated 
at run conditions. reversal experiments consisted of ali-
quots of previously run material that were then run either at 
a hotter temperature and/or higher water pressure to induce 
melting or at a lower temperature and/or lower water pres-
sure to induce crystallization. Pressure was measured 
to ± 0.1 MPa, and the K-type thermocouples used have 
been found to be precise to ±5 °C. The use of a ni filler 
rod in the pressure vessel ensured that the sample hydrated 
at an oxygen fugacity slightly above that of the ni–niO 
oxygen buffer (gardner et al. 1995). after 5–26 days, sam-
ples were quenched by removing their pressure vessel from 
the furnace and first blowing on the vessel with compressed 
air until it stopped glowing red and then immersing it in 
water.

Three additional “mixed volatile” experiments (Table 3) 
were run; each consisted of sample material in a 2-mm OD. 

700 750 800 850
-1.5

-1.0

-0.5

0.0

0.5

1.0
∆

N
N

O

Temperature  (°C)

Fig. 1  Temperature and relative oxygen fugacity estimated from 
magnetite and ilmenite compositions in aB-6202 (Table 1), calcu-
lated using the model of ghiorso and evans (2008). also shown is 
the full range of magnetite-ilmenite pairs from the Bishop Tuff, modi-
fied from ghiorso and evans (2008). Black symbols calculated from 
model of ghiorso and evans (2008); solid circles are data from Hil-
dreth (1977); and crosses are data from Hildreth and Wilson (2007)

Table 2  Conditions and results 
of water-saturated experiments

a Starting material was powder 
of aB-6202 or an aliquot of 
a previous run. P pressure, T 
temperature
b H2O contents dissolved in 
glass as measured by FTIr, 
with estimated standard 
deviations listed. n.d. not 
determined
c Products: water bubbles 
present in all runs; g glass, 
px pyroxene [cpx = augite]; 
kf sanidine, pg plagioclase, 
qtz quartz, bt biotite, ox 
FeTi oxide [ilm = ilmenite, 
mt = magnetite]. Compositions 
are listed in Supplemental 
appendix
d not analyzed, used as starting 
material

run Starta Pa (MPa) Ta (°C) Time (hrs) [H2O]b (wt%) Productsc

g-1188 Powder 175 800 118 5.61 ± 0.27 g

g-1189 Powder 100 800 118 4.48 ± 0.27 g, cpx

g-1190 g-1189 100 775 115 4.65 ± 0.11 g, cpx, mt

g-1192 g-1189 100 750 317 n.d. –c

g-1193 Powder 175 800 185 n.d. g

g-1194 g-1193 175 760 185 n.d. g, cpx, bt

g-1196 Powder 100 700 216 n.d. px, kf, pg, qtz, ox

g-1197 g-1190 100 740 362 n.d. g, cpx, kf, mt

g-1198 g-1196 100 765 362 n.d. g, px, ox

g-1199 g-1189 50 800 362 2.79 ± 0.25 g, px, kf, ox

g-1201 g-1188 175 760 173 n.d. –c

g-1202 g-1196 175 740 337 n.d. g, cpx, bt

g-1203 g-1201 175 720 337 n.d. g, cpx, kf, ilm, bt

g-1206 Powder 100 750 362 n.d. g, cpx, kf, ox

g-1215 g-1196 140 730 336 n.d. g, px, ox

g-1216 g-1206 125 720 337 n.d. g, px, kf, qtz, ilm, mt

g-1217 powder 175 730 336 n.d. g, px, bt

g-1219 g-1206 100 720 621 n.d. g, cpx, kf, qtz, pg, ilm, mt

g-1220 g-1216 125 700 616 n.d. g, cpx, kf, pg, qtz, ilm, mt

g-1221 g-1217 175 710 616 n.d. g, px, kf, bt, ox

g-1224 Powder 140 740 333 n.d. g, px, bt

g-1225 Powder 150 700 501 n.d. g, cpx, kf, pg, qtz, ox

g-1227 g-1224 140 715 331 n.d. g, px, bt, kf, qtz, ox

g-1229 g-1224 125 735 351 n.d. g, px, kf, bt

g-1230 Powder 200 700 351 n.d. g, cpx, kf, bt, mt, ilm

g-1240 g-1192 50 760 409 n.d. g, px, kf, qtz, mt, ilm

g-1241 g-1189 50 780 359 n.d. g, px, kf, mt

g-1360 g-1188 75 800 262 3.61 ± 0.03 g, px, kf, ox



 Contrib Mineral Petrol (2014) 168:1051

1 3

1051 Page 4 of 14

au capsule was welded on one end and crimped shut at the 
other. That small capsule was then placed inside a 5-mm 
OD au capsule, along with distilled water and oxalic acid. 
enough of each was added to ensure that a fluid phase was 
present during the experiment. all three experiments were 
run using the same techniques as the water-saturated exper-
iments described above.

all capsules were removed from their pressure vessels 
and weighed to check that no leaks occurred during the 
experiment. The capsule was then cracked open. If fluid 
is present, a slight hiss can be heard when the capsule is 
broken. Only samples that did not leak and clearly had 
excess fluid present are included in this study. Samples 
were then sectioned for petrographic examination and ana-
lyzed with the electron microprobe and scanning electron 
microprobe (compositions of experimental products are 
given in the Supplemental appendix). Magnetite, ilmenite, 
and pyroxenes were analyzed with a 10-na beam current, 
15 keV accelerating voltage, and a focused beam. Feld-
spars and glasses were analyzed using a 10-na beam cur-
rent, 15-keV accelerating voltage, and a defocused beam (2 
and 10 μm diameter, respectively) to minimize na migra-
tion. na migration was monitored and corrected using the 
na migration capability of probe for windows during glass 
analyses. Working standards were analyzed repeatedly to 
monitor for analytical quality and instrument drift during 
each microprobe session.

Dissolved H2O and CO2 contents in a few experimental 
glasses were analyzed by Fourier transform infrared (FTIr) 
spectroscopy, using a Thermo electron nicolet 6700 spec-
trometer and Continuµm Ir microscope (Tables 2, 3). 
Three to six spectra were collected in transmittance mode at 
widely spaced positions in each glass, with each spectrum 
consisting of 60 scans at a resolution of 4 cm−1. Dissolved 
CO2 was measured in the mid-Ir region (4,000–650 cm−1) 
using an infrared light source and a KBr beamsplitter; dis-
solved H2O was measured in near-Ir (7,800–4,000 cm−1) 
using white light and a CaF2 beamsplitter. Contents of H2O 
are sums of molecular (H2Om) and hydroxyl (OH) H2O 
determined from absorbance at ~5,250 and ~4,500 cm−1, 
respectively, using the model of Zhang et al. (1997). CO2 
contents were determined from absorbance at ~2,350 cm−1, 

using a molar absorptivity value of 1,214 l mol−1 cm−1 
(Behrens et al. 2004). The thickness where each spectrum 
was collected was measured optically using a petrographic 
microscope by focusing on the top and bottom of the 
sample and measuring the depth with a focus drive linear 
encoder attached to the microscope.

Results

In water-saturated experiments, only crystals and bubbles 
exist at 700 °C and 100 MPa, whereas only glass and bub-
bles exist at 800 °C and 175 MPa (Table 2). In between, 
glass and bubbles coexist with one or more mineral phases. 
The presence of gas bubbles in all run products attests to all 
being fluid saturated. Stable minerals are identified by their 
euhedral shape and/or as new rims on preexisting crystals. 
anhedral crystals or those that exist only as cores are con-
sidered relicts that were unstable at run conditions. Only 
stable phases are reported (Table 2).

all experiments below 800 °C and 175 MPa contain 
clinopyroxene (Fig. 2). at 175 MPa, clinopyroxene and 
biotite become stable between 760 and 800 °C. We assume 
that clinopyroxene crystallized at higher temperature than 
biotite, because it is more abundant. Sanidine and ilmenite 
join the assemblage below 730 °C, and magnetite appears 
below 720 °C. Quartz and plagioclase are assumed stable 
below 710 °C. at 100 MPa, the crystallization sequence is 
clinopyroxene (>800 °C), magnetite (775–800 °C), sani-
dine (<760 °C), quartz plus ilmenite (<740 °C), and finally 
plagioclase. at 50 MPa, sanidine and magnetite grew at 
>800 °C. Ilmenite and quartz grew at 760 °C, with quartz 
occurring in granophyric intergrowths with sanidine. The 
solidus occurs between 700 and 720 °C. Biotite was not 
recognized at 100 MPa. Increasing water pressure thus sup-
presses the stabilities of anhydrous minerals, expands the 
stability of biotite, and stabilizes ilmenite at higher temper-
ature relative to magnetite.

Matrix glass changes in composition systematically with 
temperature (Fig. 3). Concentrations of SiO2 increase with 
decreasing temperature, whereas al2O3, K2O, and FeO con-
tents decrease. at a given temperature, SiO2 concentrations 

Table 3  Conditions and results of mixed volatile experiments

a Starting material for all runs was powder of aB-6202
b H2O and CO2 contents dissolved in glass as measured by FTIr, with estimated standard deviations listed
c Products: water bubbles present in all runs; g glass, px pyroxene, kf sanidine, ox FeTi oxide

runa Pressure (MPa) Temperature (°C) Time (h) [H2O]b (wt%) [CO2]
b (ppm) Productsc

g-1350 200 785 237 4.13 ± 0.13 568 ± 41 g, px

g-1351 200 785 237 3.91 ± 0.23 701 ± 52 g, px, kf, ox

g-1359 250 785 361 4.94 ± 0.18 460 ± 19 g, px
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are greater at lower pressure, whereas al2O3, K2O, and 
FeO contents are greater at higher pressure. CaO and na2O 
concentrations are relatively constant with temperature and 
pressure. The abundance of glass was estimated and found 
to systematically decrease as temperature and pressure 
decrease (Fig. 4).

at all pressures, sanidine is stable at higher tempera-
ture relative to plagioclase and quartz (Fig. 2). Its com-
position ranges from Or61 to Or74, and becomes more 
potassic as temperature and/or water pressure increases. 
across the range of pressures, sanidine crystallization 
begins in melt with a similar composition (Fig. 3). The 
stability limit of quartz is well defined by its presence at 
760 °C and 50 MPa, 720 °C and 125 MPa, and 715 °C at 
140 MPa, and its absence at 740 °C and 100 MPa and at 
700 °C at 200 MPa (Fig. 2). Plagioclase is stable at lower 
temperatures than quartz (Fig. 3). It varies in composition 
by ~10 mol% anorthite and generally becomes more sodic 
toward the solidus. Unlike sanidine, the melt that first pre-
cipitates quartz and plagioclase varies significantly in com-
position with pressure (Fig. 3).

The appearance of plagioclase coincides with signifi-
cant changes in the experimental product. Samples with 
plagioclase are significantly more crystallized than those in 

which plagioclase is absent (Fig. 4). In addition, sanidine is 
usually more sodic when it coexists with plagioclase than 
when it does not (Fig. 2).

Mafic phases that crystallized are clinopyroxene, bio-
tite, magnetite, and ilmenite (Fig. 2). Water pressure has 
no discernable impact on clinopyroxene composition, but 
lower temperature leads to clinopyroxene becoming more 

780700 820740
0

40

80

120

160

200

clinopyroxene

Pr
es

su
re

  (
M

Pa
)

Temperature  (°C)

sanidine

Or70An21

quartzOr65Or63
An11

Or61

Or74

Or68

Or68

Or62
An13

plagioclase

ilm

mt

Or70

Or66

Or72

An13 bi
ot

ite

Or70

Or72

Or59Or59

solidus

Fig. 2  Phase diagram for aB-6202, a sample of late-erupted 
Bishop Tuff. Curves are upper stability limits for mineral phases 
and the location of the solidus. The stability curves for clinopyrox-
ene and biotite at high temperatures are approximations. average 
compositions of feldspars [orthoclase component (Or) for sanidine 
or anorthite component (An) in plagioclase] are shown next to the 
experiments in which they grew. The stabilities of magnetite (mt) 
and ilmenite (ilm) were delimited by analyzing ≥30 grains in nine 
experiments (solid symbols). Squares are experiments that used natu-
ral powder. Other runs used aliquots of previously run samples, pro-
ducing either crystallization (left pointing triangles) or melting (right 
pointing triangles)

79

78

77

13

12

5.0

4.5

700 780740 820

Si
O

2  
(w

t.%
)

A
l 2

O
3  

(w
t.%

)
K

2O
  (

w
t.%

)

Temperature  (°C)

5.5

175 MPa
(5.72±0.06)

50 MPa (2.79±0.03)

50 MPa

175
MPa

100 MPa
(4.15±0.08)

175 MPa
(5.72±0.06)

50 MPa
(2.79±0.03)

quartz
present

ternary
minimum

sanidine in

sanidine in

ternary
minimum

quartz

Fig. 3  Compositions of experimental glasses as a function of temper-
ature for experiments run at 50 (red), 100 (green), or 175 (blue) MPa 
(see Fig. 2 for symbols). The average SD of the analyses is shown as 
an error bar. Dashed lines are approximate trends for visual impres-
sion and not regressions of the data. Conditions required for sanidine 
crystallization is shown as a dashed gray line. Those for quartz and 
the ternary minimum crystallization are outlined by gray fields. The 
average dissolved water contents of the experiments are listed, as esti-
mated from the model of liu et al. (2005). The error bars represent 
the spread in water content resulting from the nearly 100 °C range 
in temperature. The yellow box outlines the region defined by matrix 
glass composition (±1σ) and magnetite–ilmenite temperature (±1σ) 
for aB-6202



 Contrib Mineral Petrol (2014) 168:1051

1 3

1051 Page 6 of 14

calcic (Wo component increases) and less magnesian (en 
decreases). The other mafic phases are too small to ana-
lyze quantitatively, but their presence was identified opti-
cally. In addition, nine experiments were examined using 
the scanning electron microscope to identify ilmenite and 
magnetite separately by collecting an eDS spectrum for 
each Fe–Ti oxide grain found. In cases where both are pre-
sent, only 10–30 grains had to be measured before both 
were found. When only one was present, we analyzed more 
than 30 individual grains, and in some cases more than 
70, to ensure that in fact only one was present. Magnetite 
is always more abundant when both are present and stable 
up to >800 °C at low pressures (Fig. 2). Between 100 and 
200 MPa, ilmenite is not stable above 740 °C.

Discussion

The computational thermodynamics modeling pack-
age rhyolite-MelTS (gualda et al. 2012) is a modifica-
tion of MelTS (ghiorso and Sack 1995) that is specifi-
cally optimized for the calculation of phase equilibria in 
quartz-bearing magmas. Our experimental results on bulk 
composition aB-6202 from the late-erupted Bishop Tuff 
can be compared to phase relations predicted by rhyolite-
MelTS to assess the applicability of that model to high-
silica rhyolites. a phase diagram for aB-6202 calculated 
from rhyolite-MelTS showing stability fields for sanidine, 
quartz, plagioclase, clinopyroxene, orthopyroxene, bio-
tite, magnetite, ilmenite, and apatite is illustrated in Fig. 5. 

These estimated stability relations should be compared to 
the experimental phase diagram presented in Fig. 2. The 
first thing to note is that all of the experimentally deter-
mined phases are identified by the model. additionally, the 
model predicts that the thermal stabilities of all phases are 
depressed with increasing water pressure, with the excep-
tion of biotite, a result that is consistent with the experi-
mentally determined phase diagram (Fig. 2). a rigorous 
comparison of results presented in Figs. 2 and 5 reveals, 
however, a number of discrepancies that we discuss below.

rhyolite-MelTS was optimized to replicate crystalli-
zation of quartz and the felsic minerals by making small 
adjustments to the calorimetrically determined enthalpy 
of formation of quartz and of the potassium end-member 
of alkali feldspar. The calibration was aimed at accurately 
locating the quartz + two-feldspar + fluid-saturated ter-
nary minimum in high-silica rhyolite bulk compositions. 
Consequently, we focus first on comparing the relative sta-
bilities of quartz and the feldspars between experiments 
and model.

experimentally, sanidine is the first felsic mineral to 
crystallize at all pressures. In contrast, rhyolite-MelTS 
predicts that sanidine crystallizes first only above 110 MPa 
(Fig. 5). at lower pressures, the model predicts plagio-
clase to crystalize before sanidine, followed by quartz. 
Importantly, the modeled liquidus temperature for sanidine 
above 110 MPa is about 40 °C higher than observed; this 
temperature offset carries through to the onset of plagio-
clase and quartz saturation and is a recognized issue with 
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rhyolite-MelTS [gualda et al. (2012) estimated that such 
phases appear on the liquidus some 30–40 °C higher than 
expected]. In terms of pressure, however, the modeled and 
experimental phase diagrams require no relative adjust-
ment, and so in Fig. 5, we have lowered the modeled results 
by 40 °C in order to compare them directly to experiments. 
The need for this translation probably lies in the underly-
ing model formulation for the entropy of the silicate liq-
uid. If the modeled configurational entropy of the liquid is 
too small, then the liquid stability field relative to the solid 
phases will be shifted to higher temperatures than observed. 
Conversely, increasing the entropy of the liquid relative to 
the solid phases would expand the modeled liquid stabil-
ity field, and better match the experimental observations. 
Importantly, as the experimental phase diagram is approxi-
mately recovered after temperature translation of the mod-
eled phase relations, the entropy mismatch is not a function 
of liquid composition. To increase the modeled entropy of 
the liquid and bring both phase diagrams (Figs. 2, 5) into 
absolute agreement would require a reformulation of the 
configurational entropy to describe a more depolymerized 
liquid. This is a surprising and counterintuitive conclu-
sion that clearly requires further experimental verification 
and insight in order to reformulate and recalibrate a liquid 
model with better thermometric fidelity. The immediate 
practical consequence of our experimental comparison to 
model results from rhyolite-MelTS is that the calculated 
phase diagram must be shifted down in temperature by 
40 °C but shows no systematic offset in pressure.

We can further compare model predictions relative to 
experimental results by investigating differences in the 
upper temperature stability limits of quartz and plagioclase 
relative to sanidine (Fig. 6; the onset of sanidine crystal-
lization is the zero point on the abscissa). The experimental 
results establish the upper temperature limits that clearly 
delineate the presence or absence of a phase at 50, 100, 
125, 140, and 175 MPa. Quartz begins to crystallize at tem-
peratures ≥30 °C colder that of sanidine at 50 MPa, but 
that range decreases to ~10–25 °C above 110 MPa. Plagio-
clase crystallizes at lower temperatures than quartz, but like 
quartz, its thermal stability increases relative to sanidine as 
pressure increases. In summary, the thermal gap between 
sanidine crystallization and the onset of the ternary mini-
mum decreases from >50 °C at 50 MPa to ≥15 °C at 
175 MPa (Fig. 6).

The rhyolite-MelTS model (Fig. 6) predicts that plagio-
clase is stable at temperatures ~15 °C above that of sani-
dine at pressures 50 MPa, and up to ~10 °C below sanidine 
at ~170 MPa. In contrast, the upper thermal stability of 
quartz is ~10–15 °C below that of sanidine at all pressures. 
In the model results, the thermal gap between crystalliza-
tion of the first felsic mineral and the onset of the ternary 
minimum decreases from ~25 °C at 50 MPa to ~10 °C at 

175 MPa (Fig. 6). On the whole, the modeled onset of the 
ternary minimum, relative to the first appearance of sani-
dine, is within 5–7 °C (over the range 100–180 MPa) of the 
experimental value; the intrinsic thermocouple error of the 
experiments is ~5 °C.

an important result of this experiment-model compari-
son is that the onset of the ternary minimum is captured 
well by the model (Fig. 6). Both experiments and model 
find that the temperature interval between crystallization of 
the first felsic mineral and the onset of the ternary mini-
mum decreases as water pressure increases. Once the ter-
nary minimum is reached, rhyolite-MelTS predicts that 
crystallization jumps from ~30 to ~70 % over a range of 
just a few degrees. We cannot resolve such small tempera-
ture differences experimentally, but we do find a significant 
increase in the amount of crystallization, from roughly 20–
30 % just above the minimum to ≥50 % once quartz and 
both feldspars are stable (Fig. 4).

experimental, modeled, and natural compositions (from 
Hildreth 1977) of feldspars are plotted in Fig. 7. For the 
natural compositions, all units in the Bishop Tuff, both 
early and late, are presented. Modeled feldspar composi-
tions derived from the late-erupted pumice used as a start-
ing material in this study are plotted as evolving composi-
tional paths from high temperature to low temperature at 
three pressures, as indicated. The symbol along the evolu-
tion path indicates the temperature for the onset of quartz 
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model and the bulk composition of aB-6202. note that below 110-
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crystallization. experimental run products are plotted and 
labeled by a P, T tuple in units of MPa and °C. all plotted 
experimental feldspar grew in the presence of quartz.

Figure 7a illustrates that there is broad coincidence 
between compositions of experimentally grown and natu-
rally occurring sanidine. Modeled results better match both 
experiment and the rocks at pressures above 150 MPa. 
experimentally, the composition of sanidine is more potas-
sic (~Or70+) above the ternary minimum and evolves to 
become more sodic (~Or65) after the minimum is reached 
(Figs. 2, 7a). These experimental results confirm the 
expected trends deduced from analysis of the Caal2Si2O8–
naalSi3O8–KalSi3O8–SiO2–H2O phase diagram by Car-
michael (1963, p 111). The model predicts that sanidine 

evolves continuously to more potassic compositions at 
low (50 MPa) and high (190 MPa) pressures (Fig. 7b). 
Sanidine exhibits a more complex composition evolu-
tion at 150 MPa, involving first enrichment in soda with 
decreasing temperature and then enrichment with potash, 
the reversal coincident with the ternary minimum. as dis-
cussed previously (gualda et al. 2012), the modeled sani-
dines are more sodic then those observed in the lBT rocks, 
probably because of the systematic temperature offset dis-
cussed above.

Comparison between modeled plagioclase compositions, 
those grown experimentally, and those found in the Bishop 
deposits shows some systematic discrepancies (Fig. 7b). 
The modeled reversal in enrichment in lime exhibited at 

Fig. 7  natural (Hildreth 1977), 
experimental (this study), and 
modeled (rhyolite-MelTS) 
feldspar compositions, plotted 
in portions of the naalSi3O8–
KalSi3O8–Caal2Si2O8 ternary. 
experimental and modeled 
compositions are based on 
starting composition aB-6202. 
natural compositions (black 
crosses) correspond to phe-
nocrysts from all units in the 
Bishop Tuff. Modeled curves 
are drawn for continuous equi-
librium temperature evolution 
(high to low as indicated) along 
three isobars: 190 MPa (red), 
150 MPa (cyan), and 110 MPa 
(blue). Filed magenta circles 
are experimental run products 
labeled by tuples of pressure 
(MPa), temperature (°C). Small 
diagram on top right shows the 
positions of enlarged portions 
in the ternary. a enlargement 
showing sanidine data. note 
the reversal in evolution trend 
for the model run at 150 MPa. 
The inset shows the modeled 
mass of sanidine and plagio-
clase crystallizing as a function 
of temperature at 150 MPa. 
Observe the resorption of 
plagioclase which commences 
~15 °C below the ternary 
minimum. b enlargement show-
ing plagioclase data. The red-, 
cyan-, and blue-filled circles 
indicate the onset of quartz 
saturation in the model runs

12 14 16 18 20 22 24 26

72

74

76

78

80

82

84

18

16

14

12

10

8

6

4

High T

Low T

100,700

150,700

125,700

100,720

(b)

30 70

High T

Low T

50,760

125,720

100,700

100,720

150,700

125,700

plagioclase

sanidine

0

32

34

36

38

40

42

44

46

48

68

66

64

62

60

58

56

54

52

m
as

s 
(g

)

Temperature  (°C)

2 4 6 8 10 12 14 16 18

(a)
NaAlSi3O8 CaAl2Si2O8

KAlSi3O8

(a)

(b)



Contrib Mineral Petrol (2014) 168:1051 

1 3

Page 9 of 14 1051

all pressures is associated with resorption of plagioclase 
at temperatures below the ternary minimum (see temper-
ature–mass inset in Fig. 7a); the resorption of plagioclase 
is expected for bulk compositions potassic enough to place 
sanidine first on the liquidus and then followed by quartz 
and plagioclase (Carmichael 1963). The offset between 
modeled plagioclase compositions and those found in 
nature could again result from the systematically high tem-
peratures for phase relations predicted by rhyolite-MelTS.

Overall, the rhyolite-MelTS model reproduces to first 
order the crystallization sequence of our experimental 
results, particularly for pressures >100 MPa. Both experi-
ments and model find that once the first felsic phase pre-
cipitates, the ternary minimum is reached upon cooling of 
only a few to a few 10s of degrees (Fig. 6). Onset of the ter-
nary minimum then results in extensive crystallization over 
a narrow temperature range (Fig. 4). There are disparities in 
absolute temperatures, which felsic phase crystallizes first, 
and predicted feldspar compositions, which suggest that the 
model needs refining, but the narrow crystallization interval 
and the quartz–sanidine relations seem robust.

Modeled saturation surfaces for the minor phases (Fe–Ti 
oxides, pyroxenes, and biotite) poorly match the experi-
mentally determined phase relations. as an example, at 
160 MPa, clinopyroxene appears first on the liquidus at 
~790 °C, followed by biotite at ~755 °C, then both ilmen-
ite and magnetite at ~725 °C, a few degrees above the 
ternary minimum. In contrast, rhyolite-MelTS puts mag-
netite on the liquidus, with ilmenite and orthopyroxene 
appearing at the ternary minimum, and clinopyroxene and 
biotite appearing about 10 °C below that (Fig. 5). experi-
mentally, magnetite is stable at higher temperatures than 
the felsic minerals at low pressure, but less stable at high 
water pressures (Fig. 2); the model magnetite saturation 
curve has a steeper slope that results in an opposite trend 
(Fig. 5). The experimental stability fields for clinopyroxene 
and biotite are greatly expanded compared to those pre-
dicted. Finally, orthopyroxene is not stable experimentally, 
but it does form in the model, although only at near-solidus 
conditions; interestingly, lBT pumice contains orthopy-
roxene. There are many suggestive arguments that could 
explain these differences in minor phase stability relations. 
First and foremost is the observation that rhyolite-MelTS, 
and the original MelTS, contains little experimental data 
on which to base a calibration of the saturation surface of 
these minerals in highly silicic liquids, the principal source 
being the study of naney (1983). While the thermodynamic 
properties of the mineral solid solutions are independently 
known and applicable to the compositions found in these 
rocks and experiments, the properties of the liquid state are 
poorly known, largely extrapolated from more mafic com-
positions, and have only been assessed for internal consist-
ency with regard to the stability relations of quartz and the 

feldspars (gualda et al. 2012). The second reason that the 
minor phases may differ between model and experiment 
is related to redox state. The experiments were configured 
to hold the redox state of the system to slightly above the 
nnO buffer. The model was also so constrained. It is pos-
sible that excursions from nominal nnO conditions could 
occur experimentally, which would in turn affect the Fe2O3/
(FeO + Fe2O3) ratio in the melt, and could have a signifi-
cant effect on the stability relations of all Fe-bearing min-
erals (ghiorso and evans, 2008). The third issue to con-
sider is bulk composition. The model results are based on a 
chemical analysis of the experimental starting composition. 
The stability relations of pyroxenes, magnetite, ilmenite, 
and biotite depend quite critically on the magnesium con-
tent of this bulk composition, which is quite low (0.20 wt%; 
Table 1). The analysis for MgO is of course subject to 
uncertainty, and at these low concentrations, that error 
could easily be 50 %, causing the modeled stability fields 
to vary widely as a consequence. Of all these explanations, 
the most probable is the first, which suggests that improve-
ments to rhyolite-MelTS must rely on expanding the data-
base of well-characterized experimental phase relations in 
highly silicic magmas. The experimental data presented in 
this paper start that effort, but they are no means sufficient 
for a comprehensive recalibration of rhyolite-MelTS.

Implications for the Late Bishop Tuff magma body

Our experimental study used a sample of pumice from the 
late-erupted Bishop Tuff (lBT) as starting material. The 
lBT has traditionally been interpreted as derived from the 
hottest, least evolved, and deepest portions of a stratified 
magma body (Hildreth 1979; see also Hildreth and Wil-
son 2007). In contrast, gualda and ghiorso (2013) have 
recently suggested that the lBT constitutes a separate 
batch of magma that crystallized at similar temperatures 
and pressures to the eBT (the early-erupted Bishop Tuff), 
likely with no chemical exchange between the two bod-
ies and no chemical or thermal stratification within either 
body. Using thermodynamic consistency, arguments related 
to titania activity ghiorso and gualda (2013) have shown 
that the Fe–Ti oxides are not in equilibrium in the Bishop 
magma, concluding that these oxides do not record pre-
eruptive conditions (see also, ghiorso and evans 2008). 
Their arguments bring into question the deeper and hotter 
derivation of the lBT magma, which is a result inferred 
from two-oxide equilibria.

Phenocrysts in lBT pumice are distinctively zoned 
in trace elements. Quartz and zircon interiors are rela-
tively poor in Ti, suggesting that they first grew in rhyo-
lite at temperatures similar to those of the eBT (Wark et al. 
2007; reid et al. 2011). Outer rims of many quartz grains 
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are relatively bright in cathodoluminescence and rich in 
Ti, and those on sanidine are rich in Ba (Hervig and Dun-
bar 1992; anderson et al. 2000; Peppard et al. 2001; Wark 
et al. 2007). In addition, glass inclusions in those rims are 
relatively enriched in CO2 relative to inclusions in grain 
interiors (anderson et al. 2000; roberge et al. 2013), and 
all glass inclusions are more evolved in trace-element 
composition than their host matrix glasses (roberge et al. 
2013). These observations have been interpreted to suggest 
that the lBT underwent mixing with hotter, more mafic, 
magma just prior to eruption (Wark et al. 2007; roberge 
et al. 2013). anderson et al. (2000) pointed out, however, 
some difficulties in explaining the compositional variabil-
ity in glass inclusions through mixing. Further, Zr contents 
in rim glass inclusions (see Peppard et al. 2001; gualda 
and ghiorso 2013) are relatively low and inconsistent with 
these high temperatures, particularly if the new calibration 
of Boehnke et al. (2013) is utilized. and, critically, on the 
basis of diffusion models of measured concentration pro-
files, gualda and ghiorso (2013) suggest that rim crystal-
lization times are very short (months to a few years) and 
consistent with rim growth during eruptive decompression 
(see also gualda 2007; Pamukcu et al. 2012); the time-
scale for mixing and homogenization of hotter magma into 
cooler, highly viscous rhyolite is far longer than can be 
accommodated by the diffusion time scales for rim growth.

Most of the lBT consists of rhyolite pumice with quartz, 
plagioclase, sanidine, biotite, clinopyroxene, orthopyrox-
ene, magnetite, and ilmenite (Hildreth and Wilson 2007). 
It is important to note that if the Ti-rich rims on quartz and 
the Ba-rich rims on sanidine preserve a record of the mix-
ing process, then those phases must have been stable and 
crystallizing in the magma after mixing (evans and Bach-
mann 2013). If magnetite and ilmenite are assumed to be 
in equilibrium, as Hildreth and Wilson (2007) and evans 
and Bachmann (2013) argue, then the elevated Ti contents 
in quartz rims can be interpreted as resulting from crystal-
lization at temperatures that overlap with those obtained 
by magnetite–ilmenite geothermometry (Wark et al. 2007). 
It should be noted, however, that retrieving absolute tem-
peratures from Ti in quartz is complicated, given the com-
peting effects of temperature, titania activity, pressure 
(Thomas et al. 2010), and crystal growth rate (Huang and 
audétat 2012). Temperatures derived from oxygen iso-
tope exchange between quartz and magnetite also overlap 
those from magnetite–ilmenite geothermometry (Binde-
man and Valley 2002). The implication of the two-oxide, 
oxygen isotope, and Ti-rim geothermometric assessment is 
that the lBT crystallized at high temperatures, with quartz, 
sanidine, magnetite, and ilmenite remaining stable above 
750 °C and, possibly, higher than 800 °C (Fig. 1). all of 
those phases, and in addition plagioclase, are present as 
euhedral phenocrysts in aB-6202 (Table 1), as they are in 

most lBT samples (Hildreth 1977; Hildreth and Wilson 
2007). We now demonstrate that the elevated temperatures 
deduced from the traditional geothermometry are inconsist-
ent with our experimentally determined phase diagram and 
with other studies of phase stability relations in the Bishop 
magma.

Scaillet and Hildreth (2001) carried out an experimen-
tal study of the Bishop Tuff, using samples from both eBT 
(Ig1ea) and lBT (Ig2nWb). all runs were water satu-
rated at 200 MPa. For their lBT sample, plagioclase was 
the liquidus felsic mineral, at 775 °C, followed by alkali 
feldspar at 717 °C and then quartz at ~710 °C. The appear-
ance of alkali feldspar in those experiments matches almost 
exactly where it appears in our runs, based on our results at 
175 MPa, and the appearance of quartz differs by only ~10–
15 °C (Fig. 2). In contrast, the plagioclase stability field 
differs substantially, appearing at ~775 °C (Scaillet and 
Hildreth 2001) versus <700 °C (this study). as the Scail-
let and Hildreth (2001) study is available only in abstract 
form, we have no way to critically assess the origin of this 
discrepancy, other than to speculate that it lies in their using 
a starting composition containing higher CaO and lower 
SiO2 than ours (see below). Biotite and clinopyroxene are 
stable over the entire temperature range explored by Scail-
let and Hildreth (2001), in good agreement with our results. 
They found Fe–Ti oxides stable across the whole range of 
temperatures studied; we found these phases coexist only 
below 730 °C. neither study crystallized orthopyroxene 
under any condition, despite its common presence in lBT 
magma.

There are important differences in bulk composition 
between the lBT samples used in Scaillet and Hildreth’s 
(2001) experiments (e.g., SiO2 content = 72.6 wt%) and 
our study (e.g., SiO2 content = 76.0 wt%). Those differ-
ences probably account for the majority of discrepancies 
between the two sets of experiments, particularly the crys-
tallization of plagioclase at much higher temperatures in 
the experiments of Scaillet and Hildreth (2001). regardless 
of these differences, however, the important conclusion to 
draw from the Scaillet and Hildreth (2001) study is that it 
corroborates our result in establishing that the equilibrium 
ternary minimum assemblage—quartz, plagioclase, sani-
dine, vapor—is stable at 200 MPa and water-saturated con-
ditions only at temperatures below 710 °C. Unfortunately, 
the Scaillet and Hildreth (2001) study is limited to only one 
pressure condition. Our experimental results can be used 
to interpret intensive variable conditions in the lBT for a 
variety of pressures and more general conditions of water 
undersaturation.

In order to compare our experimental results to the lBT, 
we re-plot phase relations in terms of dissolved water con-
tent (Fig. 8). We did not measure water contents in all of 
the experiments, because many are relatively crystal rich, 
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making FTIr measurements difficult. Instead, we esti-
mate water contents from the water solubility model of liu 
et al. (2005), which reproduces dissolved water contents in 
high-silica rhyolite melts well (gardner 2009; gualda et al. 
2012). as a check, we measured dissolved H2O contents 
in five run products (Table 2) and find good agreement 
between measured and model contents across the range of 
water pressures (Fig. 9).

glass inclusions in quartz from lBT mostly contain 
3.8–5 wt% water (Wallace et al. 1999; roberge et al. 2013). 
In addition, they contain ~100–800-ppm dissolved CO2. 
Inclusions trapped within the outer, Ti-rich rims of quartz 
are richer in CO2 compared to those in Ti-poor interiors 
(anderson et al. 2000). Inclusions in the Ti-rich rims have 
between ~3.6 and ~4.6 wt% water and ~550 to ~950 ppm 
CO2. assuming that the dissolved pre-eruptive water con-
tent in aB-6202 was ~3.6–4.6 wt%, and the ternary mini-
mum occurs between ~720 and ~740 °C (Fig. 8). at tem-
peratures above the first appearance of plagioclase, quartz 
and sanidine coexist only below ~750 °C. Clinopyroxene, 
magnetite, and ilmenite are stable at those conditions, but 

biotite would require slightly greater H2O contents at those 
temperatures in order to grow. Overall, it appears that the 
lBT magma represented by aB-6202 must have been 
stored at <720–740 °C for quartz, sanidine, plagioclase, 
clinopyroxene, magnetite, ilmenite, and biotite to be crys-
tallizing in equilibrium. The compositions of plagioclase 
and sanidine in aB-6202 are an20–25 and Or64, respectively, 
which match those of experimental feldspars at the ternary 
minimum at ~4 wt% water and <740 °C (Fig. 8). In addi-
tion, the relatively evolved composition of matrix glass (the 
most abundant phase) in aB-6202 is consistent with crys-
tallization below 740 °C (Fig. 3).

Most of our experiments were water saturated, with no 
dissolved CO2. It could be argued that the elevated con-
centrations of CO2 dissolved in the melt stabilized quartz, 
plagioclase, sanidine, ilmenite, and biotite at significantly 
higher temperatures (recall that Fe–Ti oxide temperature 
estimates from lBT samples reach ~850 °C; see Fig. 1), but 
it is unlikely that dissolved CO2 contents of 0.05–0.09 wt% 
would impact mineral stabilities by 50–100 °C (gualda and 
ghiorso 2014). To check this assertion, we ran three experi-
ments that equilibrated aB-6202 with a mixed volatile fluid 
at 785 °C (Table 3). The products of those runs generally 
match experimental results at water saturation, except that 
sanidine is stabilized at slightly higher water contents. 
Importantly, these data confirm that that quartz, sanidine, 
ilmenite, magnetite, plagioclase, biotite, clinopyroxene, 
and orthopyroxene could not crystallize together at 783 °C, 
and certainly not at >800 °C, assuming H2O and CO2 con-
tents observed in the Ti-rich quartz rim inclusions.

It is relevant to this line of discussion to understand 
the origin of the displacement of the sanidine-in curve 
for the CO2-bearing experiments shown in Fig. 8. The 
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experimental runs that suggest this 10 °C displacement 
contain between 560 and 700 ppm CO2 in the liquid 
phase, making CO2 a trace constituent. Its effect on the 
activities of dissolved major melt components (includ-
ing H2O) is consequently expected to be trivial, and cer-
tainly not the cause of the apparent offset to the phase 
boundary. The origin of this offset results, in fact, from 
the difference in total pressures between the CO2-absent 
and CO2-present runs. at equivalent water concentrations, 
two melts of roughly the same bulk composition will have 
equivalent water fugacities. If one melt contains trace 
quantities of CO2 and is saturated with a mixed H2O–
CO2 fluid phase, the total pressure over the system will 
be essentially the sum of the fugacities of both H2O and 
CO2, and as the fluid phase contains an appreciable con-
centration of CO2, from the strong differential melt-fluid 
partitioning, the total pressure will be significantly higher 
for the CO2-bearing experimental charges of equivalent 
bulk water contents. as a case in point, for the water-
bearing experiments that define the sanidine-in curve 
at ~4 wt% dissolved water (Fig. 8), the total pressure is 
100 MPa, whereas the mixed fluid-experiments that delin-
eate the displacement of the sanidine-in curve at the same 
melt water contents are at 200 MPa. The important point 
is that the CO2-bearing experiments plotted in Fig. 8 are 
at different total pressures than the CO2-absent experi-
ments, even though both have equivalent melt water con-
tents. Hence, the mere presence of CO2 in the liquid phase 
is not the origin of the temperature shift in the sanidine 
phase boundary. The shift results from the differences in 
pressure. at constant total pressure, the addition of trace 
amounts of CO2 to the melt phase would have little meas-
ureable effect on the phase diagram.

returning to the lBT, our results imply pre-eruptive 
storage of aB-6202 at 720–740 °C. This result conflicts 
with the 783 ± 23 °C calculated from magnetite and ilmen-
ite compositions in aB-6202, and with essentially all tem-
peratures estimated for lBT from magnetite–ilmenite geo-
thermometry (Fig. 1), all of which exceed 740 °C and many 
in excess of 800 °C (Hildreth and Wilson 2007; ghiorso 
and evans 2008). Our results show, however, that at ~4 wt% 
dissolved water, Fe–Ti oxides cannot grow in equilibrium 
with quartz and two feldspars to record temperatures hot-
ter than ~740 °C, even in the presence of a CO2-rich fluid. 
as discussed above, ghiorso and gualda (2013) have con-
cluded on independent grounds that the Fe–Ti oxides in the 
lBT deposits no longer preserve compositions from which 
pre-eruptive intensive variables can be deduced. We come 
to the same conclusion from the experimental results pre-
sented here. The most likely explanation for this result is 
that the Fe–Ti oxides did not grow in chemical communica-
tion with each other in the magma body or have had their 
magmatic compositions subsequently altered.

The conclusion that the Fe–Ti oxides are not in equilib-
rium is at odds with the conventional interpretation of the 
pre-eruptive state of the Bishop magma body. For exam-
ple, evans and Bachmann (2013) have recently argued 
that the Fe–Ti oxide minerals are in Fe2+-Mg exchange 
equilibrium with each other and with coexisting biotite in 
the lBT, but not with pyroxene. They base this inference 
on the observation that ilmenite–magnetite and ilmenite–
biotite compositions form quasi-linear relationships on 
Mg–Fe2+ roozeboom plots (whereas ilmenite–pyroxenes 
pairs do not), concluding that the Fe–Ti oxide minerals 
and the biotite preserve magmatic Fe2+–Mg ratios, and that 
Fe–Ti exchange two-oxide geothermometry may conse-
quently be used to evaluate pre-eruptive conditions in the 
Bishop magma body. This deduction of evans and Bach-
mann (2013) is problematic for two reasons. Firstly, the 
inferred Fe2+/Mg ratio of the biotite more closely resem-
bles a bimodal distribution rather than a linear correlation 
(evans and Bachmann 2013, their Fig. 2; see also gualda 
and ghiorso 2013). This clustering is also the case for 
ilmenite and magnetite, as illustrated in Fig. 10. The bimo-
dality can be correlated with the origin of the biotite, mag-
netite, and ilmenite from either the lBT or eBT eruptive 
units (Hildreth, 1977). additionally, evans and Bachmann 
(2013) assume Fe2+ contents in the biotite correspond to 
the total amount of iron as determined by microprobe anal-
ysis, whereas Hildreth (1977) demonstrated by independent 
wet chemical analysis of FeO in biotite that a significant 
proportion (40–80 %) of the iron in the biotites is oxidized.

Secondly, and more fundamentally, in correlating Fe2+/
Mg exchange between ilmenite and magnetite, evans and 
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Fig. 10  Frequency histograms of molar Mg/(Mg + Fe2+) ratios in 
ilmenite and magnetite calculated from reported compositions from 
the Bishop Tuff (Hildreth 1977). The red curves are best fit bimodal 
distributions optimized against the underlying histograms
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Bachmann (2013) have not demonstrated that the chemi-
cal potential difference of the exchange reaction involving 
Fe2+ and Mg components for oxide pairs is zero over the 
inferred temperature range of interest. That is the require-
ment of exchange equilibrium. a simple correlation on 
a Fe2+–Mg exchange plot between two phases does not 
imply thermodynamic exchange equilibrium, because the 
relation between composition ratio and activity ratio is not 
necessarily linear—and this is especially so for the Fe–Ti 
oxides (ghiorso and evans 2008). even if the Fe–Ti oxide 
pairs are assumed to be in Fe–Mg exchange equilibrium, 
this result does not imply that the oxides are in Fe–Ti 
exchange equilibrium. In fact, ghiorso and evans (2008) 
have demonstrated that the ilmenite–magnetite pairs in the 
lBT cannot simultaneously be in Fe–Ti and in Fe2+–Mg 
exchange equilibrium. They show that the assumption of 
Fe2+–Mg exchange equilibrium between ilmenite–magnet-
ite pairs in the lBT yields temperatures that vary randomly 
when compared to Fe–Ti exchange temperatures. Only at 
the lowest ilmenite–magnetite temperatures (~720 °C), do 
results derived from Fe–Ti exchange match those obtained 
from Fe–Mg exchange. Couple this observation with the 
analysis of ghiorso and gualda (2013), who show that 
the melt activity of titania that is inferred from ilmenite–
magnetite pairs in the lBT generates a temperature-trend 
that is thermodynamically inconsistent and at odds with 
that inferred from the expected titania activity evolution 
of the melt phase, and the only permissible conclusion is 
that the Fe–Ti oxides no longer preserve Fe–Ti exchange 
equilibrium distributions. Whether or not these phases have 
Fe2+/Mg ratios that wholly or partially preserve magmatic 
conditions is largely immaterial to the issue of the valid-
ity of Fe–Ti exchange geothermometry. Fe2+–Mg exchange 
equilibrium, even if rigorously demonstrated with a proper 
thermodynamic analysis, is a necessary but not sufficient 
condition for establishing equilibrium between two or more 
phases. all possible exchange reactions must be in equilib-
rium for the phases to be in global equilibrium.

We conclude that temperature estimates from Fe–Ti 
oxides in the lBT are not reliable indicators of the growth 
conditions of phenocrysts in the magma body. Ignoring 
those, and instead focusing on equilibrium between sani-
dine, quartz, plagioclase, and rhyolitic melt that contains 
~4 wt% H2O and ~600 ppm CO2, indicates that the lBT 
was stored at ~720–740 °C. This conclusion is in excellent 
agreement with the low (i.e., <750 °C) zircon saturation 
temperatures calculated by gualda and ghiorso (2013) for 
lBT using glass inclusion compositions from Wallace et al. 
(1999) and anderson et al. (2000). Magnetite and ilmenite 
would crystalize at those temperatures and, in fact, compo-
sitions of a small minority of magnetite–ilmenite pairs in 
lBT predict such temperatures (Fig. 1). It is also those few 
pairs that suggest melt Titania activities that come closest 

to those implied by the glass compositions (ghiorso and 
gualda 2013). Clinopyroxene would also crystallize at 
720–740 °C, but compositions of experimental clinopyrox-
ene at those temperatures are distinctly more Fe-rich than 
those in lBT, which are invariant in composition despite 
the implied ~100 °C range in temperature (Hildreth 1977). 
Finally, as noted earlier, orthopyroxene does not crystalize 
in lBT samples (Scaillet and Hildreth 2001; this study), 
which is at odds with its ubiquitous presence in lBT. We 
cannot explain its absence, except to note that, just like 
clinopyroxene, the composition of orthopyroxene is invari-
ant in the lBT (Hildreth 1977), which is nearly impossi-
ble if it crystallized over the ~100 °C range in temperature 
implied by the Fe–Ti oxides. The absence of orthopyrox-
ene in the experiments and the mismatch in composition 
between natural and experimental clinopyroxene leads to 
the suggestion that both pyroxenes are out of equilibrium 
with the other phases in lBT; texturally, however, there 
is no indication of disequilibrium between pyroxenes and 
melt, so their origin remains elusive.

Conclusions

experiments carried out on late Bishop Tuff rhyolite indi-
cate that the rhyolite-MelTS thermodynamic model can to 
first order reproduce the crystallization sequence of felsic 
phases, although rhyolite-MelTS overestimates absolute 
temperatures by ~40 °C. In particular, the narrow crystal-
lization interval and the relationship of quartz-sanidine are 
robust. given the predominance of felsic phases in rhyolite 
magmas, rhyolite-MelTS should be able to predict crys-
tallization behavior of such magmas. On the other hand, 
the crystallization sequence of the mafic phases is poorly 
predicted, which most likely results from the limited exper-
imental data for such phases in silicic melts used to cali-
brate the model.

The experimental phase relations demonstrate that 
the late Bishop Tuff magma was stored at 720–740 °C, 
assuming the melt contained ~4 wt% H2O. That result is 
at odds with the significantly hotter temperatures retrieved 
from magnetite–ilmenite compositions in late Bishop 
Tuff rocks, including the sample used in this study. Those 
minerals are clearly not in equilibrium, when all possible 
exchange reactions are considered, and so we conclude that 
the temperature estimates derived from them are not reli-
able indicators of pre-eruptive magmatic conditions.
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