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Summary of findings

We have used small earthquake focal mechanisms to interpretcoseismic strain patterns with respect to
variations in space and magnitude. Our results support the idea that the style of strain for a region is
controlled by a dominant, tectonic length scale such that earthquakes release strain in a similar manner
regardless of their size. We can describe the heterogeneityabout these dominating features statistically using
a broad Gaussian type of distribution, and much of the remaining heterogeneity may vanish for conservative
choices about the number and quality of data considered.

SCEC funding provided support for USC graduate student IainBailey, who performed the majority of
the analysis shown here. Results were presented at several meetings (Bailey et al., 2006a,b,c; Becker, 2006),
and a publication is in preparation.

Background information regarding the proposal

We were funded to compute and compare co-seismic strain patterns, using summations of small earthquake
focal mechanisms for southern California over a recent 20 year period. Co-seismic strain for a single earth-
quake is represented by its potency tensor which is analogous to, yet better defined than the seismic moment
tensor, since material properties of the source region neednot be assumed (Ben-Zion, 2001). The strain
resulting from a set of earthquakes within a given region of time and space can then be computed by sum-
mation of the potency tensors (Kostrov, 1974). Since the calculation of strain for a set of earthquakes relies
on fewer assumptions than the calculation of equivalent stress-based quantities (usually calculated by inver-
sion, e.g. Michael (1987)), we proposed to use this method to investigate issues of earthquake complexity
and heterogeneity with respect to time, space and earthquake magnitude. Calculation of the potency ten-
sor is simplified by assuming a point source, double-couple focal mechanism, and we thus consider only
earthquakes with magnitude,ML ≤ 5.0. Using a catalog of fault plane solutions generated by the program
HASH (Hardebeck and Shearer, 2002), combined with the magnitude-potency scaling relation of Ben-Zion
and Zhu (2002), we are able to compute potency tensors for over 180,000 southern California earthquakes
in the period of 1983-2003.

In a previously funded SCEC research project, we were able todevelop the computational tools with
which to calculate potency tensors and visualize the results of summed strain tensors from a catalog of
focal mechanisms. We demonstrated that the large number data sets provided by small earthquakes contain
useful information with regard to strain on a plate boundaryscale. We considered the effect of input data
by comparison of computations from three different focal mechanism catalogs, showing that summations
based on a small number (less than 20) of tensors can be highlyunstable. We concluded that the quality
measures output by theHASHmethod of focal mechanism computation (Hardebeck and Shearer, 2002) were
better suited for our purposes than those ofFPFIT (Reasenberg and Oppenheimer, 1985), as used by the
Hauksson (2000) SCEDC catalog; the latter also contains some unexplained gaps and magnitude variations.
Furthermore, we developed initial statistical tools with which to assess the stability of a summed strain
tensor result with respect to number and quality of input data.
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Figure 1: Locations of all earthquakes for
which a potency tensor has been calculated
(black dots), rectangular regions used to sub-
jectively divide the earthquakes into tectonic
domains (blue lines), and the results of ten-
sor summations for each of those regions (red
Harvard CMT style symbols (“beachballs”)
for Kostrov summations, green for normalized
summations). The radius of red beachballs
scales with the log of the norm of the summed
tensor, such that the example in the lower left
reflects a single magnitude 5 earthquake. All
normalized tensors have a norm of one, and the
radius is selected arbitrarily.

Current status and results

We analyzed coseismic strain heterogeneity using a number of approaches:

1. Comparison of total strain resulting from different tectonically defined regions and different ranges of
earthquake magnitude.

2. Development of methods whereby we can visualize the small-scale spatial variation of strain for the
contribution of earthquakes from different magnitude ranges.

3. Development of a statistical description for heterogeneity by analysis of tensor orientations.

4. Forward modeling of simplified fault systems within an elastic half-space in order to understand the
expectations of continuum mechanics.

Results of these investigations will be important in terms of understanding the information from small earth-
quakes, the relationship between faults and seismicity, the robustness of stress inversion results, and the
general state of stress of the crust.

With the intention of assessing stationary strain patterns, while retaining a reasonable number of data
for such an analysis, we have initially disregarded time anddepth information in analysis of our catalog.
We have defined seven distinct tectonic regions of southern California using rectangles that qualitatively
outline recognized fault zones and associated seismicity (Figure 1). We performed strain summations for
all tensors in each region as well as for subsets defined by magnitude range. To remove the effect of the
summed tensor being dominated by the largest event, we also consider tensor summations where the potency
tensor is normalized (i.e. each earthquake is weighted equally and the result represents an average of the
tensor orientations,cf. Sipkin and Silver, 2003). A single summed tensor is plotted using a CMT-style
representation, which allows us to visualize the orientations of the principle strain (P, B and T) axes, as well
as the non-double-couple component of the result.

For varying magnitude range subsets of tensors from the samespatial region, we find that the orientations
of summed tensors are remarkably similar (cf. Amelung and King, 1997). This is illustrated in Figure 2,
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Figure 2: Harvard CMT style representations of the Kostrov (red) and normalized (green) summations of our entire
southern California potency tensor catalog, separated into bins based on magnitude. The strain tensor is described in
terms of extensive (filled regions) and compressive (unfilled regions) orientations as in Figure 1.

showing tensors summed within five separate magnitude ranges for the entire southern California region.
Orientations of the P, B and T axes for the tensors shown tend to vary by less than∼ 5◦, with a maximum
variation of∼15◦. Considering tensor summations based on data sets from different tectonic regions, the
orientations vary significantly more (Figure 1). For the tensors displayed, variations in principle axes are as
high as∼ 85◦.

We have investigated the observations of spatial dependence and magnitude scale-invariance in more
detail by performing spatial analyses of the strain within each of the seven tectonic regions over each of
the five levels of magnitude. We do this by imposing a 1× 1 km grid over the region, then calculating a
representative potency tensor for each magnitude range of each grid cell. In the first instance, this tensor is
simply the summed tensor of all earthquakes within the cell.In the second instance, the summation region
may expand beyond the cell until enough earthquakes are included for a robust result (we define a quality-
weighted threshold of 30, so that the equivalent of 30 perfectly recorded potency tensors are included in the
summation). Figure 3 shows an example for both summation types from a∼ 50×50 km region around the
San Jacinto fault. The summed tensors are visualized using ascalar quantity, equivalent to the rake, that
represents which of the principle strain axes is most vertical. These examples highlight two dominant strain
features within the region: an overall average of strike slip faulting, and a smaller region of normal faulting
shown in blue. The comparison of the two methods shows how many of the apparent heterogeneities average
out when taking into account the quality and number of data. We have also worked towards the development
of an inverse method by which we can represent a continuous strain field using a set of data-adaptive spatial
functions. Although we have been able to image persistent features with a level of detail that is respective of
the available data (Bailey et al., 2006a), we have been unable to develop a consistent method of constraining
the appropriate complexity (or roughness) of the resultingmodel. We have therefore continued to work with
the less parametric methods of gridded summations, although we intend to return to this inverse problem in
the future using a higher resolution, better constrained data set.

We think that the patterns which we have mapped around several fault structures in southern California
with different analysis techniques are of deterministic nature. We are evaluating the hypothesis that they
are related to geometrical complexities in the fault systemand have thus begun to explore physical models.
Using a boundary element model of dislocations in an elastichalf-space (Becker and Schott, 2002), we
have generated expected stress and strain fields for simplified versions of the observed fault geometries.
In Figure 4, we show an example for the same region as shown in Figure 3. The models and data show
similar patterns when we impose a loading stress in a direction opposite to that expected from plate motions,
suggesting that the observed strain patterns are features resulting from the interseismic loading.
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Figure 3: Example results from a 1×1 km gridded Kostrov summation for potency tensors within a∼ 65 × 50 km
sub-region to the Northwest of the Salton Sea (see inset). The entire summed tensor is computed, but results are
displayed in terms of the rake (defined as tan−1(Pz − Tz)/

√
2Bz for the vertical components of the P, T and B axes,

respectively), such that red indicates reverse, yellow indicates strike-slip, and blue indicates normal faulting. In(a),
each grid cell displays the result of a summation for all events within it. If no events are found, the grid cell is shown as
gray. In (b), each grid cell shows a summation of theN earthquakes nearest to its central point, such that the summed
quality,∑N Qi, is at least 30. Here,Qi is defined by theHASH measure, PROB.
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Figure 4: Results of a preliminary
boundary element calculation, for slip on
a simplified representation of the faults
in the example region of Figure 3 repre-
sented by an elastic half-space. Rake is
computed from the resulting strain tensor
and plotted for comparison as in Figure 3.
The vertically dipping faults we use are
shown as black lines.
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Figure 5: Variation in the orientation of the T-axes for six of the southern California regions (variation of P-axis is
plotted for the region LA). In (a), histograms are plotted against spherical normal (Watson) distributions, where the
density of axis changes with respect to the angular distance, θ , from the mean direction by exp[κcos2θ ]sinθ , such
thatκ = 0 corresponds to a uniform distribution. In (b) the same dataare plotted against powerlaw (Cauchy) type of
distribution, where the density changes byγ sinθ/(γ2+sin4 θ ), such thatγ ≫ 1 corresponds to a uniform distribution.

To further quantify variability, we consider variation in principle axes directions for the different tensor
populations. In this way, we can generate a statistical description of the strain orientation heterogeneity. In
general, orientations of the T-axis are much more clusteredabout a mean direction than is the case for the
P and B-axes. Variation in the number of T-axes with angular distance from the mean direction can be fit
by a broad Gaussian type of distribution (Figure 5a), which appears to be more applicable than a powerlaw
of angular distribution (Figure 5b; misfit to be statistically quantified later). The differing style of variation
for the other two axes leads to the non-double couple nature of the summed tensors (Figure 2), and we
are currently developing a statistical model that will expand our current observations to take into account a
full description of the tensor variation. We expect to complete this task over the summer and submit two
publications subsequently; one on the general method and strain pattern results, and another on a detailed
analysis of the statistical properties of the heterogeneity and how this bears on the nature of the strain state
of the crust (dominated by structural features and tectonics, or fractally irregular).

We have so far concentrated on small-scale features of the strain pattern, and hence not pursued the
proposed relation of our results with geodetic measures.

Conclusions

We have further developed methods that work towards gaininga better understanding of coseismic strain
heterogeneity. Our results suggest that individual lengthscales dominate the strain release of a given spa-
tial region, and produce strain tensor orientations that are independent of earthquake magnitude. We find
that first order variations from these dominating patterns may be modeled with a broad Gaussian type of
distribution, much of which may be a function of low quality data. In regions where no large earthquakes
have occurred, the dominant strain patterns seem to correspond to those we might expect from interseismic
loading of structurally complex faults.

Acknowledgments

We are grateful to Jeanne Hardebeck, who generated the focalmechanism catalog that we use, upon our
request for a larger number of data than given in the published catalog (Hardebeck et al., 2005).

5



References

Amelung, F. and King, G. C. P. (1997). Large-scale tectonic deformation inferred from small earthquakes.
Nature, 386:702–705.

Bailey, I., Becker, T. W., and Ben-Zion, Y. (2006a). Characterization of co-seismic strain patterns inferred
from ∼ 180,000 focal mechanisms in Southern California. In2006 SCEC Annual Meeting Abstracts,
page 72, Los Angeles, CA. Southern California Earthquake Center. available online at http://www.scec.
org/meetings/2006am/.

Bailey, I., Becker, T. W., and Ben-Zion, Y. (2006b). Strain release in southern california based on earthquake
catalog data. InSeismological Society of America Annual Meeting, San Francisco CA.

Bailey, I., Becker, T. W., Ben-Zion, Y., and Holschneider, M. (2006c). Characterization of co-seismic strain
patterns inferred from∼ 180,000 focal mechanisms in Southern California (abstract). EOS Trans. AGU,
87(52):T11C–0448.

Becker, T. W. (2006). Stress and strain in southern California. Invited presentation at theSouthern California
Earthquake Center Annual Meeting.

Becker, T. W. and Schott, B. (2002). On boundary-element models of elastic fault interaction (abstract).
EOS Trans. AGU, 83(47):NG62A–0925.

Ben-Zion, Y. (2001). A note on quantification of the earthquake source.Seism. Res. Lett., 72:151–152.
Ben-Zion, Y. and Zhu, L. (2002). Potency-magnitude scalingrelations for southern California earthquakes

with 1.0 < ML < 7.0. Geophys. J. Int., 148:F1–F5.
Hardebeck, J. L. and Shearer, P. M. (2002). A new method for determining first-motion focal mechanisms.

Bull. Seismol. Soc. Am., 92:2264–2276.
Hardebeck, J. L., Shearer, P. M., and Hauksson, E. (2005). A new earthquake focal mechanism catalog for

southern California. In2005 SCEC Annual Meeting Abstracts, page 130, Los Angeles, CA. Southern
California Earthquake Center.

Hauksson, E. (2000). Crustal structure and seismicity distribution adjacent to the Pacific and North America
plate boundary in southern California.J. Geophys. Res., 105:13875–13903.

Kostrov, B. V. (1974). Seismic moment and energy of earthquakes and seismic flow of rock.Phys. Solid
Earth, 1:23–40.

Michael, A. J. (1987). Use of focal mechanisms to determine stress; a control study.J. Geophys. Res.,
92:357–368.

Reasenberg, P. and Oppenheimer, D. (1985). FPFIT, FPPLOT, and FPPAGE: FORTRAN computer pro-
grams for calculating and displaying earthquake fault-plane solutions.U. S. Geological Survey Open File
Report, 85-739:109.

Sipkin, S. A. and Silver, P. G. (2003). Characterization of the time-dependent strain field at seismogenic
depths using first-motion focal mechanisms: Observations of large-scale decadal variations in stress along
the San Andreas Fault system.J. Geophys. Res., 108(doi:10.1029/2002JB002064).

6


