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Abstract
Spectral features of hydrogen defects in natural mantle minerals derive from physico-chemical 

conditions of the lithosphere. Although hydrogen defects in synthetic orthopyroxene have been well 
investigated, their complex spectral features in natural orthopyroxenes are still difficult to decipher. To 
clarify this issue, it is indispensable to reveal what happens to hydrogen defects during high-temperature 
processes, thereby fingerprinting the origins of hydrogen defects observed in natural orthopyroxene. 
Here, we carry out Fourier transform infrared spectroscopic studies on hydrogen defects of three natural 
orthopyroxenes at elevated temperatures to 1000 °C. Hydrogen defects display reversible disordering at 
temperatures above 700 °C, which is different from those at ambient conditions. Moreover, hydrogen 
diffusivities are significantly different between the orthopyroxene samples from different tectonic set-
tings despite their similar iron contents. Even for the same crystal, different hydrogen defects display 
different diffusion behaviors. Hydrogen defects corresponding to the 3420 cm−1 band have the fastest 
diffusivity relative to the other hydrogen defects. Most importantly, hydrogen defects can redistribute 
in the crystal, with new hydrogen defects produced at the cost of the initial hydrogen defects rather 
than involving a reaction with an external hydrogen source. Combining these findings with previously 
reported hydrogen defects in natural olivine and clinopyroxene at high temperatures, we propose that: 
(1) to correctly relate hydrogen defects features to geological processes, it is imperative to understand 
their behavior and origin, and (2) hydrogen disordering should be taken into account when predicting 
and extrapolating data on physical properties of the mantle from room-temperature measurements.
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Introduction
Nominally anhydrous minerals (NAMs) constitute a 

significant water reservoir in the mantle (Bell and Rossman 
1992; Pearson et al. 2014). Water is mainly incorporated as 
hydrogen defects bonding to oxygen in the minerals, where 
hydrogen acts as charge compensation for cation vacancies 
or heterovalent substitutions. Even trace amounts of water in 
NAMs can strongly influence their physical properties, such as 
electrical conductivity, thermal conductivity, elastic properties, 
and rheology (e.g., Mackwell et al. 1985; Karato 1990; Thomas 
et al. 2012; Faul et al. 2016; Chang et al. 2017); thereby be re-
sponsible for physical and chemical processes in the deep Earth 
(Peslier et al. 2010; Xia et al. 2013; Liu et al. 2017). Orthopy-
roxene is the second abundant constituent mineral of the upper 
mantle. Aluminous orthopyroxene could be a more important 
host for water than olivine in the upper mantle, because about 
8000 ppm by weight H2O could be incorporated in aluminous 
orthopyroxene synthesized at low pressures of 15 kb (Mierdel 
et al. 2007). Natural orthopyroxene can accommodate water up 
to 460 ppm by weight H2O (Demouchy and Bolfan-Casanova 
2016). Several studies have explored hydrogen incorporation 
mechanism in synthetic orthopyroxene using Fourier transform 

infrared spectroscopy (FTIR) to identify characteristic OH 
vibration bands. For example, there are mainly two OH bands 
at 3360 and 3070 cm−1 for the synthetic pure enstatite system, 
and additional OH bands above 3400 cm−1 will occur for the 
orthopyroxene doped with cations such as Al and Cr (Prechtel 
and Stalder 2010, 2011; Stalder et al. 2012). Cations such as 
Al3+, Cr3+, and Fe3+ are identified as potential key parameters 
affecting hydrogen incorporation mechanism in orthopyroxene 
(Stalder and Skogby 2002; Stalder 2004; Stalder et al. 2005). In 
contrast, orthopyroxene samples from the mantle usually show 
more complex hydrogen features than synthetic orthopyroxene. 
Spectral features of hydrogen defects in synthetic orthopyroxene 
samples rarely match those in natural orthopyroxene samples, 
and the discrepancies between them are still not satisfactorily 
explained (Stalder et al. 2015).

Because of the complexity of hydrogen defects in natural 
orthopyroxene, the features of hydrogen defects can be used to 
decipher the physical conditions of the geological processes. 
Spectral features of hydrogen defects have been found to be 
different for mantle orthopyroxenes from different geological 
settings. For instance, the FTIR spectral signatures of hydrogen 
defects of orthopyroxene in spinel lherzolites are different from 
those in garnet lherzolites, and the difference was interpreted 
from the perspective of different oxygen fugacities of the rocks 
by Grant et al. (2007). Pyroxenes in mantle xenoliths from the 
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