
Viscosity and Anelasticity of Melts. 

Donald B. Dingwell 

1. DEFINITIONS 

A Newtonian fluid is one for which a linear relation exists 
between stress and the spatial variation of velocity. The 
viscosity of a Newtonian material is defined as the ratio of 
stress to strain rate 

In contrast, the elastic modulus of a Hookean elastic 
material is defined as the ratio of stress to strain 

(2) 

As is the case for elastic moduli, we can, for an isotropic 
medium like a silicate melt, speak of two components of 
viscosity, a volume (qv) and a shear (qs) component. The 
combination of volume and shear viscosity yields a 
longitudinal viscosity, (qs) 

q1=qv+ $rls 
(3) 

A comparison of longitudinal and shear viscosities 
illustrates that volume and shear viscosities are subequal at 
very low strains [9] (see Figure 1). The ratio of Newtonian 

D. B. Dingwell, Bayerisches Geoint., University Bayreuth, 
Postfach 101251, D 8580 Bayreuth, Germany 

Mineral Physics and Crystallography 
A Handbook of Physical Constants 
AGU Reference Shelf 2 

viscosity to elastic modulus yields a quantity in units of 
time. This ratio 

T=rl 
M (4) 

is the Maxwell relaxation time [24]. This relaxation time 
is a convenient approximation to the timescale of 
deformation where the transition from purely viscous 

behavior to purely elastic behavior occurs. The purely 
viscous response of a silicate melt is termed “liquid” 
behavior whereas the purely elastic response is termed 
“glassy” behavior. The term silicate melt is used to describe 
molten silicates quite generally, regardless of their 
rheology. Even for the simple case of a Maxwell body, the 
change from liquid to glassy behavior does not occur as a 
sharp transition but rather describes a region of mixed 
liquid-like and solid-like behavior - a region of visco- 
elasticity. Deformation experiments performed in the 
viscoelastic region contain three distinct time-resolved 
components of deformation, instantaneous recoverable, 
delayed recoverable and delayed non-recoverable. Figure 2 
illustrates these components for a creep experiment. 
Viscous flow is the delayed non-recoverable component, the 
term anelasticity refers to the instantaneous plus the delayed 
recoverable deformation and the entire deformation behavior 
falls under the heading of viscoelasticity [26]. 

Structural relaxation in silicate melts is but one example 
of a relaxation mode. It can be mechanically represented as a 
series combination of viscous dashpot and elastic spring (a 
Maxwell element, see Figure 3). For more complex 
materials such as crystal suspensions, foams and partial 
melts, several additional mechanisms of deformation are 
contributed at distinct timescales of deformation via 
additional relaxation modes within and between the added 

Copyright 1995 by the American Geophysical Union. 209 



210 VISCOSITY AND ANELASTICITY OF MELTS 

LOG ,O SHEAR VISCOSITY 

Figure 1. The relationship between longitudinal and shear 
viscosities in silicate melts. The solid line represents the 
correlation predicted from the assumption that volume and 
shear viscosities are equal. The dashed line is the best lit to 
the data and lies within la of the theoretical line. Redrawn 
from Dingwell and Webb (1989). 

phases (e.g., crystal-crystal interactions, bubble 
deformation, matrix compaction, etc.). These relaxation 
modes involve chemical and textural equilibria and thus 
occur at increasingly longer timescales (i.e., at lower rates 
of deformation). As a consequence of the multiphase nature 
of flowing magma the accompanying mechanical models 
become more complex, involving additional viscoelastic 
elements in the linear regime and non-linear effects as well. 
Inherent in the experimental study of magma rheology then, 
is the experimental deformation rate or its inverse, the 
experimental timescale. It is this experimental timescale 
which must most closely match the natural process in order 
to make secure applications of the rheological results. 

2. CLASSES OF EXPERIMENTS 

In principle, any experiment that records strain as a 
function of time and applied stress can be used to obtain 
viscosity. Viscosity experiments can be subdivided in 
several ways. We can, for example, distinguish between 
those in which the strain rate is controlled and the resultant 
stress is measured (e.g., concentric cylinder) and those in 
which the stress is controlled and the resultant strain rate is 
measured (e.g., fiber elongation). We can also separate 
those methods that involve only shear stresses (e.g., 
concentric cylinder) from those which involve a 
combination of shear and volume (compressive or 
dilational) stress (e.g., beam bending or fiber elongation). 
For any given geometry that employs controlled strain we 

can further distinguish between the application of a step 
function of strain and the continuous application of strain 
(e.g., stress relaxation versus steady-state flow). Stress 
relaxation involves the recording of stress versus time as 
the stress field decays to zero after the application of a step 
function of strain. Steady-state strain experiments record the 
equilibrium stress sustained by the liquid due to the 
constant strain rate being applied to the sample. We can 
distinguish between experiments performed at low total 
strains such that the perturbations from equilibrium are 
small and in the linear regime of stress-strain relations. 
Such measurements probe the response of the system to 
stresses without macroscopic rearrangements of the phases. 
In contrast nonlinear measurements can deal with the 
redistribution of phases during macroscopic flow. Finally, 
we can distinguish between time domain experiments where 
a stress is applied and the time variant relaxation of the 
system to the new equilibrium is measured (e.g., creep 
experiments) and frequency domain experiments where 
sinusoidal variations of the stress field, small in magnitude 
but up to very high frequencies (from mHz to MHz), are 
applied and the magnitude and phase shift of strain is 
measured (e.g., torsion, ultrasonic wave attenuation). 
Implicit in considerations of rheological measurements is 
the ratio of deformation rate to the relaxation rate of 
structural components in the material. The characteristic 
strain rate of the experiment is easily defined in most 
rheological experiments. For example, in Figure 4, several 
experimental timescales are compared with structural 
relaxation times of silicate melts. Ultrasonic measurements 
are performed on time scales of l-50 ns, forced oscillation 
techniques in the range of 0.01-150 s and fiber elongation 
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Figure 2. The instantaneous recoverable elastic strain, the 
delayed recoverable strain, and the delayed non-recoverable 
viscous flow occurring in a linear viscoelastic material 
upon application of a step function in stress at time, t=O. 
















