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This project continues SCEC-funded efforts by our group to develop earthquake sequence 
simulations that couple viscoelastic response of the crust and upper mantle, rate-and-state fault 
friction, and evolution of temperature. Work in 2016 and 2017 focused on a simplified version of 
this problem in which temperature was held fixed to an assumed geotherm. With 2018 funding, 
we extended this work to account for an evolving temperature field that is elevated around the 
fault and its deep extension, relative to the ambient geotherm, due to frictional and viscous shear 
heating. Changes in temperature alter the effective viscosity and hence viscous deformation and 
stress, making this a fully coupled thermomechanical problem. 
 
The motivation for our project stems from many observations indicating viscous flow beneath 
active faults, and open questions regarding the interplay between frictional slip in the brittle, 
elastic upper crust and distributed viscous flow in viscoelastic lower crust and upper mantle. How 
does this interplay influence stress transfer and loading between these different layers, 
earthquake nucleation, and the depth extent of coseismic slip? These questions are best 
addressed using simulations that utilize best-available constraints on friction and rock rheology 
(i.e., flow laws) as a function of temperature and hence depth. Rather than imposing a transition 
between elastic and viscoelastic response at some fixed depth, that transition should naturally 
emerge from the simulations. Given the nonlinear dependence of flow laws on stress, we 
anticipate that this transition depth will vary over the earthquake cycle. Similarly, both frictional 
sliding and viscous flow are dissipation processes that generate heat. Due to the low thermal 
diffusivity of rocks, thermal anomalies (localized regions in which temperature is elevated above 
the ambient geotherm) develop around faults and their deep extensions. How do these thermal 
anomalies alter the lithospheric stress distribution around faults?  
 

 
Figure 1. Viscoelastic earthquake sequence model, featuring naturally occurring transition 
between fault slip and viscous flow. We extended such models by accounting for shear heating, 
which reduces flow stress in the lower crust and raises the brittle-ductile transition. 
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Figure 2 shows the effect of shear heating on fault slip histories and viscous strain. The transition 
from frictional slip to distributed viscous flow (i.e., the brittle-ductile transition, BDT) is not 
abrupt, but occurs in a transition region (~1-2 km in depth extent) where slip overlaps with 
viscous flow, similar to what has been inferred from geologic field studies. The BDT is shallower 
in simulations that account for shear heating. There are some cases (e.g., bottom row of Figure 
2) for which rupture depth is limited by the BDT rather than the frictional stability transition. 
These cases have qualitative differences in terms of recurrence interval, slip per event, and 
nucleation process. They probably also have a different postseismic response, which is an output 
of our simulations but has not yet been examined in detail.  
 

 
 
Figure 2. Cumulative slip and viscous strain from earthquake sequence simulations in viscoelastic 
solids, without shear heating (top row) and with shear heating (bottom row), with all parameters 
identical. Slip is contoured every 1 s during the coseismic period (red) and every 10 yr during the 
interseismic period (blue). This example shows that rupture depth can be limited by the frictional 
velocity-weakening (VW) to velocity-strengthening (VS) transition (no shear heating) or by the 
onset of viscous flow (with shear heating) that raises the brittle-ductile transition (BDT) above 
the VW-VS transition. Note differences in slip per event and recurrence interval. Elevation of the 
BDT by shear heating is most pronounced in simulations with high effective stress (e.g., 
hydrostatic pressure gradient, as in this case) and a shallow lithosphere-asthenosphere boundary 
(i.e., hot ambient geotherm). (From Allison, PhD thesis, 2018.) 
 
Next we discuss the thermal anomaly that develops as a consequence of shear heating. We first 
explored simulations in which the heat equation was advanced in time along with the viscoelastic 
and friction problem, which results in a temperature distribution that evolves in space and time 
(Figure 3). Remarkably, we discovered that for most features of interest, this level of detail 
unnecessary. Instead, one can simply perform a calculation of the thermal anomaly using steady 
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state simulations, which involve solution of the coupled viscoelastic, frictional, and thermal 
problems, but with no time dependence. Nonlinearities require iterative solution of the 
governing equations. The resulting steady state thermal anomaly can be superimposed on the 
ambient geotherm, and then held fixed when performing a purely mechanical earthquake 
sequence simulation. Results using this two-step procedure are virtually identical to those of the 
fully coupled procedure, with the exception of the predicted near-fault thermal anomaly 
immediately after an earthquake. 
 

 
Figure 3. Evolution of thermal anomaly in fully coupled thermomechanical sequence simulation. 
Top row focuses on evolution of near-fault thermal anomaly following an earthquake, which is 
sensitive to the width w of the fault shear zone. l is the ratio of pore pressure to lithostatic 
pressure; higher l means lower effective stress and hence less shear heating. Note the change 
in x-axis from top to bottom row. The interseismic thermal anomaly is independent of shear zone 
width, and can be very accurately predicted using a steady state simulation. (From Allison, PhD 
thesis, 2018.) 
 
Next we explored how the BDT depth, earthquake nucleation depth, and depth extent of the 
rupture varied with pore fluid pressure ratio l (defined in caption of Figure 3) and the depth of 
the lithosphere-asthenosphere boundary (LAB, where temperature is fixed to about 1200 °C, and 
which controls the ambient geoterm). Results are shown in Figure 4. 
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Figure 4. Depth of BDT, earthquake nucleation, and down-dip extent of the rupture, as a function 
of pore fluid pressure ratio l and LAB depth. Grey line marks the frictional VW to VS transition 
(the depth of which is fixed in these simulations). For high l, ruptures are limited by the VW-VS 
transition, whereas for low l ruptures stop at the much shallower BDT. These results underscore 
the fundamental role that pore pressure and the effective normal stress distribution along the 
fault play in controlling shear strength of the fault and its deep extension, which in turn controls 
the amount of shear heating and thermal anomaly. (From Allison, PhD thesis, 2018.) 
 
Finally, we also explored the evolution of effective viscosity over the earthquake cycle (Figure 5). 
Nonlinearities in the viscous flow law come from both stress dependence and temperature 
dependence, and both stress and temperature vary over the earthquake cycle. We find, 
consistent with previous studies, that stress nonlinearity in the upper mantle is really the only 
process that gives rise to substantial changes in effective viscosity. (The thermal anomaly does 
reduce the flow stress, but this effect does not change much over the earthquake cycle.) 
 

 
Figure 5. Evolution of effective viscosity over the earthquake cycle. The largest changes occur in 
the upper mantle (40-60 km depth) due to stress changes. (From Allison, PhD thesis, 2018.) 
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This project supported Kali Allison at the end of her PhD, and most of the figures reported here 
are from her PhD thesis. This work was presented at the SCEC and AGU meetings: 
 
Allison, K. L., & Dunham, E. M. (2018). Shear heating and the brittle-ductile transition: 
thermomechanical earthquake cycle simulations on continental strike-slip faults. Poster 
Presentation at 2018 SCEC Annual Meeting. 
 
Allison, K. L., & Dunham, E. M. (2018). Shear heating and the brittle-ductile transition: 
thermomechanical earthquake cycle simulations on continental strike-slip faults. Abstract T32B-
05 presented at 2018 AGU Fall Meeting. 
 
and is in preparation as a journal publication. 
 
This project has obvious relevance to ongoing efforts to develop the SCEC Community Rheology 
Model (CRM) and Allison and Dunham have been regular participants in the CRM workshops. 
Viscoelastic sequence simulations of the type developed here can be used to evaluate candidate 
lithospheric rheologies and make quantitative predictions of lithospheric stress profiles, 
earthquake depth, partitioning of tectonic displacement between fault slip and viscous flow, the 
structure and size of viscous fault roots, and the time evolution of effective viscosity and 
postseismic response. Eventually these simulations need to be extended to 3D and connected 
directly with observations, but we feel that there are still some fundamental additions that are 
required to make these models realistic: 
 

1. Improved pore pressure distributions. As is evident from these results, pore fluid pressure 
controls effective stress, shear stress, shear heating, and ultimately the thermal anomaly. 
In these simulations we simply fixed pore pressure to a linear increase with depth. An 
improvement would be the introduction of a porous fault zone model, in which fluids can 
be transported vertically along the fault in response to gradients in hydraulic potential 
(difference of pore pressure gradient and fluid weight), with fluid transport properties 
like permeability evolving as a function of effective normal stress as well as processes like 
cracking during fault slip and permeability reduction from healing and sealing during the 
interseismic period. This is exactly the effort we have been engaged in recently, and 
details can be found in our other 2018 SCEC report. 

2. Improved rheological description of near-fault rocks. Geologists have long recognized the 
signature of viscous shear as mylonites in the lower crust and upper mantle. These are 
regions of reduced grain size and enhanced foliation and elongation/alignment of grains. 
These structural changes alter viscous flow properties, reducing effective viscosity and 
hence viscous flow stress. Kali Allison, now an NSF Earth Sciences Postdoctoral Fellow at 
University of Maryland, is extending these simulations to account for these processes. 


