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Hydrogen in diopside: Diffusion, kinetics of extraction-incorporation, and solubility
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ABSTRACT
The kinetic of H extraction-incorporation in diopside single-crystals (Ca0.97Na0.02Cr0.01Mg0.97
Fe0.036Si1.99O6) deduced by monitoring OH infrared absorption bands for samples heated from 973 to
1273 K at 0.1 atm and 1 atm of pH2, is independent of crystallographic orientation, PO2, and pH2. The
diffusion law is D = D0 exp[ –(126 ± 24) kJ/mol/RT], with log D0 (in m2/s) = –6.7 ± 1.1. Hydrogen
self-diffusion obtained from H-D exchange in the same diopside samples over 873–1173 K, and
along directions [001] and [100]* at 1 atm total pressure is two orders of magnitude faster than H
uptake and follows the diffusion law DH = D0 exp[ –(149 ± 16) kJ/mol/RT], with log D0 (in m2/s) = –
3.4 ± 0.8. Self-diffusion along [010] follows the diffusion law DH = D0 exp[ –(143 ± 33) kJ/mol/RT],
with log D0 (in m2/s) = –5.0 ± 1.7 and is one order of magnitude faster than H uptake. The kinetics of
extraction incorporation of H in this diopside follows the reaction Fe3+ + O2– + 1/2H2 (g) = Fe2+ + OH–
and are not rate limited by the mobility of protons but more probably by the mobility of electron
holes connected with the Fe oxidation-reduction process. The results suggest that the kinetics of H
uptake in clinopyroxenes will increase with increasing Fe content until it is rate controlled by the
kinetics of H self-diffusion. We predict a rate for H exchange in diopside appropriate to the upper
mantle almost as fast as H exchange in olivine. The insensitivity of H solubility on temperature and
PO2 for samples recovered from low-temperature conditions (below 1273 K) and/or rapidly quenched
samples let us suggest the use of OH concentration measurements in diopside as a potential pH2
sensor.

INTRODUCTION
Water, stored as H defects, is commonly found in natural
pyroxenes with concentrations ranging from 5 to 1100 ppm
wt% H2O (Skogby et al. 1990; Smyth et al. 1991; Bell and
Rossman 1992). These values are large relative to the H contents of other upper mantle minerals like olivine or garnet. Consequently, Bell and Rossman (1992) argue that pyroxenes may
be the main host phases for water in the upper mantle. However, the amount of water measured in xenoliths at the Earth’s
surface only indicates the amount preserved. Hydrogen exchange with magma might occur during the ascent of xenoliths. Mackwell and Kohlstedt (1990) measured a rate of H
incorporation in olivine rapid enough to allow H outgassing
during ascent from the upper mantle. They conclude that a low
H content of olivine from mantle nodules is an insufficient proof
of low H content of olivine in the upper mantle. Following the
same line of reasoning, we have previously shown that the dehydrogenation rate in diopside is also rapid and leads to the
same conclusion for clinopyroxene (Ingrin et al. 1995).
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In contrast, Skogby and Rossman (1990) showed that H
concentrations in pyroxenes correlate well with geological
environment; a signature of hydrous activity is thus preserved
in these minerals. A better understanding of the mechanisms
and kinetics of dehydrogenation-hydrogenation in diopside is
necessary to constrain better the conditions of this preservation.
Several authors proposed H to be mainly accommodated in
Fe-bearing crystals by charge compensation through the following reaction (Clowe et al. 1988; Dyar et al. 1993 for amphiboles; Mackwell and Kohlstedt 1990 for olivine; Ingrin et
al. 1989; Skogby and Rossman 1989; Skogby 1994 for diopside):
Fe3+ + O2– + 1/2H2 (g) = Fe2+ + OH– .

(1)

It is generally assumed that the kinetics of this reaction are
rate limited by H diffusion but this has yet to be demonstrated
clearly.
To clarify these issues, we have performed incorporation
experiments by annealing diopside in H, at partial pressures of
0.1 and 1 atm, and performed deuteration experiments in the
same samples to measure H self diffusivities by kinetic studies
of isotope exchange.
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