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abstRact

Multiple substitution mechanisms for hydrogen in γ-(Mg,Fe)2SiO4, ringwoodite, lead to broad, 
overlapping, and difficult-to-interpret FTIR spectra. Through combined low-temperature, high-pres-
sure synchrotron-based FTIR spectroscopy, the multiple bonding sites become evident, and can be 
traced as a function of temperature and compression. Multiple OH stretching bands can be resolved in 
iron-bearing and iron-free samples with 0.79–2.5(3) wt% H2O below 200 K at ambient pressure, with 
cooling to 5 K at 35 and 23 GPa resulting in the resolution of possibly as many as 5 OH stretching 
bands traceable at room temperature from 23 GPa down to 8 GPa. A distribution of defect mechanisms 
between o″Mg+2(H·) at 3100, 3270, and possibly 2654 cm–1, oSi‴′+4(H·) at 3640 cm–1, and Mg″Si+2(H·) 
at 2800 cm–1 can then be resolved. These multiple defect mechanisms can therefore explain the higher 
electrical and proton conductivity in ringwoodite when compared to wadsleyite, and therefore may be 
applied to resolve spatial variations in water storage in the Earth’s transition zone.
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intRoduction

The transition zone has a water storage capacity of 1–2 wt% 
H2O (e.g., Kohlstedt et al. 1996; Bolfan-Casanova et al. 2000; 
Ohtani et al. 2000; Demouchy et al. 2005) where, in the absence 
of excess water and associated fluids or melt, considerable OH 
can be found in the crystal structures of major minerals of the 
pyrolite assemblage at that depth. The major carriers of water in 
the transition zone are the olivine polymorphs, wadsleyite, and 
ringwoodite. The hydrogen content in the olivine polymorphs 
affects various physical properties including thermal expansion (Ye 
et al. 2009), strength (Kavner 2003), seismic velocities (Jacobsen 
et al. 2004; Wang et al. 2003), and electrical conductivity (Yoshino 
et al. 2008; Huang et al. 2005; Poe et al. 2010).

Hydrogen incorporation in wadsleyite is dominated by a Mg 
vacancy charge balanced with two hydrogen atoms, which can be 
described using Kröger-Vink notation (Kröger and Vink 1956) as 
o″Mg+2(H·). This substitution mechanism is generally accepted 
from a combination of crystal structure refinement (Smyth et al. 
1997), IR spectroscopy (Jacobsen et al. 2005), and compositional 
systematics, in which d(Mg/Si)/d(H/Si) = –1/2 (Inoue et al. 1995). 
Hydrogen in wadsleyite appears to substitute as o″Mg+2(H·) 
principally at M3 in iron-free samples (Ye et al. 2010), while 
additional mechanisms are possibly active in iron-bearing systems 
(Kohlstedt et al. 1996).

Ringwoodite, however, does not follow the same compositional 
trend as wadsleyite, with d(Mg/Si)/d(H/Si) > –1/2, indicating 
additional substitution mechanisms that do not involve vacancies 
on the 16d site (Ohtani et al. 2000). FTIR spectra show a broad 

(∼300 cm–1 HWHM) OH absorption band centered at ∼3120 cm–1, 
with some reports of overlapping bands at 3695 cm–1, 3345 cm–1 
(Kudoh et al. 2000; Smyth et al. 2003), 3220 cm–1 (Kohlstedt et 
al. 1996), and 2455 cm–1 (Bolfan-Casanova et al. 2000; Chamorro 
Pérez et al. 2006). Variations in the occurrence and frequencies 
appear correlated to the concentration of hydrogen and iron in 
the samples, but with broad consistency among spectra. Through 
correlation between the O-O distance and stretching frequency 
(e.g., Nakamoto et al. 1955; Libowitzky 1999), frequencies can 
be typically assigned to structural hydroxyls. These bands have 
been variably assigned to hydroxyls along the tetrahedral edge in 
a hydrogarnet-like defect (Smyth et al. 2003; Chamorro Pérez et 
al. 2006), substituting for the magnesium site (Kudoh et al. 2000; 
Smyth et al. 2003), or in the normally vacant octahedral site (16c) 
coupled with a Mg atom replacing a tetrahedral Si atom (Mg″Si) 
(Kudoh et al. 2000). Ambiguity in the interpretation is in large 
part a result of the broad OH band.

29Si NMR-CPMAS spectra (Stebbins et al. 2009) of ringwood-
ite containing 1.0(1) wt% H2O find that 4(2)% of the silicon is 
directly associated with hydrogen (as a Si-OH bond), consistent 
with a o″Mg+2(H·) defect mechanism accounting for about 25(12)% 
of the total OH, leading to the conclusion that the rest of the water 
incorporation is through additional mechanisms. Stebbins et al. 
(2009) also report no evidence of octahedral Si upon quench to 
300 K with a detection level of about 0.5% of total Si present, 
suggesting no Mg″Si+2(H·) defect mechanism is active at 1.0(1) 
wt% H2O.

First-principles calculations support a statistical distribution 
of hydrogen across multiple sites with various substitution 
mechanisms (Panero 2010; Blanchard et al. 2009; Li et al. * E-mail: panero.1@osu.edu


