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Abstract
The Mg grain boundary diffusion coefficients were measured in forsterite aggregates as a function
of pressure (1 atm and 13 GPa), temperature (1100–1300 K), water content (<1–350 wt. ppm bulk
water), and oxygen fugacity (10-18–10-0.7 bar) using a multi-anvil apparatus and a gas-mixing furnace.
The diffusion profiles were analyzed by secondary ion mass spectrometer, whereas the water contents
in the samples were measured by Fourier transform infrared spectrometer. The activation volume,
activation enthalpy, water content exponent, and oxygen fugacity exponent for the Mg grain-boundary
diffusion coefficients are found to be 3.9 ± 0.7 cm3/mol, 355 ± 25 kJ/mol, 1.0 ± 0.1, and –0.02 ± 0.01,
respectively. By comparison with the Mg lattice diffusion data (Fei et al. 2018), the bulk diffusivity
of Mg in forsterite is dominated by lattice diffusion if the grain size is larger than ~1 mm under upper
mantle conditions, whereas effective grain-boundary and lattice diffusivities are comparable when
the grain size is ~1–100 mm.
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Introduction
(Mg,Fe)2SiO4 olivine is one of the most important minerals
because it constitutes about 60 vol% of the Earth’s upper mantle
(Ringwood 1991). Forsterite is the Mg-rich end-member of
olivine (Fo100–90). Measurements of atomic diffusivities in forsterite are therefore important for understanding various mineral
properties such as ionic electrical conductivity, rheology, crystal
growth, chemical equilibration, and kinetics of mass transfer, all
of which are active participants of mantle dynamics.
Magnesium is the fastest major element diffusing in forsterite
(e.g., Chakraborty et al. 1994; Farver et al. 1994; Fei et al. 2018).
Mg diffusivity in forsterite can provide fundamental constraints
for ionic conductivity (Fei et al. 2018). Since atomic diffusion
occurs both within the crystal lattice and along the grainboundaries, measurements of both the lattice and grain-boundary
gb
diffusion coefficients (D lat
Mg and D Mg, respectively) are required.
Chakraborty et al. (1994) and Farver et al. (1994), respectively,
gb
measured D lat
Mg and D Mg in anhydrous forsterite as a function of
temperature at ambient pressure. However, it should be more
essential to measure them under hydrous conditions because (1)
the Earth’s upper mantle contains 101–104 wt. ppm water (e.g.,
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Dixon et al. 2002; Workman and Hart 2005) and (2) even tiny
amounts of water (at wt. ppm level) may significantly enhance
atomic diffusivity, at least lattice diffusivity, as demonstrated by
Costa and Chakraborty (2008) and Fei et al. (2018).
Here we report the experimental grain boundary diffusion
coefficient of Mg obtained in fine-grained iron-free forsterite
aggregates (Fo100) as functions of pressure (1 atm; 1, 4, 8, and
13 GPa), for a limited temperature range (1100–1300 K), bulk
water content (C Hbulk
2O) from <1 to 350 wt. ppm, and an oxygen
fugacity (fO2) ranging from 10-18 to 10-0.7 bar (i.e., 10-22 to 10-4.7
GPa). We then compare our results to previously reported
values of Mg diffusivity in the lattice of olivine and forsterite
to constrain quantitatively the ionic conduction in Earth’s
upper mantle.

Experimental methods
The experimental protocol used here is identical to the one reported by Fei
et al. (2016, 2018) and is briefly reported here. Fine-grained Mg2SiO4-forsterite
aggregates with a grain size of about 0.6 mm were synthesized from SiO2 and
Mg(OH)2 at 1630 K in a vacuum furnace at Earthquake Research Institute, the
University of Tokyo (Koizumi et al. 2010). Several pieces of aggregates were
further heated at 1700 K to yield a grain size about 2.0 mm. In each Pt capsule,
the fine-grained forsterite aggregates sample was associated with graphite +
enstatite as an oxygen fugacity (fO2) and silica activity buffer, respectively, and
brucite + talc as a water source. The capsule is then welded and annealed at 1–13
GPa, 1100–1300 K in a multi-anvil press at the University of Bayreuth for defect
equilibrium (water equilibrium). Water contents in the samples were controlled
by ratios of talc + brucite to graphite + enstatite (Table 1). For ambient-pressure
experiments, the samples with enstatite buffer were loaded into a Pt capsule
without welding and annealed at 1300 K in a CO-CO2 gas-mixing furnace at
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