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    -  stress
n ~ 3
d ~   -1.2  - grain size (determined
                   by current stress)
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Diffusion creep



d – grain size (an independent variable 
      which needs to be determined)

m ~ 2-3

Diffusion creep



Superplasticity



Superplasticity



Is mantle in diffusion or dislocation
creep regime?

Evidence from seismic data 
(seismic anisotropy = dislocation creep):

Upper mantle – a mixture of diffusion creep and 
                           dislocation creep.

Lower mantle – mostly diffusion creep or
                           superplasticity (Karato et al. 1995)
                           that is grain size sensitive creep



What controls the grain size?

• Grain growth 
• Ostwald ripening
• Phase transformations 



Grain growth: Example from Dresen et al.
(2001), one phase, calcite



Grain growth
(order-of-magnitude)
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(grain growth is very fast in most cases)

D - diffusion coefficient



Zener pinning

dmax

Second-phase
particles



Ostwald ripening

Ceq(R)



Ostwald ripening
(order-of-magnitude)

3/1)(~ tDbd

b - interatomic distance



Recrystallization due to phase
transformations





“Recovery” after a
polymorphic phase
transformation or
applied stress
is fast (from El-
Khozondar, 2002).



(Poirier et al., 1986;
Ito and Sato, 1991)

Eutectoid phase transformation at 660 km



Spinel-perovskite transformation (Yamazaki et al. 1996)



Early Earth – the “initial conditions”



Ostwald ripening in the
magma ocean can
produce crystals ~1-10 cm
in diameter.



How does grain size affect 
      mantle convection?
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Simple example



Implications for thermal evolution (Solomatov 2001)



Implications for plumes (Korenaga 2005)

No grain growth   Grain growth



Implications for sublithospheric instabilities
(Hall and Parmentier 2003)



Implications for chemical mixing



From Hoffman and McKenzie (1985):



From van Keken and Zhong (1999):



Low viscosity blob                   High viscosity blob

Importance of “lateral” viscosity variations 
                         (Manga 1996)



Numerical simulations (TERRA with
particle-in-cell algorithm developed by

Baumgardner, Yang and Stegman)

New features:

• Grain size-dependent viscosity
• Ostwald ripening
• Grain size reduction due to spinel-perovskite 
   phase transition



Ostwald ripening in TERRA:
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 From Solomatov 
and Reese (2008)



 From Solomatov 
and Reese (2008)



      Shear wave attenuation
(Lawrence and Wysession 2004)

Can seismic waves “see” the grain size?
4/1dQ ! (Jackson et al., 2004)



Models of mantle reservoirs
(from Tackley, 2000)

Layered
mantle

Primitive 
blobs

Primitive
piles

Well stirred 
except for
primitive/enriched
bottom

Recycled 
lithosphere+
crust

Deep primitive
layer



Conclusions

1. Grain size variation in the Earth’s mantle can (and
surely does) cause viscosity variations by many
orders of magnitude (105 ,1010, …).

2. This affects anything where viscosity matters:
planetary evolution, plumes, chemical mixing,
seismic attenuation etc – basically all aspects of
mantle dynamics.



Challenges

1. A more comprehensive description of the
processes that control the grain size and the
microstructure in general.

2. Observational constraints on the grain size
distribution: seismology, xenoliths.


