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1. INTRODUCTION 

The viscosity of the mantle is one of the most important, 
and least understood material properties of the Elarth. 
Plate velocities, deep-earthquake source mechanisms, the 
stress distribution in subduction zones, and estimates of 
geochemical mixing time scales are all strongly affected 
by the pattern of convective flow which. in turn, is 
strongly influenced by the viscosity structure of the 
mantle. There are two approaches to understanding the 
viscosity structure of the E&h: using observations such as 
the geoid and post-glacial uplift, combined with flow 
models; or studying the physical deformation properties of 
mantle minerals in the laboratory. Both approaches have 
advantages and drawbacks. 

Laboratory measurements of deformation indicate that 
the rheology of upper mantle minerals such as olivine 
((Mg,Fe)$iO4) is a strong function of temperature, grain 
size and stress [e.g., 3, 24, 43, 45, 46, 61, 651. The 
deformation of minerals under mantle conditions generally 
follows a flow law of the form 

i = A(f)” P exp(-+) (1) 

where 6 is the deformation rate, cr is the deviatoric stress, 
p is the shear modulus, d is the grain size of the rock, Q is 
the activation energy for the deformation mechanism, T is 
the temperature in Kelvins, R is the gas constant and A is a 
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constant [c.f., 3,431. Viscosity is defined as 

therefore, deformation is directly related to viscosity. 
(Note the factor of 2 difference in equation (2) compared 
with the definition used by experimentalists.) For 
temperature changes of 100 degrees K, the viscosity 
changes by an order of magnitude at constant stress [c.f., 
441. Changes of deviatoric stress by a factor of 2 change 
the viscosity by an order of magnitude [c.f.., 441. Other 
factors, such as partial pressure of oxygen and water may 
also have important effects. 

Two creep mechanisms are likely to dominate in the 
mantle; diffusional flow (corresponding to n=l in equation 
1) and power-law creep (corresponding to n>l in equation 
1). A rheology with a linear stress strain-rate creep 
mechanism, such as diffusional flow, is referred to as a 
Newtonian rheology. The question of which mechanism 
dominates in the mantle depends on the average grain size 
of the mantle minerals [46]. In the upper mantle, with 
grain sizes greater than lmm, power-law creep should 
dominate at stresses greater than 1 MPa; otherwise 
diffusion creep dominates [46]. A deformation map 
(Figure 1) shows the predicted dominant deformation 
mechanisms for olivine with grain size O.lmm as a 
function of stress and depth. It should be noted that the 
strain rates achieved in the lab (typically 10m5 - lo-* s-l) 
are much larger than those predicted in the lithosphere and 
mantle (- lo-l4 -l s ). While the laboratory measurements 
are clearly in the power-law creep field, typical mantle 
strain-rates lie close to the diffusional flow field at this 
small grain size. 

The deformation of the major high pressure mantle 
phases perovskite ((Mg,Fe)SiO3) and spine1 
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Fig. 1. (o-z)-deformation map for polycrystalline olivine 
with grain size 0.1 mm. Thick lines are creep field 
boundaries; thin lines, constant strain rate contours (given 
as powers of 10). C and NH denote Coble and Nabarro- 
Herring creep, respectively [3]. 

((Mg,Fe)2SiO4) can be studied only by analog minerals. 
Using high temperature creep experiments on a CaTi 
perovskite analog, Karat0 and Li [22] suggest the 
possibility of a weak zone at the top of the lower mantle 
(due to the grain size reduction from the spine1 to 
perovskite phase change). Karat0 [21] showed that 
olivine, spine1 and perovskite have similar normalized 
flow stresses, which suggests that, due to the effect of 
pressure, the lower mantle should have a higher viscosity 
than the upper mantle. Since creep parameters can differ 
greatly even for apparently-similar perovskites [44; Table 
51, we should apply analog creep measurements to the 
mantle with great care. 

Because of the difficulties in interpreting and applying 
laboratory creep measurements to mantle conditions, 
models of mantle viscosity based on large-scale 
geophysical observations continue to be important to 
geophysics. The post-glacial uplift problem, as described 
by Haskell[19], is a simple illustration. If a load is placed 
on the surface of a viscous fluid and allowed to deform the 
surface to establish hydrostatic equilibrium, the rate at 
which the surface deforms will depend on the viscosity of 
the fluid. Similarly, if the load is then removed, the rate 
of return is also dependent on viscosity. Viscosity models 
deduced from these observations are not unique, however, 
and require knowledge of models for the surface load (i.e., 
ice sheet thickness and history), which are uncertain. 
Also, the theoretical models are often simplified to keep 

them tractable; commonly, a linear rheology (i.e. n=l and 
T constant in equation (1)). which varies only with depth, 
is assumed. 

The classic studies of post-glacial rebound illustrate the 
non-uniqueness of viscosity models derived from 
observations and flow models. Haskell [19, 201 proposed 
that the uplift of Fennoscandia was the result of deep flow, 
modeled as a half space with a uniform viscosity of 1021 
Pa s (pascal seconds are the MKS units of dynamic 
viscosity; 1 Pa s = 10 poise), while van Bemmelem and 
Berlage [64 - see 51 proposed that the uplift of central 
Fennoscandia could be attributed to flow in a 100 km thick 
channel, with 1.3 x 1019 Pa s viscosity, overlying an 
effectively rigid mantle. Haskell also showed that the 
viscosity did not change over the interval of time of the 
analysis, supporting the notation of a Newtonian, rather 
than stress-dependent mantle. 

The effects of an elastic lithosphere were first discussed 
by Daly [7], who appealed to the strength of the 
lithosphere to avoid the formation of a bulge of material 
squeezed out of the low viscosity channel peripheral to the 
ice load in his model. McConnell [28] and Cathles [4, 51 
showed the strength of the elastic lithosphere as important 
only in considering the short wavelength harmonics. 
O’Connell [33] determined the viscosity of the lower 
mantle by looking at changes in the ice load and relating 
them to long wavelength rebound. He also used spherical 
harmonic correlation to look for the rebound signal in the 
geoid. The effect of phase changes in the mantle on 
rebound was considered by O’Connell [34]. O’Connell 
concluded that the effect of both the olivine-spine1 and the 
basalt-eclogite phase change on post-glacial are rebound 
negligible. Peltier [37] solved for the response of a 
viscoelastic (Maxwell) spherical Earth using the 
correspondence principle, later adding the effects of 
varying sea level [42]. The correspondence principle 
asserts that one can construct the Laplace transform of the 
solution by solving a series of elastic problems over a 
range of complex frequencies and then inverting to get the 
time domain response for the viscoelastic problem. 
Cathles [4, 51 presented an alternative viscoelastic 
formulation which avoids the complexities of the boundary 
conditions for long time Periods when using the 
correspondence principle. Cathles argues for an increase 
in viscosity in the lower mantle, while Peltier argues for a 
uniform viscosity mantle. Because no direct comparison 
of the two methods has been reported, it is difficult to 
assess whether the differences between Peltier’s and 
Cathles’ conclusions are due to their methods or ice 
models. An ice sheet disintegration model, including ice 
masses of Laurentia. Fennoscandia, and Greenland, called 


















