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This project is part of our ongoing effort to incorporate grain size evolution and grain size 
sensitive creep into earthquake sequence simulations which include rate-and-state fault friction 
and viscoelastic deformation in the crust and mantle. The goal is to explore grain size evolution 
and grain size sensitive creep throughout an earthquake cycle. The motivation for this project 
comes from observations that ductile shear zones are characterized by reduced grain size, and 
may deform in part through diffusion creep (Rybacki and Dresen, 2004; Warren and Hirth, 
2006). Furthermore, the behavior of earthquakes and ductile shear zones is coupled, as 
demonstrated by microstructural data from exhumed faults and shear zones (e.g., Vissers et al., 
1997; Trepmann and Stöckhert, 2003; Cole et al., 2007), the spatio-temporal distribution of 
microseismicity (e.g., Rolandone et al., 2004; Hauksson and Meier, 2019), and transient 
postseismic deformation (e.g., Masuti et al., 2016).  
 
We have implemented grain size sensitive creep with grain size determined by the 
paleowattmeter (Austin and Evans, 2007), in which grain size increases through static grain 
growth and is reduced by work done through dislocation creep. After we finished 
implementation, we focused on dependence on initial conditions for the earthquake sequence 
simulations. 
 
First, we used steady-state results, in which the fault slips steadily and earthquakes are 
neglected, to evaluate the characteristic timescale of grain size evolution, shown in Figure 1 for 
two candidate geotherms. This reveals that the grain size will remain approximately constant in 
the lower crust for plausible interseismic timescales (hundreds of years). In contrast, in the 
mantle the timescale of grain size evolution is comparable to, or shorter than, the length of a 
typical interseismic period for large earthquakes. These results suggest that the timescale for 
lower crust to reach steady-state might be several orders of magnitude longer than the typical 
lifespan of a strike-slip fault. 
 



 
Figure 1: Comparison between the Maxwell time (left column) and the timescale of grain size 
evolution (right column). Results are given assuming the stresses, strain rates, and grain size are 
all in steady-state. 

To explore the evolution of the fault and shear zone system, we performed time-dependent 
simulations in which earthquakes are neglected and instead the fault slips aseismically at up to 
10-9 m/s (the tectonic loading velocity). Figure 2 shows snapshots of grain size and deviatoric 
viscous strain rate at selected times from the simulation in Figure 1(c) and (d). The initial 
conditions, the leftmost column of Figure 2, are the steady-state stresses and strain rates 
consistent with constant 1 mm grain size. Under these conditions, dislocation creep is initially 
the dominant deformation mechanism, and appreciable viscous strain occurs only in the 
mantle. Within the first year, the grain size near the fault drops rapidly in the upper mantle and 
in the lower crust below 25 km depth, where the work done by dislocation creep is largest. This 
causes the dominant deformation mechanism to switch to diffusion creep within the shear 
zone. It also weakens the lower crust, causing a region of elevated viscous strain rate to form 
around 25 – 30 km depth as well. 
 
Over the next 10,000 years, a layer of reduced grain size and elevated viscous strain rate forms 
between 25 and 45 km depth. In this time, the grain size and viscous strain rate in the upper 
mantle approaches their steady-state values. The timescale for the lower crust to reach steady-
state, however, is much longer. Instead, the grain size at the base of the crust is lower than its 
steady-state value, causing it to be weaker than it would be in steady-state. Correspondingly, 
the viscous strain rate in this region is several orders of magnitude higher than its steady-state 
level. In contrast, above 20 km, the grain size remains much larger than its steady-state value, 
and the viscous strain rate much lower.  



 

 
Figure 2: Evolution of grain size (top row), deviatoric viscous strain rate (2nd row), and the ratio 
of diffusion to dislocation creep (bottom row) over 104 years from constant 1 mm grain size 
initial conditions. The rightmost column shows the final steady-state conditions to which the 
system is evolving. The transition from crust to mantle is shown in pink at 30 km. In the bottom 
row, the region above the BDT has been grayed out. 

 
Figure 3 shows the evolution of the shear stress on the fault and the brittle-ductile transition 
(BDT) for this simulation, and for the warmer geotherm simulation also shown in Figure 1(a) 
and (b). Here, we define the BDT as the depth at which 90% of the tectonic loading is 
accommodated by slip on the fault. Below this depth, tectonic loading is accommodated in 
large part by bulk viscous deformation in the off-fault material. The warmer geotherm 
simulation, Figure 3(a) and (b), has one BDT in the crust. The rate that the BDT shallows over 
time is well modeled by as a power-law (linear on a log scale). Figure 3(c) shows the evolution 
of shear stress for the cooler geotherm simulation. As a result of the cooler geotherm, the 
upper mantle is stronger, and there are two BDTs. Again, the crustal BDT follows a power-law. 
The mantle BDT only briefly follows a power-law from 2 – 5 ka; the time exponent decreases as 
it approaches steady-state. 
 



 
Figure 3: Evolution of shear stress on the fault and the BDT for a relatively warm (top row) and 
relatively cool (bottom row) geotherm. In both cases, the crustal BDT is well fit by a power-law 
(linear in log scale), shown in yellow. A power-law for the mantle BDT is shown in purple. Also 
shown, as black dashed lines, are the BDT depths at steady-state. 

 
Extrapolation of the power-law fit for each model predicts that both simulations would require 
more than 100 Ma to approach steady-state BDT depths. This is much longer than the lifespan 
of a mature strike-slip fault, leading to the conclusion that the stresses, viscous strains, and 
grain size in the vicinity of a fault may not be well-represented by the assumption of steady-



state. The discrepancy between steady-state and actual state is largest in the mid-crust (10 – 20 
km depth), where the relatively cool temperatures mean that timescale of grain size evolution 
is very long. At the same time, this region’s proximity to the base of the fault means that it may 
have significant implications for earthquake cycle behavior. 
 
This work is in preparation in a journal article. We also plan to push these simulations further, 
with the goal of reaching 1 Ma, to fully characterize the evolution of the system. We also plan 
to explore simulations with sequences of earthquakes, to characterize earthquake cycle 
behavior, such as recurrence interval and earthquake magnitude, at selected times.  
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