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abstract

Water incorporated as hydrogenated defects in mantle minerals can influence physical properties 
of the mantle. Knowledge of hydrogen defects at high temperatures (T) is fundamental to understand 
and quantify their influence on mantle physical properties. Clinopyroxene contributes significantly to 
the upper mantle water budget. Here, we investigate the behavior of hydrogen defects in 10 natural 
clinopyroxene crystals at temperatures up to 1000 °C using in situ and quenched experiments. The 
in situ high-T Fourier transform infrared (FTIR) spectra indicate no proton transfer between point 
defects, but the local environments of hydrogen defects vary. Dehydration rates at 1000 °C of the 
six samples with different chemical compositions are calculated based on the quenched experiments. 
These rates are not only slightly site-specific but also increase with Fe and tetrahedrally coordinated 
Al contents. Indeed, the near-FTIR spectra suggest that the dehydration of the samples in this study 
involves oxidation of Fe2+. For two diopsides with a mantle affinity, the diffusivity is about 10–12 m2/s 
at 1000 °C. The results mainly have the following implications: (1) the different local environments of 
hydrogen defects between high T and low T may be responsible for the different mechanism of water 
impact on electrical conductivity between high and low T experiments; and (2) since the hydrogen 
diffusivities are positively related to Fe and IVAl contents, more care is required for interpretation of 
measured water concentrations for clinopyroxene samples with high Fe and IVAl contents. Among the 
hydrogen diffusivities of olivine, orthopyroxene, and clinopyroxene in mantle peridotite, clinopyroxene 
should be the most reliable recorder of water from a given depth.
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introduction

The main minerals in the deep earth are nominally anhydrous 
minerals (NAMs); nevertheless, water can be incorporated as 
hydrogen defects that may strongly influence the physical prop-
erties of NAMs, such as electrical conductivity, rheology, and 
heat transferring (e.g., Mackwell et al. 1985; Karato 1990; Wang 
et al. 2006; Yoshino et al. 2008; Thomas et al. 2012; Faul et al. 
2016; Chang et al. 2017), thereby affecting physical/chemical 
processes in the deep Earth (Peslier et al. 2010; Xia et al. 2013; 
Demouchy and Bolfan-Casanova 2016; Liu et al. 2017). However, 
the importance of water effect on several properties are still under 
current debates (e.g., Wang et al. 2006; Yoshino et al. 2006, 2008; 
Costa and Chakraborty 2008; Demouchy et al. 2012; Jones et al. 
2012; Fei et al. 2013; Karato and Wang 2013; Yoshino and Katsura 
2013; Dai and Karato 2015; Gardés et al. 2015). This is not only 
caused by differences in experimental methods but also due to the 
complications in speciation of hydrogen defects (Karato 2015; 
Jones 2016). For instance, some recent experimental studies have 
reported that different hydrogen defects in NAMs have different 
effects on properties such as rheology and elasticity (e.g., Faul et 
al. 2016; Purevjav et al. 2016; Padrón and Hermann 2017; Tielke 

et al. 2017). As a result, understanding speciation of hydrogen 
defects is fundamental to understand water effects on properties of 
NAMs. Theoretically, Karato (2006) speculated that speciation and 
sites of hydrogen defects in NAMs at high temperature might not 
be the same as those at room temperature. In fact, several studies 
have indicated that speciation of hydrogen defects at room tem-
perature may be misleading for discussing the physical mechanism 
of water effects on properties of NAMs at high temperature. For 
example, Aines and Rossman (1985) reported that water speciation 
in feldspar at high temperature was different from that at room 
temperature. Yang and Keppler (2011) reported that hydrogen 
defects assigned to Si vacancies in olivine were unstable with 
increasing temperature. Yang et al. (2011) and Guo (2017) have 
reported that water speciation in rutile at room temperature is not 
representative of that at high temperatures relevant for subduction 
zones or upper mantle conditions. Yang et al. (2015) and Liu et 
al. (2018) found unquenchable transferring of hydrogen defects 
between sites in anorthoclase with increasing temperature. Very 
recently, Qin et al. (2018) have shown by numerical modeling that 
water speciation in olivine could be influenced by temperature and 
pressure. Consequently, knowledge of hydrogen defects in NAMs 
at high temperatures is essential to understand if water effects 
on mantle physical properties are significant at temperature and 
pressure conditions of Earth mantle.
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