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Plastic deformation of dry, fine-grained olivine aggregates under high pressures
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ABSTRACT

This study investigates the effect of pressure on diffusion creep of dry San Carlos and synthetic
(prepared by sol-gel method) olivine. We prepared dry (water content <9 ppm wt) fine-grained
(<1 μm grain size) olivine and deformed the samples (both San Carlos and sol-gel olivine) in the same
sample assembly under high pressure (P = 2.9–8.8 GPa) and moderate temperatures (T = 980–1250 K)
at a fixed strain rate. The evolution of the sample’s strength was studied using radial X-ray diffraction
from various diffraction planes. We found that San Carlos and sol-gel olivine show similar rheological
behavior (when normalized to the same grain size). Stress estimated by the radial X-ray diffraction
increases with time and initially shows similar values for all diffraction planes. In many cases, stress
values start to depend on the diffraction planes in the later stage, and time dependence becomes minor.
The microstructural observations show that grain size increases during an experiment. The results are
interpreted using a theory of radial X-ray diffraction and the theoretical models of diffusion and dislo-
cation creep. We conclude that the initial stage of deformation is by diffusion creep, but deformation in
the later stage is by dislocation creep. For dislocation creep, our results are in reasonable agreement with
previous low-temperature dislocation creep results after correcting the temperature effect. For diffusion
creep, we obtain an activation volume of 7.0 ± 2.4 cm3/mol that is substantially smaller than the values
reported on dislocation creep but agrees well with the results on grain growth. By comparing the present
results on dry olivine with the previous results on wet (water-saturated) olivine, we found that water
enhances diffusion creep but only modestly compared to dislocation creep. The difference in the pres-
sure and water content dependence between diffusion and dislocation creep has an important influence
on the dominant deformation mechanisms of olivine in the upper mantle.
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INTRODUCTION

Plastic deformation of minerals such as olivine occurs either
by dislocation or diffusion creep in most parts of the upper man-
tle (e.g., Karato et al. 1986; Karato and Wu 1993; Hirth and
Kohlstedt 1995; Mei and Kohlstedt 2000a, 2000b). Because
some geophysically relevant factors (e.g., seismic anisotropy,
shear localization) are sensitive to deformation mechanisms, it
is important to explore the dominant deformation mechanisms
in Earth’s upper mantle and understand how pressure might
modulate it. The rate of deformation (ε̇) is dependent on pressure
(P) and temperature (T) as:

ε̇ = A · σn · d−m · exp
�
−
E* + PV*

RT

�
(1)

where A is a constant, σ is deviatoric stress, d is grain size, R is the
gas constant, E* is the activation energy, V* is activation volume,
n is the stress exponent, andm is the grain-size exponent, and both
n and m depend on deformation mechanism (e.g., Karato 2008).

Among the parameters in the flow law relation (Eq. 1), A, n,m,
and E* are relatively easy to measure and reasonably well
constrained for olivine for both diffusion and dislocation creep,
at least under low-pressure conditions. In contrast, the activation
volume (V*) that represents the pressure effects on deformation is
difficult to measure, andmost previous studies onV* were on dis-
location creep (e.g., Dixon and Durham 2018; Kawazoe et al.
2009; Li et al. 2006). In the case of diffusion creep, notmany stud-
ies were done to estimate V* because of the challenge of control-
ling grain size. In most previous studies on deformation in the
deep upper mantle, the activation volume of diffusion creep was
assumed (e.g., Hirth and Kohlstedt 2003; Karato and Wu 1993),
and in such a case, the validity of such an assumption needs to be
evaluated. An exception is Mei and Kohlstedt (2000a), who
reported V*≈ 15 ± 5 cm3/mol based on low-pressure data up to
0.45 GPa. However, the validity of their estimated uncertainties
is unclear due to the low-pressure range used in their study.
Among the reports based on the higher pressure data, Nishihara
et al. (2014) reported V* of 8.2 ± 0.9 cm3/mol for dry olivine in
the diffusion creep regime, using modestly small grain size sam-
ples based on the data fromP = 3.0–5.4GPa. However, under their
experimental conditions, samples deformed in the mixed regime,
and the estimated creep law parameters have large uncertainties.
Silber et al. (2022) used natural San Carlos as well as synthetic
fine-grained aggregates (∼0.2–0.7 μm grain size) and determined
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