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Constitutive relationships for viscoelastic flow in
postseismic analyses: past, present, and future

Topics for discussion:
• Strengths and weakness of various constitutive

relationships used in postseismic and other stress
perturbation studies.

• Outstanding problems that cannot be handled by time-
dependent constitutive relationships.
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Strengths
• Ease of use.
• Can be used to determine the average viscosity structure over a specific

period of time (duration of geodetic constraints) in response to a specific
stress change (e.g., earthquake, lack unloading) in a specific
deformation environment (e.g., temperature, water content, mineralogy).

Maxwell Rheology

Weaknesses
• Cannot consider transient or stress-dependent behavior.
• Provides no insight into the deformation conditions or mechanism

responsible for the inferred viscosity structure.
• Inferred viscosity structure cannot be reliably used in studies in other

regions or in response to other loading scenarios in the same region.
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Example: Inferred viscosity structure beneath Western Nevada

Maxwell Rheology
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Lahontan
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Strengths
• Still fairly easy to use
• Can simulate an initial, fast, transient phase of relaxation that transitions

into steady-state flow.

Transient (Burgers) Rheology

Weaknesses
• Cannot consider stress-dependent behavior.
• Cannot be used to simulate episodic/multiple events
• Provides no insight into the deformation environment or deformation

mechanism responsible for the inferred viscosity structure.
• Inferred viscosity structure cannot be reliably used in studies in other

regions or in response to other loading scenarios.
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Example: Analysis of postseismic deformation following the 2002 Denali quake

Transient (Burgers) Rheology

How would you
assign t=0 for a
transient analysis
of lake unloading?
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Strengths
• Can simulate how the viscosity structure is influenced by the regional

stress field and changes to the stress field through the earthquake cycle.
• Provides insight into the deformation environment and deformation

mechanism responsible for the inferred viscosity structure (see caveat
below).

• Inferred parameters are transferrable to other deformation environments.

Laboratory Derived Steady-State Power-Law

Weaknesses
• Moderately difficult to use
• Cannot consider transient behaviour – a critical deficiency if one wishes

to use postseismic surface displacements to infer power law parameters.
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Example: Inferred 3-D viscosity structure following the 1999
Hector Mine earthquake

Laboratory Derived Steady-State Power-Law
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Adapted from Freed et al., 2011



Strengths
• Can simulate both stress dependence and the initial transient phase.
• Provides insight into the deformation environment and deformation

mechanism responsible for the inferred viscosity structure.
• Inferred parameters are transferrable to other deformation environments.

Transient Power-Law

Weaknesses
• Can be cumbersome to use. However, only a subset of the parameters

(T, s, n, B, and t) have uncertainty ranges that significantly influence
calculated strain rates.
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Transient Power-Law
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Example: Analysis of GPS displacement time-series following the Hector
Mine earthquake using steady-state and transient power-law models

Adapted from
Freed et al., 2011



Problem 1: How do you apply a transient rheology in models in
which multiple stress perturbations need to be simulated at different
times without improperly restarting the transient clock for all earlier
events?

Examples: Episodic lake unloading and earthquake sequences

1992 M7.3
Landers

1999 M7.1
Hector Mine

Resetting transient clock to zero at
time of Hector Mine quake will
incorrectly accelerate post-Landers
relaxation.

Rheologic problems that cannot currently
be addressed time-dependent flow laws



Problem 1: How do you apply a transient rheology in models in
which multiple stress perturbations require a reset of the transient
clock?

Possible solutions:

Rheologic problems that cannot currently
be addressed time-dependent flow laws

• Develop a strain-dependent transient flow law



Problem 2: How do we reconcile differences in the inferred depth of
the lithosphere/asthenosphere boundary (LAB) as inferred from
seismic velocities versus postseismic observations.

Possible solution:

Rheologic problems that cannot currently
be addressed time-dependent flow laws

• Develop a constitutive relation that can predict seismic velocities and
attenuation as well as postseismic flow with a self-consistent set of
parameters.

Freed et al., 2011Lekic et al., 2011

LAB beneath Mojave Desert: 70 km depth from seismic velocities
40 km depth from postseismic analysis

Inferred LAB
Inferred LAB



Viscoelasticity	  &	  Non-‐Exponential	  Decay

The physics is correct in the
Andrade Model…but modeling
in t is difficult. 



A	  State-‐Variable	  Approach	  to
Plasticity?

Paths
Creep: constant stress
        (decelerating transient)

Constant strain rate
        (work hardening)

Constant Microstructure?

Hart (1976): Each point in (σ, ε) space (T constant) corresponds to a
singular internal structure (“hardness”) of the material—e.g., a
specific distribution of lattice defects.  Can microstructure be
described as a state variable?  Can we discover path
independence?



Rheology	  Theory:	  Plasticity	  Equation	  of	  State	  and	  Transient	  Creep

Single Crystal Halite

Path independence indicates a microstructural state variable. Relaxation response indicates
microstructural self-similarity.  Creep response indicates breaking of similarity.  The physics of
this breaking is the heart of transient creep.

Single Crystal Halite

Dislocation & subgrain structure: σ = 0.87 MPa; ε = 0.2

Strain required to approach steady state is a function of the
deviatoric stress.  Characterizing that function is the key to
understanding transient creep…and its extrapolation to
geophysical phenomena.

Application: characterization of post-seismic relaxation in
the mantle (requires experiments on peridotite)



	  	  Microstructural	  Self-‐Similarity

l ≡ SGB dislocation spacing; L ≡ dislocation link length;
A½ ≡ D ≡ subgrain size

Self-similarity implies, too, microstructural
aspects at a larger scale, e.g., the statistical
angular relationship amongst groups of
subgrains.

l = b/θ

A1/2

L



The	  Physics:	  Parallel	  Kinetic	  Processes	  of	  Subgrain	  Diffusional
Creep	  and	  Dislocation	  Glide	  (Stone,	  1991)

Diffusional creep of subgrains: linear; n = 1; q = 2

Dislocation glide: non-linear; r ~ 1

Di ≡ subgrain size—shown
here as monodispersed

“Hardness” scaling slope

Distribution of subgrain sizes allows broadening of hardness curve



Prospects	  for	  Exploring/Understanding	  the	  Absolute
Hardening	  Parameter,	  Γ	  ≡	  dlnσ*/dε

1/n = 1/n(σ)

In work hardening, the ability of the material to store dislocations decreases as the
density of dislocations increases (e.g., for olivine, by cross-slip).  Additional strain is
accumulated beyond the dynamic that sets DA relative to Do.  The effect makes 1/n
deviate from µ.  Characterization of Γ depends on the careful study of the deviation.

DA ≡ mean subgrain size
Do ≡ subgrain size dividing those subgrains dominated by

diffusional from those dominated by dislocation dissipation.
Thermodynamic Steady State ≡ (DA/Do) = const.  
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But	  not	  necessarily	  easy	  …	  San	  Carlos	  Olivine

The data—both the transient creep
& relaxation responses—are
consistent with solid-solution
strengthening (surprise!).  Oxygen
fugacity may thus be first-order in
experiments attempting to effect &
study changes in σ*.

All experiments at QIF–0.5




