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INTRODUCTION

Knowledge of the oxygen diffusion rate in minerals is es-
sential for the use of oxygen-isotope systematics in igneous
and metamorphic rocks to answer questions of peak tempera-
ture, cooling rate, and petrogenesis. The experimental database
of oxygen diffusion in rock-forming minerals is substantial (e.g.,
Brady 1995; Cole and Chakraborty 2001), but relatively few
studies have focused on empirically constraining oxygen dif-
fusion rates (but see Sharp 1991; Valley and Graham 1991;
Sharp and Jenkin 1994; Edwards and Valley 1998). Experi-
mental diffusion rates are commonly used as input parameters
in numerical models of stable-isotope fractionations in rocks,
usually with regard to isotopic resetting during cooling (Giletti
1986; Farver 1989; Eiler et al. 1992,1993; Farquhar et al. 1993;
Kohn 1999). In this study, we present new data constraining
the oxygen diffusion rate in zircon crystals from orthogneiss
and quartzite.

Many oxygen diffusion experiments have shown that the
presence of H2O (i.e., hydrothermal experiments with PH2O ª 1
kbar) speeds oxygen diffusion relative to anhydrous experi-
ments (see Elphick and Graham 1988; Graham and Elphick
1991; Cole and Chakraborty 2001). The difference in diffusion
rates for the same mineral between these “wet” and “dry” ex-
periments is very large when extrapolated to lower tempera-

tures, resulting in closure temperatures (Dodson 1973) that dif-
fer by hundreds of degrees. For zircon at 600 ∞C, the differ-
ence in D is indicated to be seven orders of magnitude (Watson
and Cherniak 1997).

The purpose of this study is to place empirical limits on the
rate of oxygen diffusion in natural zircon crystals, in order to
determine if zircon should preserve primary d18O values through
subsequent thermal events. We compare our results to hydro-
thermal and dry experiments for oxygen diffusion in zircon
(Watson and Cherniak 1997). Hydrothermal experiments at PH2O

= 0.07–10 kbar yield fast diffusion rates (Fig. 1), suggesting
closure temperatures to oxygen diffusion on the order of 500
to 550 ∞C for average zircon radii and slow cooling (1 to 5 ∞C/
m.y.). Dry experiments have much slower diffusion rates, yield-
ing closure temperatures >900 ∞C for average zircon radii and
slow cooling (Watson and Cherniak 1997). Under hydrous con-
ditions, fast diffusivities overwhelm the mechanisms that domi-
nate the “dry” experiments (attributed to migration of oxygen
interstitials; Crocombette 1999).

Crystalline, non-metamict zircon has been shown to be re-
tentive of igneous oxygen-isotope ratios, even after protracted
metamorphic (Valley et al. 1994; Peck et al. 2001), igneous
(King et al. 1998; Valley et al. 1998b; Bindeman and Valley
2001), and hydrothermal histories (Gilliam and Valley 1997;
King et al. 1997; Monani and Valley 2001; see Valley 2003).
Calculations based on hydrothermal experiments (Watson and
Cherniak 1997) predict that many of the zircons in the above* E-mail: wpeck@mail.colgate.edu
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ABSTRACT

Empirical tests of oxygen exchange rate in zircon crystals from amphibolite- and granulite-facies
metamorphic rocks of the Grenville Province demonstrate preservation of igneous d18O through
protracted igneous and metamorphic histories, forming the basis of quantitative estimates of diffu-
sion rate. Granitic orthogneisses, which cooled slowly after granulite-facies metamorphism, show
no consistent relationship between zircon size and d18O, indicating slow oxygen diffusion. Detrital
zircon crystals from granulite-facies quartzites are out of equilibrium with their host rocks, and no
consistent correlation is seen between d18O and grain size in high-precision analyses by laser fluori-
nation of multiple grains, sieved for size. In a single sample, individual detrital zircon crystals pre-
serve grain-to-grain variability in d18O (determined by ion microprobe), ranging from 5.0 to 9.5‰.
The inherited cores of some zircon crystals are up to 5.6‰ lower than igneous overgrowths, show-
ing that gradients of 5.6‰ can be preserved over 50 mm even at magmatic conditions. All of these
lines of evidence show that oxygen diffusion in zircon in these rocks was slow both during meta-
morphism and during slow cooling of 1–3 ∞/m.y. Calculations based on the measurements indi-
cate that the oxygen diffusion rate in zircon (D) must be ≥ 10–22 cm2/s at 600 ∞C to explain d18O(zircon)
values measured from Grenville quartzite and orthogneiss. This value is consistent with the experi-
mentally determined value of D = 2 ¥ 10–27 cm2/s for dry diffusion experiments extrapolated to 600
∞C (Watson and Cherniak 1997). These results indicate that oxygen-isotope analysis of zircon may
be used to see through granulite-facies metamorphism and anatexis, and to unravel crustal recycling
processes in igneous rocks.


