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Introduction
 The work carried out with this funding was almost exactly what was proposed.  
The funded research did indeed allow us to show the feasibility of using dynamic wave 
propagation codes (and SPECFEM) in particular to generate Green’s functions for quasi-
static problems such as block modeling.  We presented a poster summarizing these results 
at the SCEC annual meeting (“Static displacements computed from seismic wavefield 
simulations: Validation tests for homogeneous and 1D structures”) and have continued to 
develop the computational tools necessary to deploy these methods.  After gaining 
confidence in the proposed method we submitted a follow up proposal to SCEC to revisit 
coseismic displacements, and fault slip from the Northridge earthquake in order to 
calibrate the difference between using three-dimensional earth structure models and 
homogeneous models used in most, but not all, previous studies.

Geodetic data and quasi-static earthquake cycle models have been used to 
estimate fault slip  rates for nearly two decades.  The vast majority of these models are 
based of the assumption that  the upper crust of southern California is adequately  treated 
as a homogeneous elastic half-space.  However, the variation in seismic wave speeds 
throughout southern California demonstrates the presence of significant variations in the 
elastic properties of upper crustal rocks.  Low wave speeds are generally associated with 
sedimentary  rocks in depositional basins (e.g., Ventura, Los Angeles), while faster wave 
speeds are associated with igneous intrusive provinces (e.g., Sierra Nevada).  Vertical 
wave speed variations from the shallowest crust to the lower crust may exceed 200% and 
lateral variations at a given depth are also significant (Figure 2) [Chen et al., 2007; Tape 
et al., 2009].  Localized studies based on idealized two-dimensional models have 
suggested that these variations in material properties may exert a significant influence on 
the nominally interseismic GPS velocities in the vicinity of fault near regions of varying 
material properties [Hager et al., 1999; Fialko, 2006].  These studies have laid the 
groundwork for this current proposal by  demonstrating that the effects of spatially 
variable elastic properties may be significant in that they may explain the locking depth 
discrepancy in the Ventura Basin [Hager et al., 1999] and possibly change the relative 
partitioning of slip  between the San Jacinto and southern San Andreas faults [Fialko, 
2006].
 Here we generated quasi-static Green’s functions using the spectral element wave 
propagation code SPECFEM3D.  This code is regularly used to produce high-resolution 
simulations of wave propagation globally as a result of kinematically  prescribed slip on 
source faults [e.g., Komatitsch et al., 2004].  The synthetic seismograms produced at 
observing stations provide a record of predicted accelerations.  Simply integrating the 
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acceleration history  twice with respect to time gives the static displacement resulting 
from the net fault slip, including the effects of propagation through three-dimensionally 
varying media.  These displacements, calculated at the location of GPS station, could 
then serve as Greens functions, incorporating three-dimensional structure, which could 
replace the homogeneous elastic half-space Greens functions [Okada, 1992], used in 
previous block models [Meade and Hager, 2005, Loveless and Meade, 2011] and 
coseismic slip distributions.

Figure 1.  Left) Fault traces (red lines) from Community Fault Model [Plesch et al., 2007] and block 
boundaries (black lines) from Loveless and Meade (black lines,  submitted). Right) Shear wave speeds at 
two kilometers depth in southern California obtained from adjoint tomography [Tape et al.,  2009].   Color 
scale is saturated at ± 15% but reaches 40% in basins.  These variations in shear wave speed can be 
converted to variations in shear modulus if a density structure is assumed.  Many of the major faults lie 
near sharp gradients in wave speed (e.g., Garlock, San Jacinto, San Gabriel, Raymond Hill faults).

Simple models of interseismic deformation in inhomogeneous media
 To date, most published quasi-static block models of active deformation in 
southern California have been based on the assumption that idealized earthquake cycle 
processes occur in an elastic half-space [Bennett et al., 1996; McCluskey et al., 2001; 
McCaffrey, 2004; Becker et al., 2004; Meade and Hager 2005].  This is a reasonable 
starting assumption that has led to the establishment of many  reference cases against 
which models with more complex rheologies may be compared.  As mentioned above, 
more localized studies have suggested that the effects of both lateral and vertical 
variations in shear modulus may exert a significant effect on GPS velocities in southern 
California.  Before discussing our strategy for tackling this problem in three-dimensions, 
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we offer a brief review of the phenomenology in the context of idealized models of two-
dimensional, infinitely  long strike-slip fault  models; this problem has been solved 
analytically by Rybicki [1971].  An increase in shear modulus with depth has the effect of 
localizing interseismic velocity gradients closer to the fault zone as compared with the 
homogeneous elastic half-space approximation (Figure 1).  This effect is similar to what 
would be predicted by a decrease (shallowing) in locking depth.  The case of lateral 
variations in material properties is quite different  in the sense that it gives rise to an 
asymmetric velocity profile with more deformation.  Because of the fact that variation in 
locking depth and fault dip  may give rise to effects that are quite similar [Fialko et al., 
2006; Lundgren et al., 2009], exploring the effects of these variations in shear modulus 
makes the most sense only where the fault system geometry is constrained a priori.

Using SPECFEM to generate quasi-static Green’s functions
 To test the effects of lateral and vertical material heterogeneities in three-
dimensions, we plan to use the spectral wave propagation code SPECFEM3D, in 
continued collaboration with Carl Tape (University of Alaska Fairbanks).  This code 
allows for the calculation of accelerations, velocities, and displacements due to seismic 
waves generated by  a kinematically specified source.  While is a somewhat non-
traditional approach to the problem (PyLith and Geofest are tools that have been 
developed with this problem in mind), there are distinct  advantages to using this code: 1) 
meshes already  exist that incorporate the material properties that we are so interested in 
modeling, and 2) the code has been successfully run at large scale with these features. 
The notion of integrating accelerations to calculate static coseismic displacements is not 
novel and has been previously  done using normal mode summation techniques for the 
1994 great Bolivian earthquake [Ekstrom, 1995] and using SPECFEM3D for the 2004 
Sumatra earthquake [Hjorleifsdottir, 2007] results from the passage of seismic waves.  
For the case of media with both vertical and lateral variations in material properties, 
numerical methods have been applied due to the ease of accurately  representing complex 
geometric variations and accurately modeling high frequency radiation where the 
variations in material properties are most visible.  

Figure 2.  Siesmograms with static offsets computed using SPECFEM3D and CVM-H 11.9.   Camparison 
between seismograms from 1D (red) and 3D (blue) structures for a station northeast (left) and southwest 
(right) of the source.  The residual static offsets are plotted in figure 3..
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 In particular SPECFEM3D has been used to develop  high-resolution wave speed 
models of southern California exploiting recently  developed adjoint methods [e.g., Tape 
et al., 2009].  These wave speed models and the block model geometry  based on the 
Community Fault Model (Figure 1) will serve as the inputs to our calculation.  Individual 
fault segments will be discretized using dislocation point sources whose deformation 
fields can be summed linearly to represent the total deformation due to unit  slip on a 
particular fault surface.

Our results can be summarized as follows:

1) The default SPECFEM3D mesh for southern California has been extended in 
dimension to reduce edge effects.

2) We have benchmarked finite source models at numerous discretization scales vs. 
analytic and semi-analytic solutions for homogeneous and vertically  layered media.  
Agreement is better than 1 part in 10,000.

3) Tape and Loveless will collaborate to establish the work flow for using SPECFEM3D 
to calculate displacements at each GPS station as a result of unit slip on each fault patch.  
Tape will also investigate the sensitivity of the model domain size on the synthetic 
seismogram calculations;
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Figure 3.  Comparison between static offsets using 1D structure (top row) and 3D structure (middle row) 
for east (left column), north (center column), and vertical (right column) components of displacement.   The 
residual displacement fields (difference between 1D and 3D crustal structure models) is plotted with color 
scale zoomed in ten times.  The source is a vertical strike-slip point source at 10 km depth with MW=7.6.

Summary
 The overarching goal of this proposal is to build the most realistic models to date 
of quasi-static interseismic deformation in southern California by combining seismically 
constrained fault  system geometry (Community Fault Model based) with the 
kinematically consistent block model framework, considering interseismic earthquake 
cycle processes operating in a laterally and vertically  heterogenous upper crust.  The 
reasons for this are to 1) obtain geodetic slip rate estimates based on physically based 
models, and 2) to resolve discrepancies between geologic and geodetic slip rate estimates.  
This is one of the SCEC3 Science Priority  objectives (Objective A2) and the means of 
achieving this goal is through the development of a system-level deformation model 
(Objective A3) that reflects observed fault system geometry and enforces kinematic 
consistency throughout the southern California fault system.  Further, high-resolution slip 
rate estimates on realistic fault system geometry will allow us to better understand the 
frequency distribution of fault slip rates (Objective A10).
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