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A monazite oxygen isotope thermometer
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ABSTRACT
A quartz-monazite oxygen isotope thermometer was calibrated based on δ18O measurements of mineral separates from monazite-bearing rocks and on piston cylinder calcite-monazite oxygen exchange
experiments. The oxygen isotope composition of monazite was measured using secondary ion mass
spectrometry (SIMS) and multiple ßuorination techniques. The results of these measurements suggest
that (1) differences in Th content of monazite can cause the instrumental mass fractionation in an ion
microprobe to vary by at least 4‰; (2) the oxygen isotope compositions of chemically distinct zones
in the monazite grains analyzed are probably similar; and (3) δ18Omnz is most accurately determined
by extracting oxygen via ßuorination in nickel vessels. Comparing the oxygen isotope fractionation
between quartz and monazite with independently derived temperature estimates suggests that (1)
the coefÞcient of fractionation between quartz and monazite (aqtz-mnz) equals 2.2 ± 0.6, and (2) ~100
μm monazite grains in a multiply metamorphosed, granulite facies orthogneiss from the Wind River
Range record the high-temperature history of this rock, whereas other isotopic thermometers suffered
retrograde oxygen exchange. This evidence indicates that monazite might be used to constrain peak
metamorphic temperatures, which may correlate with the ages recorded by the same mineral.
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INTRODUCTION
Monazite is a monoclinic, light-rare-earth-element, thoriumand uranium-bearing phosphate (LREE, Th, Ca)(P, Si)O4. It is a
common accessory mineral in pelites and granitoids (Overstreet
1967) and is the primary stable host for LREEs in many low-Ca
rocks (Wing et al. 2003; Gromet and Silver 1983; Lee and Bastron 1967). Thorium is incorporated into the monazite structure
either by brabantite (2 LREE → Th + Ca) or huttonite (LREE
+ P → Th + Si) substitution and ThO2 contents typically range
from 0–25 wt% (Zhu and O’Nions 1999). Monazite’s widespread
occurrence, incorporation of Th and U, and retention of Pb (Dahl
1997; Crowley and Ghent 1999; Rubatto et al. 2001; Cherniak
et al. 2004a) make it a desirable mineral for U/Th-Pb dating.
Monazite has been dated by various techniques in a large number
of geologic studies, many of which have documented the virtual
absence of initial Pb (e.g., Parrish 1990). In most cases, monazite
ages date crystallization or prograde metamorphic growth, but
monazite ages may also record ßuid inÞltration (Poitrasson et al.
1996; Ayers et al. 2006) and/or retrograde metamorphism (Vavra
and Schaltegger 1999; Catlos et al. 2002; Ayers et al. 1999).
The development of chemical (Suzuki and Adachi 1991;
Montel et al. 1996; Cocherie et al. 1998; Williams et al. 1999;
Williams and Jercinovic 2002; Dahl et al. 2005a, 2005b; Kuiper
2005; Jercinovic and Williams 2005; Pyle et al. 2005) and isotopic (e.g., Dewolf et al. 1993; Zhu and O’Nions 1999; Catlos
et al. 2002) in-situ dating techniques has led to recent interest in
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linking monazite ages with metamorphic conditions to retrace
pressure-temperature-time-deformation (PTtD) paths. While the
reactions governing the formation and destruction of metamorphic monazite are under considerable debate (Pan 1997; Kohn
and Malloy 2004; Wing et al. 2003), correlation of monazite
ages with temperatures from major mineral (e.g., Catlos et al.
2002), monazite-garnet (Pyle et al. 2001), and monazite-xenotime thermometers (Viskupic and Hodges 2001; Heinrich et al.
1997; Gratz and Heinrich 1997) have been used to constrain
early metamorphic evolution in rocks with appropriate textures
and mineral assemblages. Unfortunately, many monazite-bearing
rocks do not contain the assemblages suitable for these cation
thermometers and therefore are not used for thermochronology. The T-t history of many of these monazite-bearing rocks
can however be evaluated using the monazite oxygen isotope
thermometer introduced in this paper. The development of this
geothermometer will allow temperatures to be extracted from
the commonly occurring paragenesis quartz-monazite and will
therefore be applicable to a wide variety of rock types, including
granitoids, high-grade gneisses, quartzites, and ore rocks.
In this study, we have made an empirical calibration of the
quartz-monazite thermometer by comparing measured oxygen
isotope fractionations against independent temperature estimates. High-pressure oxygen exchange experiments between
monazite and calcite provide an additional constraint on high
temperature fractionation. Previous work on oxygen isotope ratios in monazite is limited. Tao and Yuzhuo (1997) report several
oxygen isotope analyses of monazite from the Bayan Obo rare
earth element ore deposit, Inner Mongolia, China. Cherniak et
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