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aBstract

Despite claims to the contrary, the compositions of magnetite and ilmenite in the Bishop Tuff 
correctly record the changing conditions of T and fO2 in the magma reservoir. In relatively reduced 
(ΔNNO < 1) siliceous magmas (e.g., Bishop Tuff, Taupo units), Ti behaves compatibly (DTi ≈ 2–3.5), 
leading to a decrease in TiO2 activity in the melt with cooling and fractionation. In contrast, FeTi-
oxides are poorer in TiO2 in more oxidized magmas (ΔNNO > 1, e.g., Fish Canyon Tuff, Pinatubo), 
and the d(aTiO2)/dT slope can be negative. Biotite, FeTi-oxides, liquid, and possibly plagioclase largely 
maintained equilibrium in the Bishop Tuff magma (unlike the pyroxenes, and cores of quartz, sanidine, 
and zircon) prior to and during a mixing event triggered by a deeper recharge, which, based on elemen-
tal diffusion profiles in minerals, took place at least several decades before eruption. Equilibrating 
phases and pumice compositions show evolving chemical variations that correlate well with mutually 
consistent temperatures based on the FeTi-oxides, sanidine-plagioclase, and Δ18O quartz-magnetite 
pairs. Early Bishop Tuff (EBT) temperatures are lower (700 to ~780 °C) than temperatures (780 to 
>820 °C) registered in Late Bishop Tuff (LBT), the latter defined here not strictly stratigraphically,
but by the presence of orthopyroxene and reverse-zoned rims on quartz and sanidine. The claimed
similarity in compositions, Zr-saturation temperatures and thermodynamically calculated temperatures
(730–740 °C) between EBT and less evolved LBT reflect the use of glass inclusions in quartz cores
in LBT that were inherited from the low-temperature rhyolitic part of the reservoir characteristic of
the EBT. LBT temperatures as high as 820 °C, the preservation of orthopyroxene, and the presence of
reverse-zoned minerals (quartz, sanidine, zircons) are consistent with magma recharge at the base of
the zoned reservoir, heating the cooler rhyolitic melt, partly remelting cumulate mush, and introduc-
ing enough CO2 (0.4–1.4 wt%, mostly contained in the exsolved fluid phase) to significantly lower
H2O-activity in the system.
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intrOductiOn

Among large-volume silicic eruptions, the Bishop Tuff (Long 
Valley caldera, California) has received unusual attention from 
workers interested in issues such as magma chamber dimensions, 
longevity, temperatures, depths, compositions, differentiation 
processes, magma mixing, and eruption history (dozens of pa-
pers since Hildreth 1977, 1979, 1981). Nonetheless, controversy 
remains with regard to the pre-eruption temperature gradient 
of the Bishop Tuff magma. Taken at face value the ilmenite-
magnetite thermometer records a continuous span in temperature 
from about 700 to 820 °C and in fO2 from ΔNNO = –0.5 to +0.5 
log units (Hildreth and Wilson 2007; Ghiorso and Evans 2008), 
between respectively highly evolved, crystal-poor rhyolitic 
pumice and less evolved, crystal-rich pumice. The accuracy of 
these temperatures has been challenged in several communica-
tions (Frost and Lindsley 1991, 1992; Ghiorso and Sack 1991; 
Lindsley et al. 1991; Ghiorso and Evans 2008), and most recently 

by Ghiorso and Gualda (2013), Gualda and Ghiorso (2013b), and 
Gardner et al. (2014). These authors have concluded that ilmenite 
was not everywhere in equilibrium with the magnetite, so that 
the compositions of the oxide pair do not accurately preserve a 
record of intensive variables such as pre-eruptive T and fO2 in 
the magma reservoir. 

There is scarcely any more important parameter needed for 
an enlightened understanding of a giant volcanic system than 
the spatial and temporal variation of temperature in the magma 
chamber, as customarily witnessed by the erupted and quenched 
products. We will try to show in this paper that the widely used 
FeTi-oxide thermobarometer is reliably linked to Bishop Tuff 
magma-chamber conditions, supported as it is by Δ18O quartz-
magnetite, two-feldspar, and Zr-saturation thermometry, and 
laboratory phase-equilibrium constraints. Our view is consistent 
with the early classical studies of the Bishop Tuff by Wes Hildreth 
as well as several recent contributions (Hildreth and Wilson 
2007; Wark et al. 2007; Evans and Bachmann 2013; Roberge et 
al. 2013; Chamberlain et al. 2014a, 2014b, 2015).
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