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Kinetics of deuteration in andradite and garnet†
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abstract

The hydrogen mobility in andradite single crystals from an iron-skarn deposit was investigated 
WKURXJK�+�'�DQG�'�+�H[FKDQJH�H[SHULPHQWV��7KLQ�VOLFHV�ZHUH�DQQHDOHG�LQ�D�KRUL]RQWDO�IXUQDFH�ÀXVKHG�
with a gas mixture of Ar/D2(10%) and Ar/H2(10%) at ambient pressure between 400 and 700 °C. FTIR 
analyses were performed before and after each annealing run. Between 15 and 35% of the original OH 
content remained in the crystal structure at the end of the deuteration experiments. This contrasts with 
the results of similar experiments performed in other NAMs, where all hydrogen atoms are replaced by 
deuterium in the structure. However, because a steady state was reached at the end of the experiments, 
the diffusion law for the exchange process was determined as: DH-D = D0exp[–(96 ± 11) kJ/mol/RT], 
with logD0 = –5.9 ± 0.7 (in m2/s). The activation energy is similar to that for hydrogen diffusion in 
grossular, but H diffusivity is more than two orders of magnitude faster. Our results demonstrate that, 
because major element composition has a major effect on H-D diffusion laws, it must be considered in 
DQ\�GLVFXVVLRQ�RI�į'�VLJQDWXUHV�LQ�JDUQHWV��,Q�DQGUDGLWH�ULFK�JDUQHWV��K\GURJHQ�LVRWRSH�GDWD�FDQ�RQO\�EH�
used to record short, low-grade metamorphic or metasomatic events, at temperatures lower than 400 °C.
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introDuction

Hydrogen species in nominally anhydrous minerals (NAMs), 
which occurs as a minor or trace constituent in the crystal struc-
ture, have received growing interest during the past decades 
because of its disproportionately large effect on the physical and 
chemical properties of minerals/rocks (Rossman and Aines 1991; 
Bell and Rossman 1992a, 1992b; Thompson 1992; Ingrin and 
Skogby 2000). The hydrogen content may be used to identify 
the nature of fluids being present during metamorphic and meta-
somatism events and to trace the origin of these fluids (Matveev 
et al. 2001; Xia et al. 2005; Sheng et al. 2007; Chen et al. 2011). 
Knowledge of hydrogen diffusivity is essential to determine the 
origin of hydrogen during metamorphic and metasomatic events.

Large amounts of hydrogen can be incorporated as OH in both 
natural and synthetic andradite (Kobayashi and Shoji 1987; Arm-
bruster and Geiger 1993; Armbruster 1995). High-OH contents 
have also been reported for Fe3+-rich garnets such as melanite and 
schorlomite (Lager et al. 1989; Locock et al. 1995). Armbruster 
and Geiger (1993) proposed that incorporation of OH into Ca-Fe 
garnet can reduce the internal strain in the structure of Ca-Fe3+ 
garnets. The hydrogarnet substitution [(O4H4)4– = (SiO4)4–], which 
was first established for hydrogrossular (Cohen-Addad et al. 
1967; Lager et al. 1987, 1989), was also confirmed in andradite 
(Armbruster 1995), although other kinds of OH defects may also 
occur in that mineral (Cho and Rossman 1993).

Few studies on the diffusion of hydrogen in garnets have 

been published (pyrope: Wang et al. 1996; Blanchard and Ingrin 
2004a, 2004b; grossular: Kurka et al. 2005; andradite: Kurka 
2005; Ingrin and Blanchard 2006; Phichaikamjornwut et al. 
2012). These studies have shown that the activation energies 
of the extraction laws are much higher than in most ferromag-
nesian silicates; they range between 200 and 350 kJ/mol and 
the diffusion coefficients cover two orders of magnitude in the 
temperature range of 700–1050 °C. It has been shown that it is 
difficult to model the evolution of H concentration of garnets 
with time by a simple diffusion process (Kurka 2005; Phichai-
kamjornwut et al. 2012). This is particularly true for andradite 
garnets where it was frequently observed that 10 to 20% of the 
original H content remained in the crystal after annealing (Kurka 
2005; Phichaikamjornwut et al. 2012). Several explanations 
were proposed for this behavior but no definitive solution was 
found. Furthermore, the mechanisms involved in H extraction in 
garnets remain largely unknown. Although, the redox-reaction 
Fe2+ + OH– = Fe3+ + O2– + 1»2H2 seems to be a possible candidate 
for pyrope and grossular (Blanchard and Ingrin 2004b; Forneris 
and Skogby 2004; Kurka 2005; Kurka et al. 2005), this process 
is not available for H extraction in andradites, which dominantly 
contain Fe3+ (Phichaikamjornwut et al. 2012).

Andradite is a rock-forming garnet typically found in skarns, 
which are often mined as ore deposits and found in contact 
metamorphic assemblages, like serpentinite. The hydrogen 
isotope information collected from andradite, if preserved dur-
ing cooling, can be used to indicate the origin of H2O in the 
fluids in contact with the crystals. Despite this, complete H-D 
exchange studies have only been performed using Dora Maira 
pyrope and grossular garnets (Blanchard and Ingrin 2004a; Kurka 
et al. 2005). The aim of this study was therefore to determine 
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