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Oxygen isotope thermometry reveals high magmatic temperatures and short residence
times in Yellowstone and other hot-dry rhyolites compared to cold-wet systems
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Abstract
The eruption and storage temperatures of rhyolitic magmas are critical factors for understanding the
mechanisms of their eruption and petrogenesis. Temperatures are particularly important when comparing the magmatic histories of hot-dry rhyolites from the Yellowstone-Snake River Plain (YSRP) and
Iceland to cold-wet rhyolites such as the Bishop Tuff. Here we employ mineral pair oxygen isotope
fractionations for estimating rhyolite temperatures independent of pressure and other compositional
factors. We report high precision oxygen isotope analyses of quartz, pyroxene, magnetite, and zircon
that we use to estimate crystallization and storage temperatures. Temperatures for YSRP and Icelandic
rhyolites are highest for quartz-magnetite and quartz-clinopyroxene (~950 °C), with lower quartz-zircon
(850 °C) temperatures that are similar to estimates of zircon saturation. The magnitude and pattern of
these temperatures is consistent with crystallization from near-liquidus rhyolites. In contrast, oxygen
isotope temperatures calculated for the Bishop and other “cold-wet” type tuffs define low ~760 °C
temperatures for all three mineral pairs consistent with prolonged mineral residence at near-solidus
conditions. Preservation of a down-temperature crystallization sequence of hot magnetite and clinopyroxene with colder zircon in hot-dry YSRP and Icelandic rhyolites suggest <1000 yr magma residence,
where magnetite does not have sufficient time to diffusively equilibrate oxygen in a lower temperature
melt. This is consistent with recently determined high precision U-Pb crystallization ages zircons from
the same units indicating magma generation shortly before eruption.
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Introduction
The origin of rhyolite magmas has been a classic question
for igneous petrology, and the temperature of these magmas is
a critical factor in understanding their petrogenesis. Generally
rhyolites can be divided into cold-wet and hot-dry types (e.g.,
Christiansen 2005). The cold and wet types contain hydrous
minerals, are often crystal-rich, and are typically associated with
convergent margins. Classic examples of this type include the
Bishop and similar “monotonous intermediate” tuffs, interpreted
to originate from melt extraction from near-solidus magma
bodies stored as long-lived crystal mushes with >45% crystals
(e.g., Bachmann et al. 2002; Bachmann and Bergantz 2004;
Hildreth and Wilson 2007). On the opposite end of the spectrum
are the hot and dry, plume- and rift-related rhyolites, notably
represented by the Yellowstone-Snake River Plain (YSRP) of
15 Ma to present (e.g., Branney et al. 2008), and similar aphyric
rhyolites of Iceland. These rhyolites typically belong to bimodal
basaltic-rhyolitic sequences and have typically low crystallinity
(<5–10%) with a paucity of hydrous mineral phases.
A great wealth of geothermometry estimates are available
for YSRP rhyolites from mineral-pair analysis (e.g., QUILF,
two-pyroxene), zircon saturation, Ti-in-quartz and zircon, and
experimental and modeled phase equilibria, and these typically
yield high temperatures of up to 950 °C (e.g., Cathey and Nash
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2004, 2009; Vazquez et al. 2009; Watts et al. 2011; Almeev et
al. 2012). Many of these geothermometers, however, are highly
sensitive to pressure, melt composition, and activities of participating components. Furthermore, recent reformulation of the
Zr-saturation thermometer of Watson and Harrison (1983) by
Boehnke et al. (2013) yields 30–40 °C lower zircon saturation
temperatures in many systems. Some phase equilibria studies
of Bishop and Yellowstone compositions suggest lower, even
<700 °C, temperatures (Gardner et al. 2014; Befus et al. 2015;
Befus and Gardner, in review). Lower temperatures seem more
compatible with near-solidus mush storage and extraction models, and several authors now try to apply this model for YSRP
centers (e.g., Ellis et al. 2014; Stelten et al. 2015). These very
disparate estimates of YSRP rhyolite magma temperatures not
only critically influence petrogenetic implications, but also assumed eruption temperatures pertinent to eruption mechanisms
and volcanic hazards.
Here we present oxygen isotope thermometry between mineral pairs from YSRP centers as compared to other rhyolites
worldwide to provide a unique estimate of rhyolite temperatures
(Figs. 1a and 1b). Stable isotopic fractionations are independent
of pressure, melt composition, and phase equilibria, making them
particularly valuable as independent tools for determining the
temperature of magmas. Clayton and Epstein (1958) determined
that oxygen isotope fractionation between coexisting minerals
in igneous rocks could be used to estimate magmatic temperatures. Despite this simple theoretical utility of oxygen isotope
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