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INTRODUCTION

Low-temperature (T) alteration of oceanic crust by seawater 
causes signiÞ cant compositional changes in the crust and oceans 
(Alt 1995; Staudigel et al. 1996), and hence strongly inß uences 
geochemical cycles in the oceans and between the crust and 
mantle via subduction of mature oceanic crust. Both modern 
oceanic crust and ophiolites may preserve phyllosilicate-rich 
veins or zones formed by low-T seaß oor alteration (Alt and 
Teagle 2000), but these phases are only stable under low-pres-
sure (P) and T conditions. Therefore, whereas many samples of 
ancient oceanic crust may preserve the geochemical record of 
low-T seaß oor alteration, petrological evidence is easily removed 
during subsequent metamorphism or hydrothermal activity.

Mineral inclusion assemblages trapped in refractory min-
erals may provide crucial information on previous geological 
conditions. Zircon is a particularly useful container of mineral 
inclusions, as it is a common accessory mineral in a vast range 
of crustal, mantle, and extraterrestrial rocks (Speer 1980; Finch 
and Hanchar 2003). It is resistant to weathering and may sur-
vive multiple episodes of metamorphism, partial melting, and 
hydrothermal alteration. Furthermore, zircon is stable over a very 
large P-T range (Katayama et al. 2001; Rubatto and Hermann 
2003), and can be used to constrain the chronology of geological 

events. In many cases, mineral inclusion assemblages are the only 
evidence of prior high- or ultra-high-P metamorphism of crustal 
rocks (Hermann et al. 2001; Katayama et al. 2001; Massone and 
Nasdala 2003). In contrast, we are unaware of any reports of 
low-T hydrothermal alteration assemblages preserved as mineral 
inclusions in high-grade metamorphic rocks. 

Zircon is known to incorporate high concentrations of many 
trace elements including Hf, P, U, Th, rare-earth elements (REE), 
and Y (e.g., Speer 1980; Hoskin and Schaltegger 2003). Haf-
nium, U, and Th are quadrivalent and can substitute directly for 
Zr without any need for charge compensation. In contrast, the 
incorporation of trivalent cations such as REE and Y into zircon 
requires more complex substitution mechanisms to retain charge 
balance. The coupled xenotime substitution of (REE + Y)3+ + P5+ 
↔ Zr4+ + Si4+ is commonly invoked to account for a large propor-
tion of trivalent cation and P incorporation into zircon (Speer 
1980; Hoskin et al. 2000; Hanchar et al. 2001). Nonetheless, 
there is generally an excess of trivalent cations over P, which 
indicates that alternate substitution mechanisms are also required 
(Hoskin et al. 2000; Hanchar et al. 2001; Hoskin and Schalteg-
ger 2003). Several mechanisms have been proposed, including 
coupled substitution of trivalent cations with Li, Mo (Hanchar 
et al. 2001), Mg, Fe, Al (Hoskin et al. 2000), or H (Hinton et 
al. 2003), or charge-balance by oxygen vacancy (Hanchar et al. 
2001). At present, there is not substantial data to support these 
substitution mechanisms.* E-mail: carl@ems.anu.edu.au
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ABSTRACT

Recrystallized zircon grains in a phengite-epidote-chlorite schist from north-eastern New Caledonia 
contain as inclusions a mineral assemblage consisting of celadonite, kaolinite, quartz, Fe-oxy-hydrox-
ide, smectite, chlorite, xenotime-(Y), thortveitite, yttrialite, and allanite-(Ce). This assemblage formed 
during low-temperature (<100 °C) seaß oor alteration of a plagioclase-rich maÞ c rock and represents 
the Þ rst documented evidence of this alteration event in the high-P belt of northeastern New Caledo-
nia. The survival of this low-temperature mineral paragenesis in zircon of a rock that has undergone 
subsequent eclogite-facies metamorphism testiÞ es to the strength and value of zircon as a container 
for mineral inclusions. Thortveitite (Sc2Si2O7) and yttrialite (Y2Si2O7) inclusions in the altered zircon 
cores represent a new occurrence for these minerals and suggest that they may be more common than 
is currently recognized. The altered zircon cores generally have lower trace-element contents than the 
pristine igneous zircon cores and we suggest that thortveitite, yttrialite, and xenotime-(Y) formed as 
a result of trace-element expulsion from zircon during low-temperature recrystallization. Trace-ele-
ment concentrations in the zircon cores indicate that trivalent cations (REE, Y, Sc) in zircon cannot be 
charge-balanced by xenotime substitution alone. Pentavalent cation concentrations (Nb, As) are also 
insufÞ cient for charge balance. The presence of thortveitite (Sc2Si2O7) and yttrialite (Y2Si2O7) suggests 
that trivalent cations in zircon might be charge-balanced either by monovalent anions substituting for 
oxygen or by small monovalent cations such as H occurring interstitially in the zircon lattice. 




