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TECHNICAL DESCRIPTION 

Introduction and background. This is a progress report on our SCEC-supported research project to 
address some issues important to SCEC that involves realistic modeling of sequences of earthquakes 
with a wide range of magnitudes.  

The modeling we have done and plan to do in the future here not only helps us understand how and 
when small earthquakes grow into large ones, it also builds a foundation for expanding to more 
complex systems such as models that use many faults in the CFM and CBM. Our code uses quasi-
dynamics [Lapusta et al., 2000], via the radiation damping approach suggested by Rice [Rice, 1993] 
that deals with the inertial response of the fault surroundings, but does not use the full equations of 
motion and does not include wave propagation. Rate and state friction is used to produce realistic 
spontaneous earthquake nucleation behavior. This modeling uses the boundary element method and 
is fully three-dimensional. Although the cases studied to date have involved fault segments that all lie 
on a single plane to approximate the situation at Parkfield, this is not a restriction and the Greens 
functions exist for arbitrary positions shapes and orientations of fault polygons with any orientation 
of slip vector on them.  

Until the development of this code, the problem in studying a fault system with a very large number 
of fault elements was that the compute time increases with the square of the number N of elements 
because the stress on each element results from the slip on every other element. This has meant that 
no more than several thousand elements could be included in a 3D model.  This restricted studying 
small fault systems and only a very limited range of earthquakes sizes, prohibiting investigating 
models that involved the spontaneous occurrences of both large earthquakes and microseismicity. 
However, supported by funding from NASA, we developed a parallel computer code 
(http://www.servogrid.org/slide/GEM/PARK/) that implements the Fast Multipole Method for which 
the compute time increases as N log N rather than N2. The essence of the method is that the stress on 
each element can be computed from the appropriately averaged slip on groupings of fault elements 
that are sufficiently far away, rather than from the slip on each remote element treated individually. 
In developing this earthquake simulation code we have been using, in consultation with John 
Salmon, a Fast Multipole Library written by John Salmon and Michael Warren [Salmon, 1991; 
Salmon and Warren, 1997], the performance of which won them the Gordon Bell Prize for the best 
achievement in high-performance computing in both 1992 and 1997.   

Our grid has been designed to mimic the spatial distribution of seismicity at Parkfield. All of the 
areas that slipped during earthquakes ranging in magnitude from 1.0 to 5.1 are covered with fine 
elements. The entire area that slipped during M6 Parkfield earthquakes, as well as the surroundings, 
are described with elements ranging in size from 7.4 to 200 m. The finest 7.4 m elements in the 
multi-scale grid are sufficiently small that, following the guidelines developed by Rice [1993], Zheng 
and Rice [1998], and Lapusta et al. [2000],  they can be used to represent accurately the behavior of 
a continuum using rate and state friction parameters close to laboratory values, namely with a Dc as 
small as 0.7 mm. This size of element is sufficient for accurately modeling earthquakes as small as  
M 1.0. These 7.4 m elements are used to define all the areas of the observed seismicity at Parkfield 
except the M6 earthquake itself, assuming a 3 MPa stress drop [Waldhauser et al., 2004].  

Progress in 2007.  We have made considerable progress in 2007. A scheme for implementing the 
distribution of constitutive parameters has been implemented, both for the background values 
covering the entire modeling area and for the area of each of the 4966 earthquakes that were used to 
define the grid and constitutive parameter distribution. Shown in Figure 1 is an overview of an area 
47 km in length along the San Andreas fault and 15 km deep. The color scheme shows the values of 
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the constitutive parameter A-B = (a-b) * normal stress. There are 1,464,433 elements in this figure, a 
number that could not possibly be studied without the use of the Fast Multiple approach. Due to 
computer time limitations it may not be possible to run a simulation for a useful number of time steps 
with this large number of elements and a reduced number such as the 377,225 in the grid we 
developed in 2005, or ever fewer, may be needed. However, this larger grid has been chosen because 
it represents the resolution that is desirable to properly represent a continuum with small Dc and 
because, when sub-samples of the grid are used, its greater refinement is a significant improvement 
over the initial grid we developed in 2005. Sub-samples of this grid will be used for smaller 
simulations in the near term as we develop experience in the behavior of the simulations with a 
variety of choices of other constitutive parameters and laws. Thus, exploring the role of changing a, 
a-b, and Dc for one form of the rate and state friction evolution equations will be used, as well as the 
effect of using different evolution laws, the slip law, the slowness law and the composite law [Kato 
and Tullis, 2001; 2003].  

In the first step of this exploration of parameters on a smaller problem we have started with one 
simple small M 2.2 earthquake, the position of which is shown in Figure 2. This figure blows up the 
upper left part of Figure 1 and is sufficiently detailed that it permits showing the location of the 
single small earthquake that we have begun to study. Following an investigation of this earthquake, 
we will simulate the behavior of an area in this vicinity that is large enough that it will allow several 
earthquakes of different sizes to be simulated to see if interactions between them occur. 

Figure 1. Cross section along the plane of the San Andreas fault near Parkfield, CA showing the rate and state 
constitutive parameter A-B. The distribution of A-B is based on laboratory values of a-b, increasing normal stress 
with depth, increasing temperature with depth according to the Parkfield geotherm, and the distribution of both 
relocated micro-seismicity (Jeanne Hardebeck, personal communication) and the M6 Parkfield earthquake. The 
horizontal coordinate axis increases to the SE and Middle Mountain is at about 20 km. The multiscale grid 
underlying the model, the details of which are based on the location of microseismicity, has 1,464,433 elements, 
and in the areas where the microseismicity occurs the elements are 7.4 m in dimension and range up to 200m. 
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Figures 3-5 show the behavior of the single earthquake whose location is given in Figure 2. To 
isolate the study of this single event we have surrounded it by velocity strengthening material, and 
have used boundary conditions of 35 mm/yr slip rate outside of that velocity strengthening material. 
This of course removes the interactions and changes in loading rate that would occur in the presence 
of other microseicmicty and of the M6 Parkfield earthquake itself, but as a simple and well-defined 
problem it is a good place to start. 

The constitutive parameters used for the simulation illustrated in Figures 3 and 4 are based on 
laboratory experiments and are as follows: A-B is as shown in Figures 1 and 2 (which for the 
earthquake areas within a circle of radius of 0.85 times the radius of the 3 MPa stress drop sized 
circles is equal to -0.004* 18MPa * z, where z is the depth in km), A is 0.012 * 18 MPa * z, and Dc 
is 100 microns. This Dc is slightly smaller by a factor of 2-3 than is strictly appropriate for modeling 
a continuum with our 7.4 m elements, but it is not too bad an approach to the continuum 
approximation. A thorough investigation of varying these parameters has not been done, but using 1 
mm or more for Dc does not appear to result in unstable behavior and using 10 microns or smaller 
does not result in a systematic progression of rupture across the area of the microearthquake and is 
certainly too small to be well resolved by the 7.4 m grid elements. 

It takes some time for the simulation to settle into a regular sequence, as shown in Figure 4. The 
initial conditions try to simulate an earthquake on the unstable patch and involves all the velocity-
weakening areas slipping at 10 mm/s and the velocity-strengthening areas slipping at 35 mm/yr. The 
moment of the first few events gradually increases, perhaps making up for the longer time between 
the beginning of the simulation and the first event at about 0.41 years, but after the first few events 
the increase in moment from event to event decreases. Interestingly, the inter-event time stays 

Microearthquake simulated 
in Figures 3, 4, and 5 

Figure 2. Enlargement of the part of Figure 1 centered at about 13 km on its horizontal axis. The origins of the 
coordinates in Figures 1 and 2 differ. The SAFOD target earthquakes are at 3.5 km on this horizontal axis. The 
arrow points to a much smaller M2.2 microearthquake for which simulation results are shown in Figures 3-5. 
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constant at 0.3 years after the first spontaneous event. Also, very interestingly, for every mainshock 
(remember that these are very small mainshocks, but the term still is appropriate), there are a series 
of smaller events that grow larger prior to the mainshock. This can be seen both in the spikes in the 
moment rate plot (red in Figures 4 and 5) and in the stepped/rounded shape of the total moment (blue 

in Figures 4 and 5.) Details of this 
behavior for the earthquake shown in 
Figure 3 are shown in Figure 5. Each of 
the events shown in Figure 4 differs in 
the temporal pattern of its increasing 
moment rate, but what is shown in 
Figure 5 is representative. 

 

 

 

 

 

 

 

 

Figure 3. Sequence of frames from a movie 
of a simulation of a repeating earthquake. 
The location of the event is shown in Figure 
2, a summary of the sequence of simulated 
events is shown in Figure 4, and some 
temporal detail is shown in Figure 5. The 
left column shows the slip rate in mm/s on a 
color log scale ranging from 10-11 m/s to 1 
m/s (35 mm/yr ≈ 10-9 microns/s is the top 
of the dark blue). The right column shows 
the amount of slip since the last event on a 
color scale ranging from 0 to 5 mm. The 
first row is the final time step for the 
earthquake that occurred at about 0.7 years, 
the second row is for the time step 
immediately following that event, and rows 
2-7 show the progression of rupture for the 
event that occurred at about 1 year (see 
Figure 4 for timing of events in the 
sequence). Alternating events in the 
sequence rupture from bottom to top, as 
shown for this event at 1 year, or from top 
to bottom as was the case for the event at 
0.7 years shown in the first row. The total 
slip distribution is asymmetrically weighted 
in the direction toward which the rupture 
propagated, as shown in the top and bottom 
rows. 
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Figure 5. Details of the behavior 
prior to the event that occurred at 1 
year in Figure 4. The activity 
begins about 4 days before the 
mainshock and accelerates in the 
last few hours before the 
mainshock. The details of the 
acceleration for the other 
repetitions of this earthquake differ, 
but this is representative.  

Figure 4. Sequence of simulated repeating microearthquakes, located as shown in Figure 2. The details of the 
event that occurred at approximately 1 year is shown in Figure 3. The entire simulation for the seven earthquakes 
represented in this figure (plus the one that is underway at the end of the sequence) took 200,000 time steps. This 
was accomplished with 16 processors on the NASA Ames altix computer Columbia and required a walltime of 
21.8 hours and a total of 168 CPU hours. 
 


