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Introduction 
Project goals are 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 earthquake occurrence and deformation in southern 
California and 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 by postdoctoral researcher Keith Richards-Dinger, who is partially 
supported by this project. 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 together with dynamic stress drop (state 2). 
Computational events, which update stressing conditions, occur at the transitions between states. 

2008 Results 
Work over the last year has included a) more single-rupture comparisons between RSQSim and 
Dyna3D (a fully dynamic code); b) a manuscript accepted for publication in PAGEOPH on the 
effects of large-scale fault system geometry on earthquake recurrence statistics (Dieterich and 
Richards-Dinger, 2009); c) importation of the WGCEP (2007) deformation models into RSQSim; 
and d) progress towards including dynamic stresses in the model.  We omit discussion here of the 
first area as it will be expanded upon in a separate SCEC annual report. 
 
A manuscript exploring the recurrence statistics of earthquakes in RSQSim in idealized fault 
systems (Dieterich and Richards-Dinger, 2009) has been accepted for publication by PAGEOPH.  
Among the findings reported in that manuscript are a) the prevalence of large-event clustering, 
which is not currently taken into account in many seismic hazard estimates (up to 20% of 
earthquakes M≥7 are followed by one or more M≥7 earthquake within four years); b) highly 
complex pdfs for recurrence that reflect the variety of processes that control these statistics; c) 
strong variation of the recurrence statistics with magnitude and position within large-scale 
network geometry; and d) relative insensitivity of recurrence to other effects such as small scale 
geometry.  We illustrate in Figure 1 the latter three of these findings: while the (cumulative) 
distributions of interevent times follow no simple, universal functional form and vary markedly 
from panel to panel (which vary in magnitude range and segment number), the different curves 
within each panel (various forms of small-scale geometry) are quite similar.  The only significant 
exceptions arise in simulations that employ a rather extreme form of fractal segmentation for the 
small-scale geometry.   
 
Our finding that recurrence distributions have complex shapes and depend strongly on earthquake 
magnitude and fault system geometry may have important implications for probabilistic estimates 
of earthquake occurrence. Current standard methodologies assume simple universal distributions 
and do not account for variations with magnitude or position in fault systems. The apparent 
insensitivity of the simulation results to details of local geometry suggests that simulations may 
be used to better define the density distributions used for probabilistic assessments. In addition, 
special-purpose density distributions specifically tailored to the types of observations that are 
used in probabilistic assessments may be generated. Figure 2 illustrates some alternative 
representations of recurrence pdfs from this study. With these developments we feel that 
simulations with RSQSim will be in a position to contribute to estimates of seismic hazard in 
southern California. 
 
We have written code to import the deformation models used by the Working Group on 
California Earthquake Probabilities 2007 (appendix A of WGCEP, 2007) into RSQSim (Figure 
3). Trials have been conducted using a small subset of WGCEP2007’s deformation model 2.1 in 
southern California. In those trials, many segment boundaries in the current fault model prevent 
rupture jumps. The faults at these boundaries are highly disconnected and almost certainly 
unrealistic in some cases. We feel that the addition of dynamic stresses to RSQSim (work which 
we have begun but not yet finished) and/or addition of small connector faults will likely lead to 
more realistic rupture behavior at offset segment boundaries. 
 



Figure 1. Cumulative distributions of recurrence times for earthquakes of various magnitudes on 
selected sections of an idealized fault system with three different forms of small-scale geometry: 
smooth fault sections (red), fractal roughness with β = 0.10 (green), and fractal segmentation  β 
= 0.04 (blue). 
 



     
Figure 2. Examples of some alternative conditional recurrence pdfs for the idealized fault 
network shown in panel (a).  All fault sections are vertical, strike-slip, and extend to 15 km depth. 
(b) Distributions of waiting times until the next M ≥ 6.5 event at an element given slip of ≥1m in 
the prior event.  The results for all elements in a given fault section are combined into a single 
distribution for each section. (b) Distributions of waiting times for the next M≥5 earthquake at an 
element given that the magnitude of the prior event was M5.0-5.5. In this case the bars of the 
histograms are colored by the magnitude of the second event. Note the quasi-periodic behavior in 
the range M5-M5.5, but Poisson character of events M≥7.5 (e.g. section 10). 
 
 

       
Figure 3.  Perspective view of WGCEP2007 deformation model 2.1 as imported into RSQSim. 
Segments with defined geologic slip rates are colored according to those slip rates. The current 



single-processor version of RSQSim (≤30,000 elements) can handle simulations on the full 
California fault model with 2.5 km x 2.5 km patches.  Simulations for the region south of 
Parkfield could be run with 1.5 km x 1.5 km patches. 
 

Manuscripts and presentations 
We have submitted one manuscript that has been accepted for publication in the Evison memorial 
issue of PAGEOPH (Dieterich and Richards-Dinger, 2009). In addition, we have three other 
manuscripts in preparation that we expect to submit in 2009: 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 2008 including: SCEC annual meeting, SCEC Earthquake Simulator Workshop, 
SCEC Workshop on Time-Dependent Probabilistic Assessments, AGU Fall meeting, 2008 
Workshop on Numerical Modeling of Crustal Deformation and Earthquake Faulting, 2008 ACES 
International Workshop, and the 2008 ESF Conference: New Challenges in Earthquakes 
Dynamics. 
 

Future Directions 
Our primary goal in 2009 will be to fully implement a California fault model in a form that is 
directly applicable to, and consistent with, the UCERF model. Specifically we feel there are three 
main areas of work to be done: a) implementation of the aseismic slip factors and zones of 
distributed shear defined by the WGCEP2007 deformation models, b) realistic offset segment 
boundary jumping, and c) tuning of model parameters to match paleoseismic observations. A 
number of the fault sections in the WGCEP2007 deformation models have non-zero aseismic slip 
factors defined. This factor includes all forms of non-seismic slip: continuous slip, 
episodic/triggered slip, afterslip, etc.   We plan initially simply to model the aseismic slip as 
purely continuous slip, as this is easy to do in our model. The WGCEP2007 deformation models 
also include several zones of distributed shear.   These could treated in several ways: ranging 
from ignoring them to including one fictitious fault or a distribution of such faults to take up the 
strain assigned to these zones. There are a number of ad hoc methods that could be used to 
generate ruptures that have more realistic behavior at offset segment boundaries, but we feel the 
physically-based step of including the effects of dynamic stresses in RSQSim is more promising.   
Our initial work on this has been to generate the motions due to ruptures in our model using a 
simple Greens function approach.  We believe this approach to be promising and we will be 
developing it in 2009 under other sources of funding.  Finally, some effort will be needed to tune 
the model parameters in different parts of the fault system to match the available paleoseismic 
observations. We can attempt to match either derived quantities such as average repeat times for 
events above a certain magnitude on various fault sections or, more directly, recurrences of slip 
events at specific paleoseismic sites. 
 
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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