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Introduction 
This research is conducted in collaboration with postdoctoral researcher Deborah Smith. 
We are investigating the effects of stress heterogeneity on earthquake occurrence. The 
project  has both a theoretical and an observational component. The theoretical study 
focuses on aftershock sequences and examines the various processes that determine the 
characteristics of earthquake occurrence. The analyses couple 3D computations of fault 
stress interactions and stress relaxation with a rate-state model of aftershocks using initial 
stress fields with statistical 3D stress heterogeneity. Elements of the project include: 
• Comparison of simulated aftershock sequences using planar and non-planar 

geometries for mainshock faulting, and homogeneous and heterogeneous initial stress 
fields. 

• Calculation of coupled stress relaxation and stress rotations from aftershock 
processes. 

• Simulated focal mechanism solutions obtained by sampling the stress field using the 
spatially and temporally varying aftershock rates. 

• Evaluation of various sample-biasing effects in the use of focal mechanisms for 
estimating stress orientations, stress rotations, and estimates of absolute stress from 
stress rotation data. 

• Comparison of simulation focal mechanisms with data from recent California 
earthquakes. 

• Examination of the effect of heterogeneous initial stresses on aftershock patterns in 
the context of the less-than-perfect correlation of aftershocks with Coulomb stress 
changes. 

Stress Relaxation 
Slip of geometrically complex faults produces spatially heterogeneous stresses that grow 
without limit in the absence of relaxation processes.  To prevent the development of 
pathological stress conditions (or in extreme cases fault lock-up) requires off-fault 
yielding and stress relaxation. For example, slip over a slight fault irregularity with a 
slope change of only one part in 100 produces shear strains adjacent to the fault of the 
order 0.01.  This greatly exceeds the strain required to fracture intact crustal rock. The 
fractal-like character of fault systems and fault roughness insures that slight movements 
of secondary faults, at all scales, will be necessary to accommodate slip of major through-
going faults.  We surmise that these adjustments occur as co-seismic slip on secondary 
faults during large earthquakes, as delayed stress relaxation in the form of aftershocks, 
and as spatially distributed background seismicity.  We model the cumulative effect of 



these relaxation processes on secondary faults with a continuum model based on an 
earthquake rate formulation [Dieterich, 1994], which incorporates laboratory-derived 
rate- and state-dependent frictional properties. Stress relaxation is represented as a bulk 
relaxation process, and earthquake rate is calculated using the earthquake rate 
formulation of Dieterich [1994, 2003]  
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where S is a modified Coulomb stress, and 
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rate and steady-state earthquake rate, respectively. Parameter A is the pre-logarithmic 
factor for slip rate in the rate- and state-dependent friction formulation, σ is normal stress, 
and γ is a variable that evolves with time and stress. This formulation has the important 
characteristic that stress perturbations result in large transient changes of earthquake rate, 
which include clustering of earthquakes in aftershocks and foreshocks with the 
characteristic 1/t Omori-type decay. Aftershock duration is 
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To obtain solutions for stress change from this seismicity we assume fault systems 
achieve a steady-state condition, wherein stress accumulation due to geometric 
interactions is balanced over the long term by stress relaxation on secondary faults. This 
allows scaling of the long-term rate of stress relaxation to the long-term earthquake rate 
at each point in the model. Relaxation is determined for each component of the stress 
tensor, and hence the model is sufficiently general to allow time-dependent rotation of 
stresses in cases where perturbations from stressing events are not co-axial with the local 
background stress. Short-term stress fluctuations from tectonic loading, fault interaction, 
and relaxation are superposed on a long-term background stress, which may be uniform 
or highly heterogeneous. 
When the rate–state formulation for stress relaxation is included in simulations with non-
planar faults, fault lock-up is prevented, and deviations from the spatial mean stress 
initially decay at a rate proportional to 1/t following earthquake slip, followed by steady 
state relaxation which corresponds to relaxation by off-fault background seismicity. The 
1/t decay is consistent with our inference that stress relaxation occurs largely by 
aftershock processes. An important consequence of the relaxation process is time-
dependent stressing of the major through-going fault. The partitioning of fault stressing 
from relaxation processes and far field tectonic loading is shown in Figure 1. With 
increasing amplitude of fault roughness, loading through off-fault relaxation becomes 
increasingly important. Additionally, linear scaling of slip with fault length (constant 
stress drop), which was previously observed to break down in elastic simulations of slip 
on fractal faults, is restored in the simulations with stress relaxation. Stress heterogeneity 
and earthquake rate in the crust adjacent to the fault decay with both distance from the 
fault and with time from the major event.  This suggests that earthquake rates and scatter 
of focal mechanisms will depend on both the distance from the major fault and the timing 
within the seismic cycle. 



    
 

Figure 1. Dependence of different sources of fault stressing on amplitude of fault roughness. β is the RMS 
amplitude of fault roughness at the longest wavelength. The fault has a self-similar random fractal 
roughness with a scaling exponent of 1.0 (self-similar).  The inter-seismic relaxation is the steady-state 
component of stressing from off fault yielding (background seismicity). 

Simulated seismicity in a heterogeneous stress field 
In earth’s crust, which is inherently complex, stress must be heterogeneous at some level. 
Stress heterogeneity can arise through a variety of mechanisms including:  inherited pre-
stresses from prior geologic events, propagation of fault slip through geometric 
complexities, such as compressional and tensional stopovers; dynamical processes during 
earthquake rupture that create highly non-uniform slip; and inhomogeneous elastic 
structure.  In 2007 we began a systematic investigation of the effects of heterogeneous 
stresses on seismicity. Our investigations focus on spatial and temporal characteristics of 
earthquake occurrence and focal mechanism solutions, and include evaluation of possible 
sample bias effects that can arise in seismicity data. 
The seismicity models employ initial heterogeneous stress fields that are stochastically 
generated using the method of Smith and Heaton [2007, in preparation]. This method 
produces first order spatial clustering of seismicity, clustering of focal mechanism 
orientations, and other statistical seismicity features. Figure 2 illustrates sample 
simulations of aftershocks that include the effects of spatially and temporally varying 
seismicity rates in a heterogeneous stress field during an aftershock sequence. The 
background color indicates the Coulomb stress change, white dots are 1,000 earthquake 
events randomly sampled using the local earthquake rates a different times following the 
mainshock, and ta is the aftershock duration from the rate-state aftershock model. To 
generate the synthetic seismic data in these simulations, fixed optimal fault orientations 
were found at 3D grid points using the initial stress orientations, together with the 
Coulomb failure criteria (µ= 0.4). The orientation of the tectonic stressing rate tensor was 
used to select which of the two possible failure planes was optimal.  



     
Figure 2. Coulomb stress change and simulated aftershocks following fault slip in a model with 
heterogeneous initial stress. Coulomb stress change is calculated for planes parallel to the 
orientation of mainshock fault (σ12 − µσ22). ta is aftershock duration from equations (1). The left 
column of figures (a) gives results for slip of a planar fault, and the right column (b) gives results 
for a non-planar fault with fractal roughness. White points indicate locations of 1000 aftershocks 
randomly sampled using the spatially and temporally varying earthquake rates calculated at 
those points. 



 
To create the synthetic earthquake catalogs, the collection of fault orientations was then 
randomly sampled using the spatially and temporally varying earthquake rates calculated 
at those points. When t < ta seismicity concentrates in regions of positive Coulomb stress 
changes, but with a scattering of events in the stress shadow regions (blue regions). As 
time increases the seismicity increasingly spreads into the surrounding stress shadow 
regions. Compared to simulations with homogeneous initial stress, many more events 
occur in blue regions (Coulomb stress drop) as a consequence of the initial stress 
heterogeneity. This may explain the persistent characteristic of Coulomb stress models to 
under predict aftershock rates in the stress shadow regions. In addition, simulations with 
non-planar faults generate extensive seismicity near the fault as a consequence of highly 
heterogeneous stress concentrations around geometric complexities. This seismicity 
pattern is similar to what is observed in the field where aftershocks are typically used to 
help define the rupture plane. 
We also create the synthetic focal mechanism catalogs. The synthetic focal mechanism 
data capture many of the characteristics observed in aftershock sequences. These include 
rotation of the P-T axes toward the stress perturbation at the time of the mainshock, 
followed by a time-dependent rotation back to the initial state, and time dependent 
changes in the scatter of P-T axes. In simulations the rotation of the P-T axes is much 
larger than the true rotation of the spatial average of the stress. This effect arises because 
earthquakes provide a highly biased sampling of the total stress field. Earthquakes rates 
from the rate-state model are highly non-linear in response to stress changes and are 
critically dependent on the orientation of failure planes with respect to stress changes.  

Manuscripts and presentations 
We have three manuscripts in preparation that we expect to submit in 2008: one on slip of 
non-planar faults in an elastic medium, a second on stress relaxation and its effect on slip 
of non-planar faults; and a third on seismicity simulations in heterogeneous stress fields 
and biasing effects in focal mechanism solutions. 
We presented work funded under this SCEC proposal at a variety of scientific meetings 
and other venues during 2007 including: SSA annual meeting, SCEC annual meeting, 
SCEC Earthquake Simulator Workshop, SCEC Workshop on Time-Dependent 
Probabilistic Assessments, AGU Fall meeting, 5th International Workshop on Statistical 
Seismology in Erice Sicily, 2007 Workshop on Community Finite Element Models for 
Fault Systems and Tectonic Studies. 
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