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Introduction 
This project is in its third year, with 2007 being postdoctoral researcher Keith Richards-Dinger’s 
first full year.  Project goals were to develop a large-scale 3D physics-based earthquake simulator 
for a) investigation of earthquake processes in geometrically complex fault systems, and b) use 
with the SCEC community fault model to simulate of earthquake occurrence and deformation in 
southern California, and to evaluate earthquake probabilities. 
 
To address these goals the simulator is 

1) flexible to incorporate alternative models of earthquake source processes and input 
parameters; 

2) capable of modeling earthquake occurrence over a large range of length and time scales 
to permit comparisons with earthquake catalogs and paleoseismology data;  

3) fully three-dimensional to properly represent fault interactions and to permit comparisons 
with deformation observations; 

4) able to model time-dependent fault interactions, as well as foreshocks and aftershocks, by 
incorporating time-dependent earthquake nucleation inherent to rate- and state-dependent 
friction; and  

5) suitable for implementation with complex fault system geometry, including the SCEC 
community fault model at a resolution appropriate to items 1) through 4). 

 
A long-term objective is to implement the SCEC community fault model at a 1km2 resolution, to 
permit comparisons with the southern California instrumental catalog data at a minimum 
earthquake magnitude threshold of about M3.5. This requires simulations of at least 105 events 

Overview of Modeling Approach 
Simulations of synthetic catalogs of 105 or more earthquakes, based on detailed fully dynamical 
deterministic calculations of each earthquake rupture, remain far out of reach with current 
computational technology. To achieve sufficient computational efficiency, this project employs 
physically reasonable large-scale approximations and simplifications of the earthquake generation 
process, together with efficient numerical schema. 
 
A boundary element method, developed by Dieterich (1995) for simulations with single planar 
faults, was successfully adapted and generalized for simulation of earthquakes on a 3D system of 
explicitly modeled faults. This quasi-dynamical approach approximates the gross dynamics of the 
earthquake source, and it incorporates fault aging and nucleation processes implicit to rate- and 
state-dependent friction. The use of rate-state friction enables modeling of clustering phenomena 
including foreshocks and aftershocks. Additional efficiencies are obtained by a) use of a 
computational approach that avoids solution of systems of simultaneous equations, and b) use of 
event-driven computational steps, instead of time stepping at closely spaced intervals. In the 
model, fault segments may be at one of three sliding states. The sliding states correspond to a 
fully locked condition with time dependent strengthening (state 0), an incipient slip condition 
with time- and stress-dependent nucleation of unstable slip (state 1), and seismic slip at speeds 



controlled by the dynamic shear impedance criteria and together with dynamic stress drop (state 
2). Computational events, which update stressing conditions, occur at the transitions between 
states. 

2007 Results 
The model code has been thoroughly exercised and, in order to run large models, converted to 64-
bit. Additionally, initial steps have been taken towards optimization.  It has successfully 
generated synthetic seismicity catalogs in models with up to 16,000 elements.  The crude 
Southern California model that we describe below (which contains approximately 4,700 
elements) takes roughly 8 hours to simulate 500,000 events M4.6 to M8.0 on a single 2.5 GHz G5 
CPU. 

Over the summer Christine Burrill, a SCEC summer intern, performed comparisons of the rupture 
process in our model with that in DYNA3D, a fully dynamic finite element code used by David 
Oglesby.  With appropriate tuning of material parameters, our quasi-static model was able to 
match DYNA3D's rupture character (crack-like vs. pulse-like), rupture velocity, and final patterns 
of stress drop and slip remarkably well under a variety of initial stress and nucleation conditions.  
Figure 1 shows one of the least successful comparisons – in this case an event initiates near the 
left end of a fault with initial shear stress that is constant and high over most of the fault but that 
tapers to zero over the right-most 20 km of the fault.  The slip and stress patterns are quite 
similar, except that the quasi-static rupture did not penetrate as far into the low initial stress 
region as the dynamic rupture. This indicates that dynamic stresses are important in controlling 
propagation into such regions. In 2008 we will investigate adding approximations of dynamic 
stresses to the rupture process. In the process of carrying out these comparisons, we found that 
rupture propagation characteristics (crack-like vs. pulse-like) could be easily set in the model. 

  
Figure 1. Comparison of final stress drop (upper panels) and slip (lower panels) for a single 
large event in our model (left panels) and in DYNA3D (right panels) on an 8 km x 64 km strike-
slip fault embedded in an elastic half-space.  Shown are profiles at the surface of the half-space.  
The fault extends from 8 km to 72 km on the horizontal axes.  The rupture was nucleated near the 
left edge of the fault and propagated initially in a region of uniformly high initial shear stress and 
then into a region (between 52 km and 72 km) where the stress tapers linearly to zero. 
 
We have begun experiments with models containing multiple faults and fault segments in which 
interactions are important.  Figure 2 shows recurrence statistics for several models as probability 
density functions (pdfs) for the next earthquake slip event at a specific point on the fault 



following a prior earthquake at that point. For reference, the top panel is for a model consisting of 
a single planar strike-slip fault, while the second panel is for two identical, parallel strike-slip 
faults, and the final panel is for one segment of a crude model of the major strike-slip faults in 
southern California (illustrated in Figure 3). In all cases, the peaks at short recurrence times (0 to 
4 years) represent highly clustered activity in the form of foreshocks and aftershocks, where the 
rupture in the second event wholly or partially re-ruptured the area of slip in the first earthquake. 
These events have a characteristic t-p fall-off with time. Note the decrease in the 
foreshock/aftershock peak with increasing magnitude.  In the single-fault model, the larger, 
characteristic events are very nearly periodic. Just the addition of a second, identical fault parallel 
to the first has a profound effect on the recurrence statistics of the large events, with multiple 
peaks in the pdf and a much less periodic nature (an order of magnitude less as measured by the 
coefficient of variation). The lower panel of Figure 2 shows the recurrence statistics for one of the 
eight segments in the southern California model in a synthetic catalog of 500,000 events M4.6 to 
M8.0. The pdfs are quite complex, vary strongly with magnitude and from segment to segment, 
and are not easily represented by any analytic functional form. Note especially the growth of long 
recurrence interval outliers with increasing magnitude and abrupt shift in the peak at ~120 years 
for M>7.0, to ~190 years for M>7.5. 
 
 

 
Figure 2. Recurrence statistics for several models presented as probability density functions 
(pdfs) for the next earthquake slip event at a specific point on the fault following a prior 
earthquake at that point. The plots are constructed by taking the sum of the individual pdfs at 
each point on the fault for the magnitude range indicated. 
 
 



 
 
 
Figure 3. Fault slip in a cluster of large events from a simulation of the southern San Andreas 
fault system.  In the cluster illustrated here, the Big Bend section of the San Andreas Fault broke 
in an M7.8 event (panel a) followed by an M7.5 on the San Bernardino section (panel b), and an 
M7.6 event on the Coachella section (panel c). The hypocenters of the large events are shown by 
a black square within the rupture area.  There were 72 aftershocks in the 2-day interval between 
the M7.8 and M7.5 events and 183 aftershocks in the 100-day interval between the M7.5 and 
M7.6 events.  The locations of these aftershocks are shown in black on panels a) and b), 
respectively (though many of those in panel a) are hidden behind the San Jacinto Fault). 
 
As an initial experiment with somewhat realistic fault systems, we have constructed a model 
(Figure 3) that is very loosely based on the central and southern San Andreas and major sub-
parallel subsidiary faults (San  Jacinto and Elsinore). The model consists of eight major segments 
based on Jennings [1994], with added random fractal roughness. Each segment was driven at a 
slip rate based on geodetic measurements and geologic offsets [WGCEP, 1995]. The model 
contains 4,712  fault elements (each approximately 2 km x 2 km). Figure 3 shows a sequence of 
three large events (and their after/foreshocks) propagating south along the San Andreas over 
several months.  Note in panels a) and b) that there are many more aftershocks on the segment 
that is about to rupture than on segment on the opposite side of the previous large event and that, 
in particular, there is a concentration of aftershocks near the hypocenter/nucleation point of the 
next large event. Most large events do not trigger other large events at such short time intervals; 
of the 220 events over magnitude 7 in the catalog, 137 were isolated by at least 4 years from the 
nearest other such event, while there were 34 pairs and 5 triples of such events that occurred 
within 4 year time intervals. 
 



Manuscripts and presentations 
We have three manuscripts in preparation that we expect to submit in 2008: one on the 
generalization of the nucleation solutions of Dieterich [1992] and state evolution to situations 
with varying normal stress; a second which presents a detailed description of the model and the 
effects of  various material properties, model parameters, and geometry on the nucleation and 
propagation of ruptures and the statistical properties of long synthetic catalogs in idealized fault 
systems; and a third on detailed comparisons of single large ruptures in our model with those in 
fully dynamic rupture simulation codes. 
 
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 
 

Future Directions 
We anticipate productive use of this model to investigate a variety of topics pertaining to the 
physics of earthquakes occurring in complex fault systems. The capability to generate large 
numbers of events over a wide range of magnitudes, together with the incorporation of physical 
models of clustering processes, opens a variety of avenues for direct comparisons with earthquake 
catalogs. We believe the model will be an effective tool for simulating earthquakes and 
deformation in specific regional fault systems, and will find applications in estimation of regional 
earthquake probabilities. 
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