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Abstract
Hydrous Fo91 ringwoodite crystals were synthesized at 20 GPa and high-temperature conditions 

using a multi-anvil press. Recovered crystals were analyzed using electron microprobe analysis, 
Raman spectroscopy, infrared spectroscopy, synchrotron Mössbauer spectroscopy, single-crystal X-ray 
diffraction, and single-crystal Laue neutron diffraction, to carefully characterize the chemistry and 
crystallography of the samples. Analysis of the combined data sets provides evidence for the presence 
of tetrahedrally coordinated ferric iron and multiple hydrogen incorporation mechanisms within these 
blue-colored iron-bearing ringwoodite crystals. Tetrahedral ferric iron is coupled with cation disorder 
of silicon onto the octahedrally coordinated site. Cation disorder in mantle ringwoodite minerals may 
be promoted in the presence of water, which could have implications for current models of seismic 
velocities within the transition zone. Additionally, the presence of tetrahedrally coordinated ferric iron 
may cause the blue color of many ringwoodite and other high-pressure crystals.
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Introduction
The Earth’s transition zone (TZ), delineated by global seismic 

velocity discontinuities at ~410 and 660 km depth (Dziewonski 
and Anderson 1981), has the potential to be Earth’s largest vola-
tile reservoir with a maximum water storage capacity greater 
than the entirety of surface reservoirs (Jacobsen 2005). This 
is possible because wadsleyite and ringwoodite, high-pressure 
polymorphs forming after olivine, constitute over 60 wt% of TZ 
phase assemblages and are capable of incorporating up to 3.3 
wt% and ~2 wt% H2O respectively (33 000 and 20 000 wt. ppm)1 
associated with point defects (e.g., Smyth 1987; Inoue et al. 1995; 
Ye et al. 2012; Fei and Katsura 2020). While experiments clearly 
demonstrate the potential for TZ water storage, whether or not 
Earth’s mantle is actually hydrated and exactly how this water 
is incorporated in TZ minerals are topics that continue to be the 
subject of ongoing research.

There is significant variation between the range of estimates 
for the TZ’s water content. A natural single crystal of ringwood-
ite, trapped as a mineral inclusion in a Brazilian diamond, was 
estimated, via FTIR, to contain ~1.4 wt% H2O (Pearson et al. 
2014; Thomas et al. 2015). This observation suggests that the TZ 
is at least locally hydrated. However, it is unclear how this iso-
lated observation from a microscopic diamond-hosted inclusion 
might relate to the bulk water content of the TZ more globally. 

Seismological studies aiming to constrain the water content of the 
TZ to-date have remained inconclusive, variously suggesting that 
both a dry (<0.1 wt% H2O) or wet (~1 wt% H2O) TZ might be 
consistent with observations based on seismic velocities as well 
as the depths and magnitudes of discontinuities (van der Meijde 
et al. 2003; Meier et al. 2009; Suetsugu et al. 2010; Houser 2016). 
Interpretations of water contents using magnetotelluric (MT) 
observations are also inconsistent and suggest the TZ contains 
between 0.001 and 1 wt% H2O (Karato and Wu 1993; Huang et 
al. 2005; Yoshino et al. 2008; Munch et al. 2020). Alternatively, 
the explanation of mantle viscosity profiles seems to require the 
TZ to be close to water saturation, based on constraints from 
rheological experiments (Fei et al. 2017). Irrespective of the true 
TZ water content, understanding the incorporation mechanisms 
of hydrogen in crystals of wadsleyite and/or ringwoodite is im-
portant since, even at low concentrations, defects are known to 
affect fundamental physical properties vital for understanding 
the mechanics of mantle convection, e.g., viscosity, conductivity, 
and elasticity (Thomas et al. 2012; Hustoft et al. 2013; Schulze 
et al. 2018).

Compared to the defect chemistry of wadsleyite, which is 
relatively well understood and in which protons almost exclu-
sively substitute for Mg2+ vacancies (Smyth 1994), the behavior 
of ringwoodite is less well constrained (Kudoh et al. 2000; 
Smyth et al. 2003). Previous studies variously using ab initio 
calculations, X-ray diffraction, spectroscopy (including at low 
temperatures), and 1H NMR have concluded that a combination 




