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Introduction
This project has been funded for several years by SCEC to improve southern California
earthquake locations and focal mechanisms by applying waveform cross-correlation and
other recently developed techniques to the vast waveform archives of the Southern
California Seismic Network (SCSN).  Our main accomplishment during the last year was
releasing two comprehensive catalogs of relocated earthquakes in southern California.
The catalogs and processing steps are described in two papers published this year in
BSSA (Shearer et al., 2005; Hauksson and Shearer, 2005).  The catalogs are available
online and at the SCEC Data Center and have already begun to be used by other SCEC
researchers.  We used these results to study earthquake swarms (Vidale and Shearer,
2005) and to examine quarry locations using remote sensing data (Lin et al., 2005).  We
also completed some synthetic tests of different location methods (Lin and Shearer,
2005) as part of our ongoing efforts to improve location accuracy.
Our SCEC funding was mainly used for support of graduate student Guoqing Lin.  Please
note that results from a related project, a joint UCSD/Caltech project to systematically
apply waveform cross-correlation and compute spectra for southern California
seismograms, are described in a separate report.

Earthquake locations
We obtained precise relative relocations for over 340,000 southern California
earthquakes between 1984 and 2002 by applying the source-specific station term (SSST)
method to existing P and S phase picks and a differential location method to about
208,000 events within similar event clusters identified using waveform cross-correlation.
The entire catalog was first relocated using existing phase picks, a reference one-
dimensional velocity model, and the SSST method of Richards-Dinger and Shearer
(2000).   We also performed separate relocations of Imperial Valley events using a
velocity model more suited to this region.   Next, we applied cluster analysis to the
waveform cross-correlation output to identify similar event clusters.  The waveform
cross-correlation itself was performed in a joint Caltech/UCSD project that received
separate SCEC funding; the computational details are contained in Hauksson and Shearer
(2005). Because we did not compute cross-correlations between all possible event pairs,
some modifications to standard cluster analysis algorithms were necessary to achieve a
suitable method.   We relocated earthquakes within each similar event cluster using the



differential times alone, keeping the cluster centroid fixed to its initial SSST location.
We estimated standard errors for the relative locations from the internal consistency of
differential locations between individual event pairs; these errors are often as small as
tens of meters.   In many cases the relocated events within each similar event cluster align
in planar features suggestive of faults.  We observed a surprising number of such faults at
small scales that strike nearly perpendicular to the main seismicity trends.  In general, the
fine-scale details of the seismicity reveal a great deal of structural complexity in southern
California fault systems. An example of our results is shown in Figure 1, which images
seismicity in the Salton Sea and Imperial Valley.  Cross-cutting faults in the Brawley
Seismic zone are clearly visible, with much greater clarity than previous locations based
on phase pick data alone.

Figure 1. Seismicity in the Salton Trough, located using waveform cross-correlation times and a custom
velocity model for the Imperial Valley (Shearer et al., 2005).  Notice the northeast trending faults in the
Brawley Seismic Zone.

In general these results agree with previous cross-correlation studies in specific regions
(e.g., Shearer, 1997, 1998, 2002; Astiz et al., 2000; Shearer et al., 2003) but there are
often differences in absolute depth related to the velocity model used in the SSST



locations.  For example, the Whittier Narrows aftershocks are located at ~13 km depth,
about 3 km shallower than in Shearer (1997) but close to the revised depths obtained by
Shaw and Shearer (1999).  The Oak Ridge cluster is located at 13 km depth rather than
the 18 km obtained by Shearer (1998).  The revised absolute location for the Oak Ridge
cluster affects the dip of the seismicity plane resolved by the waveform cross-correlation;
our new results show the dip direction to be just west of north rather than northeast as
resolved by Shearer (1998).

Synthetic location tests
As part of our program to develop improved earthquake location methods, we compared
three relative earthquake location techniques using tests on synthetic data that simulate
many of the statistical properties of real travel-time data (Lin and Shearer, 2005). The
methods are: (1) the hypocentroidal decomposition method of Jordan and Sverdrup
(1981), (2) the source-specific station term method (SSST) of Richards-Dinger and
Shearer (2000), and (3) the modified double-difference method (DD) of Waldhauser and
Ellsworth (2000). We generated a set of synthetic earthquakes, stations and arrival-time
picks in half-space velocity models.   We simulated the effect of travel-time variations
caused by random picking errors, station terms, and general three-dimensional velocity
structure.  We implemented the algorithms with a common linearized approach and
solved the systems using a conjugate gradient method.  For distributed seismicity, the DD
and SSST algorithms both provided improved relative locations of comparable accuracy.

Figure 2.  A comparison of location methods for a random 3-D velocity structure.   Black dots are true
locations, red dots are computed locations, and black triangles are stations.  (a) Single event location; (b)
DD location; (c) SSST location; (d) SSST shrinking box location.



Figure 2 shows results for one random realization of the 3-D velocity model.  All of the
differential location methods yield comparable improvements in relative location
accuracy, with a slight edge to a new approach that we term the “shrinking box” SSST
method, in which the size of the SSST averaging box is gradually reduced with each
iteration. In our implementation of these algorithms, the SSST method runs significantly
faster than the DD method.

Earthquake swarms
In collaboration with John Vidale, we recently used our relocated event catalog to study
seismicity swarms in southern California (Vidale and Shearer, 2005).  We systematically
identified 71 isolated sequences of 40 or more earthquakes occurring within a 2-km-
radius volume and a four-week interval. 57 of the 71 bursts were difficult to interpret as
primarily a mainshock and its Omori-law-abiding foreshocks and aftershocks because
they exhibit a more complicated evolution in space, time, and magnitude; we identified
18 of these sequences as particularly swarm-like.  Evidence against a simple cascade of
elastic stress triggering included the presence of an interval of steady seismicity rate, the
tendency of the largest event to strike later in the sequence, the large spatial extent of
some of the swarms compared to their cumulative moment, and the weak correlation
between the number of events in each burst and the magnitude of the largest event in each
burst.  Shallow sequences and normal-faulting-mechanism sequences are most likely to
be swarm-like.  The tendencies of the hypocenters in the swarm-like sequences to occur
on vertical planes and expand over time suggest pore fluid pressure fluctuations as the
most likely mechanism driving the swarm-like seismicity bursts.  However, episodic
aseismic slip could also be at least partly responsible, and might provide a more
compelling explanation for the steady rate of seismicity during swarms, whereas fluid
pressure perturbations might be expected to diminish more rapidly with time.  Both
aftershock-like and swarm-like seismicity bursts are distributed across the entire study
region, indicating that they are a general feature of tectonic faulting, rather than limited to
a few geological conditions such as volcanic or geothermal areas.

Locating quarries using remote sensing data
�We obtained absolute locations for 19 clusters of mining-induced seismicity in southern
California by identifying quarries using remote sensing data, including optical imagery
and differential Digital Elevation Models.  These seismicity clusters contain 16,574
events from the SCSN from 1984 to 2002, which are flagged as quarry blasts but without
any ground-truth location constraints.  Using georeferenced air photos and satellite radar
topography data, we identified the likely sources of these events as quarries that are
clearly visible within 1 to 2 km of the seismically determined locations.  We then shifted
the clusters to align with the air photo images, obtaining an estimated absolute location
accuracy of about 200 m for the cluster centroids.  The improved locations of these
explosions should be helpful for constraining regional three-dimensional velocity models.
We have submitted a paper to BSSA describing these results (Lin et al., 2005).
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