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Hydrogen incorporation in crystalline zircon: Insight from ab initio calculations

Sanda M. BotiS,1,* YuanMing Pan,2 and RodneY C. ewing1

1Department of Earth and Environmental Sciences, University of Michigan, Ann Arbor, Michigan 48109-1005, U.S.A.
2Department of Geological Sciences, University of Saskatchewan, Saskatoon, Saskatchewan S7N 5E2, Canada

aBStRaCt

The OH stretching vibration frequencies of crystalline zircon that contains water have been inves-
tigated by quantum mechanical calculation using CRYSTAL09 and several hybrid functionals. Incor-
poration mechanisms considered for H in zircon include: (1) hydrogarnet and partial hydrogarnet-type 
substitution; (2) H-compensated trivalent substitution at the Si site; and (3) H-compensated trivalent 
substitution at the Zr site. The results provide a clear picture of the H locations in zircon and their as-
sociated IR stretching vibrations. Based on the results of structural relaxation and corresponding OH 
stretching calculations, we can assign the 3420 cm–1 band to a hydrogarnet or partial hydrogarnet-type  
substitution with polarization dependent on the extent of local relaxation (i.e., closer to E||c for partial 
hydrogarnet and less polarized for hydrogarnet). These results also show that the 3385 cm–1 (E⊥c) IR 
band originates from H incorporation that accompanies a trivalent cation substitution at the Si-site. 
As an example of such a substitution, the [AlO4/H] defect was investigated. H-incorporation coupled 
with a trivalent cation substitution at the Zr-site appears to be responsible for generating the 3180 cm–1 
(E⊥c) IR band. The ab initio calculation on [YO8/H] and [LaO8/H] structures show that the 3180 cm–1 
band represents an average between two distinct bands at ∼3220–3250 and ∼3100 cm–1 attributed to H 
locations close to or further away from the Zr-substituted atom. The energetics of these substitutions 
demonstrate that the overlapping of the two IR bands depends on the substituting cation, and this is 
controlled, in part, by the thermal history of the sample and/or by the experimental conditions under 
which the IR spectra are obtained. Furthermore, these results predict for the first time the existence 
of a peroxy-type O bond associated with the partial hydrogarnet substitution in the zircon structure 
that now accounts for the ∼800 cm–1 bands.

Keywords: Hydroxyl, zircon, infrared, ab initio, DFT

intRoduCtion

Zircon is an ubiquitous accessory mineral that is used as 
a geochemical tracer, geochronometer, and geobarometer in 
reconstructing Earth’s crustal evolution. Furthermore, because 
zircon can incorporate heavy lanthanides and actinides (Spear 
1980; Hoskin and Schaltegger 2003) and is chemically durable, 
it has been proposed as a crystalline nuclear waste form (Ewing 
1999; Ewing 2001 and references therein).

Despite the anhydrous nature of zircon and its exceptional 
durability under diverse geochemical conditions, several studies 
have reported a hydrous component in natural zircon (Frondel 
1953; Frondel and Collette 1957; Coleman and Erd 1961; Mump-
ton and Roy 1961; Krstanovic 1964; Caruba et al. 1985) and 
especially in samples that have experienced radiation-induced 
amorphization (Aines and Rossman 1986; Woodhead et al. 1991; 
Nasdala et al. 2001; Salje and Zhang 2006; Zhang et al. 2010). 
From a geochemical perspective, the incorporation of water into 
zircon, as bonded hydroxyl groups, could play an essential role in 
controlling the partitioning mechanism and degree of incorpora-
tion of M3+cations (i.e., Y3+, REE3+) when the P5+ content is insuf-
ficient to attain charge balance through a xenotime substitution 
mechanism (Hinton et al. 2003). From the perspective of nuclear 

waste form performance, understanding the interaction of zircon 
with water is crucially important in predicting its susceptibility 
to alteration and dissolution over long periods (Salje and Zhang 
2006; Delattre et al. 2007). Thus, the exact location of H in the 
crystalline structure of zircon is essential to understanding the 
incorporation mechanisms for trace elements and the role of 
hydration in the metamictization process (Nasdala et al. 2001).

Several experimental approaches (i.e., IR, Raman, neutron 
scattering, and proton-NMR spectroscopy) can provide informa-
tion on the presence, structural environment, and concentration 
of water in minerals. Infrared (IR) spectroscopy has become the 
most widely used method for detecting and quantifying even 
minute concentrations (i.e., as little as a few parts per million of 
H2O) of hydrogen (Libowitzky and Beran 2006). Additionally, 
polarized IR on oriented single-crystal sections offers informa-
tion on the orientation of the OH dipole in the structure. Diffrac-
tion methods, such as XRD, although not sensitive to the presence 
of diluted structurally bound defects, can be used to provide 
supplementary data regarding the effect of OH incorporation on 
the structural parameters of the mineral host. Accordingly, the 
bulk of the experimental information available for the incorpora-
tion of water in zircon comes mainly from IR studies (Frondel 
1953; Dawson et al. 1971; Aines and Rossman 1986; Woodhead 
et al. 1981; Nasdala et al. 2001; Salje and Zhang 2006; Zhang 
et al. 2010) with minor contribution from XRD measurements * E-mail: sandabotis@gmail.com


