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abStract

Interpretation of lateral variations in upper mantle seismic wave speeds requires constraints on the 
relationship between elasticity and water concentration at high pressure for all major mantle minerals, 
including the garnet component. We have calculated the structure and energetics of charge-balanced 
hydrogen substitution into tetragonal MgSiO3 majorite up to P = 25 GPa using both classical atomistic 
VLPXODWLRQV�DQG�FRPSOHPHQWDU\�¿UVW�SULQFLSOHV�FDOFXODWLRQV��$W�WKH�SUHVVXUH�FRQGLWLRQV�RI�(DUWK¶V�WUDQ-
sition zone, hydroxyl groups are predicted to be bound to Si vacancies (�) as the hydrogarnet defect, 
[�Si+4OHO]X, at the Si2 tetrahedral site or as the [�Mg+2OHO]X defect at the octahedral Mg3 site. The 
hydrogarnet defect is more favorable than the [�Mg+2OHO]X defect by 0.8–1.4 eV/H at 20 GPa. The 
presence of 0.4 wt% Al2O3 substituted into the octahedral sites further increases the likelihood of the 
hydrogarnet defect by 2.2–2.4 eV/H relative to the [�Mg+2OHO]X defect at the Mg3 site. OH defects 
affect the seismic ratio, R = dlnvs/dlnvp, in MgSiO3�PDMRULWH��ǻR = 0.9–1.2 at 20 GPa for 1400 ppm 
wt H2O) differently than ringwoodite at high pressure, yet may be indistinguishable from the thermal 
dlnvs/dlnvp for ringwoodite. The incorporation of 3.2 wt% Al2O3 also decreases R(H2O) by ~0.2–0.4. 
Therefore, to accurately estimate transition zone compositional and thermal anomalies, hydrous ma-
jorite needs to be considered when interpreting seismic body wave anomalies in the transition zone.
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introDuction

The amount of water stored in deep crustal and mantle 
rocks is largely unconstrained, yet may account for a quantity 
of water comparable to or in excess of the amount contained in 
the present oceans (Hirschmann 2006). Water has a first-order 
effect on the compressibility and deformation of the crust and 
mantle (e.g., Smyth et al. 2004; Xu et al. 2013), in addition to 
melting temperature and electrical and thermal conductivity 
(e.g., Hirschmann 2006; Panero et al. 2013; Thomas et al. 2012). 
Since water is incorporated into the nominally anhydrous mineral 
SKDVHV�RI�(DUWK¶V�PDQWOH�LQ�WKH�IRUP�RI�+�GHIHFWV��H�J���:ULJKW�
2006), a clear understanding of the atomic-scale behavior and 
substitution mechanism of hydrogen in high-pressure silicates 
is critical to our knowledge of mantle processes.

Majorite, (Mg,Fe)SiO3, is the high-pressure garnet phase 
stable at transition-zone depths (410–660 km) and is the second 
most abundant phase after the high-pressure olivine polymorphs, 
accounting for as much as 40% of the rock volume (Frost 2008). 
The defect-free, tetragonal Mg-endmember garnet, majorite 
(space group I41/a), has a structure consisting of three unique 
tetrahedral sites (Si1, Si2, and Si3) each linked by corner O 
atoms to octahedral sites, Mg3 and Si4, and two interstitial 
distorted dodecahedral sites, Mg1 and Mg2 (Fig. 1) (Angel et 
al. 1989). The three tetrahedral sites are distinguished from each 

other based on the occupancy of the nearest neighbor octahedral 
sites. The Si1 tetrahedra are linked to Mg3 octahedra, the Si2 
sites are linked to Si4 octahedra, and Si3 tetrahedra are linked to 
two Mg3 octahedra and two Si4 octahedra. The interstitial Mg1 
dodecahedral site is more distorted than the Mg2 site. There are 
six unique oxygen sites (Supplemental Table 11). The O1 and 
O2 sites have the same bonding environment but O1 is bonded 
to octahedral Mg and O2 is bonded to octahedral silicon. The 
O3 and O4 sites are both doubly bonded to the Mg1 distorted 
cubic site. Finally, the O5 and O6 sites are both involved in two 
cubic environments and one tetrahedra but O6 is bonded to the 
octahedral Si and O5 is bonded to the Mg octahedra.

The dominant carriers of hydrogen in the transition zone 
are the high-pressure polymorphs of (Mg,Fe)2SiO4 (olivine), 
wadsleyite, and ringwoodite, which can incorporate significant 
amounts of hydrogen (1–3 wt% H2O) into their structures (e.g., 
Kohlstedt et al. 1996; Smyth and Jacobsen 2006). Partitioning 
experiments in the MgO-SiO2-H2O system at transition zone P-T 
conditions show that the olivine polymorphs (wadsleyite and 
ringwoodite) dissolve ~1 order of magnitude more than MgSiO3 
(majorite, clinoenstatite, akimotoite) (Bolfan-Casanova et al. 
2000) such that DMg2SiO4/MgSiO3 = ~10. Because the solubility of 
water in the olivine polymorphs decreases with temperature and 
the partitioning of water between wadsleyite and ringwoodite 
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