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ABSTRACT
Unusually large δ O heterogeneities (≥4‰) within single crystals are reported in garnets from
dioritic migmatites in the Pyrenees. These heterogeneities, together with contrasting Ca and P zoning,
allow the identiÞcation of different growth zones. Garnet cores with high δ18O values (12–14‰) are
relatively poor in Ca (7–9 mol% Grs) and rich in P (400–900 ppm P2O5). In contrast, garnet rims with
lower δ18O values (7–12 ‰) are richer in Ca (12–14% Grs) and poorer in P (100–200 ppm). These growth
zones can be ascribed to a metamorphic event followed by crustal partial melting and contamination
by magmas from the mantle. High δ18O intra-crystalline contrasts result from mineral growth in an
open magmatic system involving the interaction of partial melts with distinct δ18O signatures. At the
garnet core-rim interface, compositional proÞles in major divalent cations are consistent with the
relaxation of an initial sharp step in Ca, Fe, and Mg by Ca ↔ (Fe, Mg) interdiffusion. At the same
interface, an O-isotope proÞle is documented. The analogy of Ca and O isotope proÞles suggests that
the δ18O distribution may also result from a diffusion process. In this particular case (temperature,
garnet composition, oxygen fugacity), O diffusion appears to be of the same order of magnitude as Ca
↔ (Fe, Mg) interdiffusion. Considering a duration of 10 Ma for the plutono-metamorphic event in the
Pyrenees, Ca and O diffusivities in the range 10–22 m2/s (at 850 °C) are retrieved from the measured
proÞles. Like Ca, O diffusion in garnet at magmatic temperatures (850–900 °C) is both slow enough
to preserve large δ18O heterogeneities and fast enough to generate relaxation proÞles.
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INTRODUCTION
Oxygen isotope ratios are reliable indicators of ßuid-mineral
or melt-mineral interactions in geological systems. Thus, δ18O
zoning within minerals provides important information about the
nature and temporal evolution of ßuid or melts during crystal
growth. Large δ18O intracrystalline heterogeneities are common
in grossular-andradite garnets and have been used to elucidate
complex ßuid-rock interactions in hydrothermal environments
(e.g., Crowe et al. 2001; Clechenko and Valley 2003). In contrast,
only a few studies report intra-crystalline δ18O heterogeneities in
almandine-pyrope garnets (Kohn et al. 1993; Young and Rumble
1993; Skelton et al. 2002). In metamorphic garnets, the largest variations (up to 3‰ from core to rim) were reported by
Chamberlain and Conrad (1991) who ascribed these changes to
large amounts of pervasive ßuid ßow during metamorphism. In
this paper, we report the results of a SIMS study on composite
metamorphic-magmatic garnets from the Pyrenees. These data
are combined with major- and trace-element zoning to propose
a consistent geological scenario for garnet growth.
The search for relaxation proÞles generated by chemical diffusion is a straightforward extension of the study of chemical or
isotopic heterogeneities in minerals. Indeed, diffusion patterns
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can be used to infer timescales of geological processes, provided
that the relevant diffusion coefÞcients are known. Conversely,
a comparative study of various relaxation proÞles can be used
to constrain the relative diffusion rates of elements or isotopes
in multi-component systems (e.g., Burton et al. 1995; Carlson
2002). Here, special emphasis has been put on the search for
O-isotope relaxation proÞles in order to get new insights into O
diffusion in garnets.

GEOLOGICAL SETTING
The studied population of garnets comes from biotite-garnet
dioritic migmatites outcropping within pelitic gneisses in the
Pyrenees (Ursuya massif in Pays Basque, France). The dioritic
migmatites are heterogeneous at a decimeter scale: biotite-garnet-rich zones are mixed with (1) quartzo-feldpathic domains
devoid of biotite but extremely rich in garnet, and (2) maÞc zones
composed of orthopyroxene and plagioclase (norites). The coexistence of biotite, garnet, plagioclase, quartz, and orthopyroxene
in the dioritic migmatites provides tight temperature and pressure
constraints (860 ± 20 °C, 6 kbar) for the climax of the thermal
event (Vielzeuf 1996). At meter and decameter scales, the dioritic
rocks are locally associated with intrusive maÞc rocks (norites).
This close association together with arguments developed in
this study favor an interpretation in terms of migmatization of
the country rocks, in response to the intrusion of maÞc magmas
from the mantle (Vielzeuf 1996). Such an open-system situation
in which crustal and mantle melts physically and chemically

