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Coupled substitution of Fe and H for Si in wadsleyite: A study by polarized infrared and
Mössbauer spectroscopies and single-crystal X-ray diffraction
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Abstract
Coupled substitution of Fe and H for Si in wadsleyite was studied by polarized infrared and
Mössbauer spectroscopies and single-crystal X‑ray diffraction. Single crystals of Fe-bearing hydrous
wadsleyite were synthesized at 16 GPa and 1870 K using a Kawai-type multi-anvil apparatus. Water
and Fe contents of the sample were 0.19–0.26 wt% H2O and Fe/(Mg+Fe) of 0.099(2), respectively.
Mössbauer spectra showed 13(4)% Fe3+/ΣFe and Fe3+ at the tetrahedral site with 5(3)% IVFe3+/ΣFe.
Crystal structure refinement by single-crystal X‑ray diffraction indicated that Fe (presumably Fe3+)
occupied 4.9(5)% of the tetrahedral site. Infrared light polarized with the electric vector E//a and c
was absorbed at 3477(2) cm–1 while no absorption was observed at the region in spectra with E//b.
The pleochroic behavior of the 3477 cm–1 band can be interpreted as protonation of silicate oxygen
O3 in Fe-bearing hydrous wadsleyite. The protonation of O3 together with the presence of Fe3+ at the
tetrahedral site confirms the coupled substitution of Fe3+ and H+ for Si in Fe-bearing hydrous wadsleyite.
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Introduction
Wadsleyite is the most abundant mineral in the upper part of
the mantle transition zone (MTZ) (e.g., Irifune and Isshiki 1998)
and can incorporate up to 3 wt% water in its crystal structure
(e.g., Inoue et al. 1995). Incorporation of water (or hydrogen)
in wadsleyite influences its elasticity (e.g., Mao et al. 2011),
atomic diffusivity (Shimojuku et al. 2010), creep strength (Kubo
et al. 1998), crystallographic preferred orientation (Ohuchi et
al. 2014), grain-growth kinetics (Nishihara et al. 2006), and
electrical conductivity (e.g., Karato 2011). Moreover, water affects phase boundaries relevant to wadsleyite (e.g., Mrosko et
al. 2015; Smyth and Frost 2002). Consequently, determination
of the substitution mechanisms of hydrogen in wadsleyite is
fundamentally important to addressing the effects of water on
the above properties of the upper MTZ.
The major substitution mechanism of hydrogen in Fe-free
hydrous wadsleyite was predicted as protonation of oxygen
having no bonding to Si (non-silicate oxygen, O1) (Smyth
1987). Single-crystal X‑ray diffraction (SC-XRD) on Fe-free
hydrous wadsleyite revealed the protonation of O1 associated
with Mg vacancies at the M3 site (Kudoh et al. 1996; Smyth et
al. 1997). Moreover, polarized infrared (IR) spectroscopy on
Fe-free hydrous wadsleyite indicated the O1 protonation with
O-H dipoles on edges of the M3 octahedra, i.e., O1…O1 (2.887
Å), O1…O3 (3.016 Å), and O1…O4 (2.795 and 3.092 Å), and
possible protonation of O3 and O4 (Jacobsen et al. 2005). The
locations of the O-H dipoles relevant to IR absorption bands at
~3340 cm–1 were further constrained on O1…O4 (3.10 Å) and
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O3…O4 (3.04 Å) forming ~30° with the c axis by SC-XRD and
IR spectroscopy at high pressure and low temperature (Deon et
al. 2010). Furthermore, neutron diffraction on Fe-free deuterated
wadsleyite confirmed that the O-H dipoles are on O1…O3 (3.035
Å) with a bent hydrogen bond and O1…O4 (3.071 Å) forming
31.9° with the c axis in the b-c plane and 39.8° with the a axis
in the a-b plane (Sano-Furukawa et al. 2011).
Recently, coupled substitution of Fe3+ and H+ for Si was proposed as a new protonation mechanism in Fe-bearing hydrous
wadsleyite (Bolfan-Casanova et al. 2012; Smyth et al. 2014).
This hypothesis was supported by the following observations: (1)
presence of Fe3+ at the tetrahedral (T) site; (2) negative correlation between Si content and Fe3+ plus H+; (3) positive correlation
between intensity of the IR absorption band at 3495 cm–1 and Fe3+
content. However, Si content also decreased with Fe3+ content
in dry wadsleyite (Frost and McCammon 2009). Moreover, the
3495 cm–1 band may be related to another coupled substitution
of Fe3+ and H+ for two divalent cations (Mg2+ or Fe2+). On the
other hand, hydrogen should bond to oxygen atoms bonded to
Si (silicate oxygen, i.e., O2, O3, and O4) if this hypothesis is
valid. However, the protonation of the silicate oxygen has not
been reported in Fe-bearing hydrous wadsleyite. Polarized IR
spectroscopy can provide strong evidence for the protonation
of the silicate oxygen by constraining orientations of hydrogen
bonds and distances of O-H…O (cf. Jacobsen et al. 2005).
In the present study, we tested the hypothesis of the coupled
substitution of Fe3+ and H+ for Si in wadsleyite by analyzing
single crystals of Fe-bearing hydrous wadsleyite. We synthesized crystals large enough for polarized IR spectroscopy using
a Kawai-type multi-anvil apparatus (Kawazoe et al. 2015).
Presence of Fe3+ at the T site in the sample was determined by
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