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INTRODUCTION

The lower mantle occupies ~65% of Earth’s mantle and
therefore its dynamics delineates the thermal evolution and the
dynamics of the whole Earth. However, until recently, experi-
mental studies relevant to lower mantle rheology have been
difficult and few mineral physics constraints had been obtained.
As a result, most of the previous studies used either theoretical
estimates of rheology using some empirical relations (e.g.,
Karato 1981a) or were based on the experimental results on
some analog materials (e.g., Poirier et al. 1983; Karato and Li
1992; Li et al. 1996). However, the situation has changed dur-
ing the last few years due to advances in high-pressure experi-
mentation. For example, Yamazaki et al. (2000) measured the
self-diffusion coefficients of silicon in MgSiO3 perovskite un-
der shallow lower mantle conditions. The kinetics of grain
growth in a lower mantle assembly (perovskite-periclase mix-
ture) were investigated by Yamazaki et al. (1996). In addition,
melting temperatures of lower mantle minerals have been de-
termined experimentally (e.g., Zerr and Boehler 1993, 1994;
see also Wang 1999). Furthermore, some progress has been
made in modeling the rheology of a two-phase mixture. Handy
(1994) and Takeda (1998), for example, proposed theoretical
models for the deformation of a two-phase mixture. Such mod-
els underline the importance of the geometry of a weaker phase
as well as its volume fraction.

* E-mail: yamaz002@tc.umn.edu

Some mineral physics constraints on the rheology and geothermal structure of Earth’s
lower mantle

DAISUKE YAMAZAKI* AND SHUN-ICHIRO KARATO

ABSTRACT

We explore the implications of recent mineral physics measurements of diffusion coefficients
and melting temperatures of lower mantle materials on the rheological and geothermal structure of
Earth’s lower mantle. We show that MgSiO3 perovskite is significantly stronger than MgO periclase
and therefore the rheology of the lower mantle depends strongly on the geometry of a weaker phase,
periclase. We calculate viscosities of the lower mantle for two cases: (1) where periclase occurs as
isolated grains and (2) where periclase occurs as continuous films, using mineral physics data and
models of two-phase rheology. We find that the effective viscosity for the former is about ~10–1000
times higher than the latter. We therefore suggest that the rheology of the lower mantle is structure-
and hence strain-dependent, leading to weakening at large strains due to the formation of continu-
ous films of periclase. Overall depth variation of viscosity depends not only on the pressure depen-
dence of creep but also on the geothermal gradient. Both MgSiO3 perovskite and periclase have
relatively small activation energies (E* = gRTm with g = 10–14, where R is the gas constant and Tm is
melting temperature), and therefore the depth variation of viscosity is rather small, even for a nearly
adiabatic temperature gradient. However, the geothermal gradients consistent with the geodynamical
inference of nearly depth-independent viscosity are sensitive to the pressure dependence of viscos-
ity which is only poorly understood. A superadiabatic gradient of up to ~0.6 K/km is also consistent
with mineral physics and geodynamical observations.

Progress has simultaneously occurred in geophysical stud-
ies relevant to lower mantle rheology. Seismological observa-
tions strongly indicate a nearly isotropic lower mantle (e.g.,
Meade et al. 1995; Garnero and Lay 1997). This observation
has been interpreted to suggest an importance of diffusional
creep as a dominant deformation mechanism (Karato et al.
1995). Second, some new constraints have been obtained on
the viscosity-depth relationship using the analysis of relative
sea level change data as well as the analysis of geoid anoma-
lies (e.g., Mitrovica and Forte 1997). These results show that
the viscosities of the lower mantle are significantly higher than
those of the upper mantle, but the depth variation in viscosity
in the lower mantle is only modest (less than a factor of ~10).
The purpose of this paper is to combine these new mineral phys-
ics developments with geophysical observations to place some
constraints on rheology and geothermal structure of Earth’s
lower mantle.

DIFFUSION CREEP IN THE LOWER MANTLE MATERIALS

Plastic deformation of rocks occurs either by motion of dis-
locations (dislocation creep) or by the diffusive transport of
individual atoms (diffusion creep) (e.g., Frost and Ashby 1982).
Deformation by dislocation creep causes significant lattice pre-
ferred orientation, but diffusion creep does not (Karato 1988;
Karato et al. 1995). Because lower mantle materials
[(Mg,Fe)SiO3 perovskite and (Mg,Fe)O magnesiowüstite] have
significant elastic anisotropy, deformation due to dislocation
creep would result in significant seismic anisotropy. Recent


