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Summary

SCEC funding for 2005 was provided to us in order to study small-event seismic strain accumulation in
southern California using summation of focal mechanisms. The first project year has focused on the training
of a new graduate student at USC, Iain Bailey, the development of a computational foundation with which
to apply our methods, analysis of general patterns, and critical evaluation of input data. We are now in
a position where we can rapidly create a strain tensor catalog for individual events or for sub-volumes of
a crustal block. This method allows us to evaluate the existence and possible variations of strain-release
patterns over different length, time, and magnitude scales. We presented this work at two meetings [1, 2],
will present again at Fall AGU, and foresee the completion of publishable work from this line of research
within the next few months. A minor fraction of the SCEC funding was also used to supplement support of a
M.Sc. student at USC, Katrin Plenkers, to conduct research on stress inversion methods that will complement
our main strain summation study.

Main project: Strain summation

Methodology and Objective

While GPS networks and InSAR surveys provide a quantitative description of present-day crustal deforma-
tion on the Earth’s surface, they provide few precise constraints upon deformation at seismogenic depths.
We are, however, able to collect information from individual earthquakes, and we can think of each event
as a strainmeter within the crust [e.g., 3–9]. Our approach is to approximate events with a point-source
double couple, and use the associated fault plane solution parameters (strike, dip and rake) to calculate the
corresponding potency tensor,Pi j [10]. Also required for this computation is the scalar potency,P0, which
is calculated via empirical relations [11]. Our use of potency, which is related to moment via the relation
M0 = µP0, is simply to emphasize that we are making no assumptions about material rigidity,µ. By summa-
tion of all potency tensors within a given volume and over a certain time period, we are able to characterize
the net seismic strain release within the summed region by a single, symmetric tensor; a procedure known
as Kostrov [5] summation. We can assess the generality or meaning of this tensor by adjustment of the
selection region’s (or bin’s) defining parameters (spatial and temporal (4-D) extent, as well as the magnitude
range of included earthquakes), and also by comparison with a method where the summation is unweighted
with regard to the event size (i.e. we setP0 ≡ 1 for all events in the summation).

A comprehensive characterization of strain release patterns throughout the seismogenic crust will be
important for our understanding of crustal stress patterns, mapping of fault zone structure at depth, and the
degree of heterogeneity in large, plate boundary fault systems. During the past year we have continued,
with this goal in mind, to develop a method of studying 4-D strain release using focal mechanism data for
the southern California. We specifically target small-scale seismicity, where the sampling is spatially and
temporally extensive, and the large event numbers allow patterns to emerge above natural fluctuations and
noise of the data. Our progress over the first year can be broken down into five distinct parts: development
of the computational infrastructure, visual assessment of the predominant patterns, analysis of potential
artifacts caused by the method, critical evaluation of the catalog data input, and statistical analysis of focal
mechanism patterns. A summary of our key findings is presented below.

Progress

Development of computational tools The initial stages of this work concentrated on the development of a
computer program that would allow us to flexibly input focal mechanism data, and rapidly create a catalog of
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Figure 1: Horizontal component of seismic strain release in southern California using potency weighted (a), and
potency unweighted (normalized, b) summation for 10×10 km vertical column bins and EH00 catalog data. In the
potency weighted case, length of sticks scales with the logarithm of horizontal component of the maximum (compres-
sive) eigenvalue, arbitrary units. In the potency unweighted summation,P0≡ 1 for all events, and only bins with 10 or
more events are plotted. Fault traces are from [13].

summed (or individual) potency tensors that can be graphically or numerically analyzed. We are currently at
a stage where we can divide a crustal block into a three dimensional rectangular grid, with elements retaining
equal volume, and create our catalog of summed tensors. Initial results from this procedure were presented
at the Spring 2005 SSA meeting [1], and example outputs from this program are shown in Figure 1, and
may be compared to,e.g., Becker et al.’s [12] strain and stress plots.

Fault plane solution data are available for between∼20,000 and∼96,000 events over the consistently
instrumented catalog duration from 1980 to 2004, depending on restrictions with regard to data quality.
Subdivision of the region into spatial bins yields a power law distribution of events per binvs.number of
events. For example, a 10×10 km lateral division of the entire catalog gives a maximum bin event number
of up to∼5,000.

First order analysis of dominant patterns Our initial computational work allowed us to get an idea of
the patterns and dominant mechanisms shown by the data to a first order approximation. We found that
summed tensors are, as expected, dominated by the largest event included in the summation. In contrast, a
potency unweighted summation is dominated by the more numerous small events, which are often the after-
shock sequences that also cannot be thought of as independent of the largest event. Far from being an area
of concern, this is a point of interest. We can analyze these effects by comparison of the potency unweighted
and weighted results, as well as progressively decreasing our upper magnitude cutoff for aftershock domi-
nated regions (e.g.Landers, North Ridge) and regions with more constant and consistent seismicity patterns
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Figure 2: Estimated mean orientation for the principle
strain axes based on a successively increasing number of
events from a 10×10 km bin at the northern end of the
San Jacinto Fault (Schmidt projection). The data were
randomized from the catalog temporal sequence; yet,
they show an apparent shift in the mean of the interme-
diate axis. Such effects illustrate the statistical uncer-
tainties in the strain summations, and will be evaluated
further so as to be able to put error bounds on estimated
temporally changing signals.

(e.g.the central San Jacinto Fault Zone). Initial results of an analysis of such features were presented at the
2005 SCEC meeting [2]. We discussed the consistency and discrepancies between results based on different
summing and bin-averaging methods, and how these features vary regionally.

Analysis of data reliability We are wary of basing conclusions on results produced by a technique that
involves a number of assumptions and approximations, without fully examining the effects of this method.
In our work presented at the SCEC conference, we found that a significant number of events are needed to
remove minor temporal fluctuations or artifacts from the summation process (Figure 2). To study the effect
of a specific bin’s selection criteria upon the summed tensor, we obviously need as many events as possible
in all directions over all time. We therefore moved to increase our input fault plane solution data set with a
preference for quantity rather than quality [15]. The idea is to exploit small event strain accumulation and
examine how small scale (∼ 5 km) patterns merge with the larger, tectonic variations (∼50 km).

Previously, we had been making use of the Hauksson catalogs [16], which are available via the SCEDC
website and calculated using FPFIT [17]. However, the public version of this catalog displays variations in
magnitude and gaps in the catalog (Figure 3). Those would disappear if the catalog would be recompiled
[E. Hauksson, pers. comm.]; to avoid such artifacts and to have better control over the quality criteria, we
have therefore moved to create our own catalogs, following Hauksson’s [16] approach.

Our initial attempts at producing a catalog with a larger number of fault plane solutions used a simple 1D
velocity model [19], and restricted the quality solely by the minimum number of first arrival picks needed
(set to nine). Although we expect the quality to be lower, increased scatter should not be a problem as
long as errors remain unbiased, which we will test. However, decreasing the restrictions applied to the
FPFIT method did lead to a clear bias towards certain solutions (Figure 4). We are currently working to
isolate the source of these artifacts, while simultaneously developing a catalog using the alternative HASH
program [18] for comparison.

Statistical analysis of focal mechanism patterns In the process of examining our primary data in more
detail, we have also begun to study the spatial distribution of the principle strain axes for all earthquakes.
Given the approximations we make about the earthquake sources, these axes are coincident with the focal
mechanism P, T and null axes. When considering fault plane solutions from three different catalogs, we
find a noticeable difference in the patterns observed (Figure 4). Once methodological problems are fixed,
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Figure 3: Comparison of cat-
alogs (magnitudevs. time) by
Hauksson [16] (EH00, updated
from the SCECDC), Hardebeck
and Shearer [18] (HASH), and
our own catalog. EH00 uses
a minimum number of picks of
12, is a composite of four files,
and the velocity model used for
inversions is continuously up-
dated. HASH uses first ar-
rivals andS/P amplitude ratios
and a minimum of eight picks,
with stringent quality criteria
for takeoff angle and azimuthal
gaps, and an evaluation of ro-
bustness with respect to velocity
models. Our catalog is modeled
after EH00 and computed with
FPFIT [17] using a minimum of
nine picks and a simple a 1-D
velocity model [19].

(a) nine picks (N = 98,193) (b) EH00 (N = 67,299) (c) HASH (N = 24,300)
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Figure 4: Summed orientations of the individual, principal compressive eigenaxis of our FPFIT catalog (a), EH00
(b), and HASH (c) on a equal-area stereo net. North and East are up and right in the plot, respectively, with center
indicating vertical axis (Schmidt projection). Shading is by normalized cell count (total numberN given in title) and
smoothed equally for (a) – (c). The nine pick catalog shows a clear preference for 45 or 90◦ plunge of the axes,
showing that quality restrictions must be increased in our use of FPFIT.
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our continuing work will be to study the orientation statistics and how they change in regions dominated by
different faulting styles, and apparent differences in complexity [cf. 20].

Minor project: Tests of stress inversion methods

Often, the tectonic stress field in the Earth’s crust is inferred from focal mechanism solutions by means
of stress inversions [e.g. 20–27]. However, results and their error estimates are still debated [29, 8, 30,
31, 32]. As it is typically impossible to directly compare results from stress inversions with the true stress
regime, the robustness of the results is hard to evaluate based on data alone. In particular the detailed
tectonic setting and the material parameters of the Earth’s crust (e.g. the coefficient of friction), which are
necessary inputs for some stress inversion methods, are not well known but may have a large effect [29, 33,
31]. To address the related issues of stressvs.strain inversions in the presence of material heterogeneity,
we perform a comprehensive numerical modeling test of stress inversion methods. We generate synthetic
focal mechanisms in a 3-D boundary element code, taking into account step-by-step the effect of different
parameters and assumptions about fault behavior and friction laws. In this fashion, it should be possible
to test to what extent the crustal stress may be detected under which assumptions by different inversion
methods.

We have initially focused on comparing results from the widely used stress inversion methods by
Michael [21, 34] and Gephart and Forsyth [22, 35]. Michael’s approach is a linear inversion method,
whereas as Gephart’s is based on a nonlinear inversion algorithm. Assisted by the PI, Ms. Plenkers has
obtained, compiled, and tested these algorithms and is now in the process of applying such inversion meth-
ods to synthetic data. To generate synthetics, we model earthquake interactions within the quasi-static
approximation using the displacement discontinuity method [36], based on dislocation routines by Okada
[37] in the implementation of [38]. The model simulates a purely elastic half-space with preexisting fault
planes and a stress tensor acting on the fault system. The model output is the time and the orientation of slip
on discretized patches, where failure is computed based on simple friction laws. We will vary this model’s
parameters systematically, for example by changing the friction law which is used to describe the rupture
process, the geometry of the faults, and possible anisotropy in fault strength, or friction.

Publications sponsored through this grant

• I. Bailey, T. W. Becker, and Y. Ben-Zion (2005a): Patterns of crustal coseismic strain release associ-
ated with different earthquake sizes as imaged by a tensor summation method. In2005 SCEC Annual
Meeting Abstracts, page 9, Los Angeles, CA. Southern California Earthquake Center. Available on-
line athttp://www.scec.org/meetings/2005am/2005abstracts.doc.

• I. W. Bailey, T. W. Becker, and Y. Ben-Zion (2005b): Strain release in southern California based on
earthquake catalog data (abstract).Seis. Res. Lett., 76 (2).
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