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Introduction
	
 We carried out the work in the proposal, summarized below, and it proved interesting.    
in terms of identifying the most important faults in the eastern California Shear zone.  These 
results are described below but we should also mention that this work led to a significantly 
different way of approaching this problem which will probably form the foundation for future.  
In particular we worked to understand the Total Variation Denoising (TVDN) algorithm 
developed primarily in computer graphics to estimate quantized state vectors.  This is a very 
efficient way to solve for the minimum number of unique Euler poles necessary to describe the 
motion of a large number of crustal blocks.  This application of this algorithm to the problems 
described below is the subject of a SCEC proposal that we wrote for 2012 and we are likely to 
work toward a publication that includes both SVD and TVDN analysis.
	
 Ideally, geodetic data and mechanical models of interseismic deformation would reveal 
well-resolved slip rates on all active structures accommodating relative plate boundary motion. 
However, station distribution in the Plate Boundary Observatory and other GPS velocity fields in 
southern California may be too sparse to uniquely resolve slip rates on closely spaced faults, 
notably those in the Eastern California Shear Zone (ECSZ). We will use linear resolution 
analysis of a detailed block model, with reference geometry guided by the Community Fault 
Model (CFM) to determine 1) how accurately slip rates can presently be estimated on each fault, 
including those that are closely spaced, 2) how slip rate estimates from less detailed but better 
resolved block models spatially average slip that may in reality occur on multiple structures, and 
3) where future GPS stations can be placed to maximize the resolution of slip rates.  
Additionally, we will carry out a “knockout”  analysis, selectively removing structures included 
in our block model to examine 1) trade-offs in estimated slip rates and 2) sensitivity of a slip 
rates to the fault system geometry.  These anticipated research results will provide a quantitative 
understanding of slip rate uncertainties as a function of fault system geometry realizations, 
contributing directly to the WGCEP special project goals of evaluating the fault inventory in 
southern California and reevaluating fault slip rates in a kinematically consistent manner. 

A singular value decomposition approach to block model resolution
	
 The linear nature of the block theory that we have developed [Meade and Loveless, 2009] 
allows for a straightforward assessment of the quality of model fit, slip rate resolution, and trade-
offs among estimated model parameters. For the overdetermined block model problem in which 
the number of constraining observations (geodetic velocities, geologic slip rates, and pseudodata 
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related to smoothing of partially coupled slip distributions) exceeds the number of estimated 
model parameters (block rotation vectors, partially coupled slip rates, and intrablock 
homogeneous strain rate tensors), the model resolution can be defined as , where   is 
the design matrix relating data to model parameters, the superscript  denotes the generalized 
inverse, , and  is an identity matrix. 
	
 While the overdetermined nature of the block model inversion technically yields 
perfectly resolved model parameters, the estimated rotation vectors (and hence fault slip rates) in 
the most detailed simulations may be physically unreasonable for blocks where GPS sites are 
sparsely distributed. In other words, despite the perfect overall model resolution, the rotation 
vectors estimated for blocks constrained by zero to few observations can be considered locally 
underdetermined, warranting further investigation. To do so, we will adopt a truncated singular 
value decomposition (SVD) approach to the block model inversion. We decompose the 
design matrix  into three parts as , where  is an  matrix of eigenvectors that 
span the data space, ,  is an set of eigenvectors that span the model space, , 
and  is an  diagonal matrix whose non-zero entries are a set of eigenvalues called 
singular values, arranged in decreasing order [Menke, 1984]. Some of the singular values  may 
be zero, and so  can be separated into a  diagonal matrix of p non-zero values, , and a  

 zero matrix, where q is the smaller of n and m, . The truncation of the 
singular value matrix is extended to the data and model space eigenvector matrices, such that  
and  represent the first p columns of U and V, respectively. The remaining eigenvector 
matrices,  and , span the null portions of the data and model spaces,  and . 
The design matrix can be rewritten as , as G provides no information about the null 
data or model space. The inverse problem is solved using , or in the case of a 
weighted inversion, the SVD of  is taken, where W is a diagonal matrix whose non-zeros 
values are the inverse data variances, and the estimated model parameters are given as 

 [Wunsch, 1996]. The choice of truncation value, p, is based on the singular 
values, . Ideally, the set  contains all of the non-zero singular values, while  contains 
the zero values. In reality, the singular values may smoothly decrease toward zero (Fig. 1a), and 
some values may be very small but not zero. In this case, the choice of p may be somewhat 
arbitrary, chosen to include all values greater than a particular threshold value [Menke, 1984]. If 
non-zero singular values are excluded in the choice of p,  and  do not represent the 
entire non-null data and model spaces. As more singular values are included, the solution 
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approaches that given by the standard weighted least squares inversion and the model resolution 
approaches an identity matrix. 
	
 In a standard elastic block model in which block rotation vectors are the only formally 
estimated parameters (i.e., no estimated partial coupling or homogeneous intrablock strain rate 
tensors), the effect of the truncation value can be mapped using model resolution and covariance 
matrices. The resolution is given as , and the model covariance as 

; both are functions of truncation value. The diagonal entries of  and 
 provide information about how well each estimated model parameter in  is resolved, 

with the off-diagonal terms of the matrices indicating how a particular block rotation vector 
component reflects averaging of other components. In our most detailed block model of southern 
California to date, there are several blocks on which zero to few stations lie. These blocks, the 
rotation vectors of which we can consider to be locally underdetermined, show low resolution 
and high covariance. We can map  and  into the block model geometry in various 
ways. For example, we can sum the rows of  to give the total covariance between each 
block's rotation vector and all others (Fig. 1b). Micro-plates with low total covariance are best 
resolved. Additionally, we can determine the extent to which a selected block covaries with other 
blocks by mapping the selected block's rows of  into the model geometry (Fig. 1c). In 
this case, the largest magnitude blocks indicate those that may influence the estimated rotation 
vector of the selected, poorly resolved block. 
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Figure 1.  a)  Truncation value, p, versus singular value, , for a detailed western U.S. block model comprising 41 
micro-plate (123 rotation vector model parameters). The inset show the final 53 singular values. While no value is 
zero, a reasonable truncation value may be 80–90. b) Model covariance mapped into southern California micro-
plates. The block color represents the sum of the absolute value of the rows model covariance matrix for each block. 
High total covariance indicates poor rotation vector resolution. c) Covariance between a small Eastern California 
Shear Zone (ECSZ) block (white circle)  and all other micro-plates. Blocks with high values are those whose rotation 



Non-linear knockout algorithm for fault slip rate and uncertainty estimation
	
 In previous block model studies, including our own, slip rates are determined on a 
preferred fault system geometry and perhaps a few alternate geometries [Bennett et al., 1996; 
McCaffrey, 2005; Meade and Hager, 2005; Souter, 1998]. This approach is generally grounded 
in the idea that a particular fault and block model satisfies geodetic data to a certain degree and 
makes a suite of slip rate predictions that can used to test particular tectonic hypotheses. 
However, this approach provides an incomplete view of the uncertainties and covariances 
associated with each fault slip rate estimate due to assumptions about fault system geometry. The 
reason for this is that classical linear propagation of formal GPS uncertainties to model slip rate 
uncertainties fails to take into account uncertainties in the active fault system geometry. In the 
ECSZ, where all of the numerous, subparallel faults may not be included in a given block model, 
it is desirable to know, for example, how sensitive the fault slip rate estimated on the Blackwater 
fault [Peltzer et al., 2001] is to non-linear changes in the assumed block geometry, such as the 
removal or inclusion of the Lenwood, Helendale, or Lockhart faults.
	
 In order to develop geodetic fault slip rate estimates that include the effects of different 
subsets of possible fault system geometries, we propose a combinatorial approach. The central 
idea here is to take a reference fault system geometry that includes all candidate structures on 
which slip might actively occur (according to active fault maps, paleoseismic studies, etc.), and 
systematically estimate fault slip rates for all possible realizations of subsets of the overall fault 
system. Thus instead of estimating a single fault slip rate and linearly propagated uncertainty for 
a given structure, we calculate a frequency distribution describing the range of fault slip rate 
estimates given by different fault system parametrizations. This is termed the “knockout” 
algorithm because it involves knocking out (or eliminating) a different subset of fault segments 
for each model run. A simple prototype example of this algorithm, giving sample alternate fault 
system configurations and accompanying  is shown in Fig. 2.
	
 As an example of how fault system geometry may affect slip rates estimates constrained 
by GPS data, we focus on the ECSZ in the eastern Mojave Desert. Here, numerous subparallel, 
northwest striking faults accommodate a total of about 12–15 mm/yr of the geodetically 
observed relative Pacific-North American plate motion [Meade and Hager, 2005; Sauber et al., 
1994]. Previous kinematic studies have selected four or fewer geometrically uncomplicated 
faults to represent the fault system geometry in the ECSZ [McCaffrey, 2005; Meade and Hager, 

4



2005; Souter, 1998]. The SCEC CFM shows numerous faults whose continuity and connectivity 
with other structures is ambiguous. The knockout algorithm, while computationally expensive, 
provides a means to assess 1) which faults can be included in a kinematically consistent model of 
interseismic deformation, given current data distribution, 2) non-linear sensitivities of fault slip 
rates due to perturbations to local and distant fault system geometries, and 3) how faults 
currently mapped as discontinuous structures may be linked, which has substantial implications 
for understanding the multi-segment earthquake ruptures that characterized the Landers and 
Hector Mine ECSZ earthquakes. 

Summary
	
 In terms of seismic hazard estimation, it is of critical importance to quantify 
uncertainties.  Earthquake recurrence time estimates are dependent on slip rate estimates and 
their associated uncertainties.  This latter quantity is often treated using classical linear 
uncertainty propagation, yielding slip rate uncertainty estimates that are of the same order of 
magnitude as GPS velocity uncertainties (1-3 mm/yr), yet the slip rate differences between 
various models may be larger.  The methods described above will allow us to understand slip rate 
uncertainties with respect to both the formal resolution of the available data and the multitude of 
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Figure 2.  Knockout algorithm example in the ECSZ.  Selective removal of segments that intersect at green circles 
(top left panel)  leads to alternate fault system geometries (examples in top center and right), which yield a variety of 
fault slip rate estimates on regional segments (labeled a–f in the top left map).  The histograms show the frequency 



possible fault system geometries.  In other words, this work will allow us to move beyond slip 
rate estimates from a single preferred model, to a systematic study of uncertainty with regard to 
extremely non-linear geometry changes.  The most important outcome from our work this year is 
an understanding of techniques from computer graphics and compressed sensing that allow us to 
solve the particular class of combinatorial problems necessary to deterministically identify the 
most active parts of the southern California fault system.  
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