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Introduction 

Our SCEC funded research involved the cooperation between Caltech and UCSD in earthquake 
seismology research in southern California.  The ever-expanding waveform archive of over 
400,000 local earthquake records provides an invaluable resource for seismology research that 
has only begun to be exploited.  However, efficiently mining these data requires the development 
of new analysis methods, an effort that goes beyond the limited resources of individual scientists.  
We have coordinated our efforts and developed common tools and data products that can be used 
by us and other researchers to accomplish many SCEC goals. 

Our collaboration has focused on a project to compute waveform cross-correlation times for all 
1981–2005 events and to use these times to improve earthquake locations.  We completed the 
first phase of this effort in 2005 and will soon release a further expanded and improved set of 
locations based on a new 3-D velocity model.  Our catalogs are available through the SCEC Data 
Center, and other SCEC researchers have begun to use our locations to study the fine-scale 
structure of seismicity in southern California.  We have also used the online waveform database 
to compute P- and S-wave spectra from millions of seismograms from southern California 
earthquakes. Analysis of these spectra has resolved details in the source characteristics of M = 1 
to 3.5 earthquakes as well as lateral variations in crustal attenuation across southern California.  

This project has so far resulted in 6 publications, which are listed in the references. 

A New 3-D Crustal Velocity Model 

Motivated by a desire to improve the absolute location accuracy of southern California 
earthquakes, we computed a new 3-D seismic velocity model derived from P and S arrival times 
from local earthquakes and explosions.  To reduce the volume of data and ensure a more uniform 
source distribution, we computed “composite event” picks for 2597 distributed master events that 
include pick information for other events within spheres of 2 km radius.  The approach reduces 
random picking error and maximizes the number of S-wave picks.  The composite events consist 
of 110,913 composite P picks and 54,303 composite S picks, while the number of total 
contributing P picks is 2,293,728 and S picks is 575,769.  In other words, 0.6% of the total 
events—the 2,597 composite events—preserve most of the information of 38% of the original 
picks (7.75 million picks).  To constrain absolute event locations and shallow velocity structure, 
we also used times from controlled sources, including both refraction shots and quarries.  We 
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implemented the SIMULPS tomography algorithm (Thurber, 1983, 1993; Eberhart-Phillips, 
1990; Evans et al., 1994) to obtain 3-D Vp and Vs structure and hypocenter locations of the 
composite events.   

 
Figure 1.  P velocity perturbations in our new 3-D crustal velocity model.  The black contour line 
encloses the well-resolved parts of the model.  The best resolution is between about 3 and 10 km 
depth where we have the best ray coverage. 

Our new velocity model (see Fig. 1) in general agrees with previous studies, resolving low 
velocity features at shallow depths in the basins and some high velocity features in the mid-crust. 
Using our velocity model and 3-D ray tracing, we relocated about 450,000 earthquakes from 1981 
to 2005.   We observed a weak correlation between seismic velocities and earthquake occurrence, 
with shallow earthquakes mostly occurring in high P velocity regions and mid-crustal 
earthquakes occurring in low P velocity regions.  In addition, most seismicity occurs in regions 
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with relatively low Vp/Vs ratios, although aftershock sequences following large earthquakes are 
often an exception to this pattern. 

Waveform Cross-Correlation Event Location   

Waveform cross-correlation is an increasingly important tool for characterizing event similarity, 
improving earthquake locations, and studying source properties.  However, it is not yet used 
routinely for network data owing to its greater computational requirements compared to standard 
processing based on phase picks.  For example, even relatively small clusters (thousands of 
events) require that millions of cross-correlation functions be computed and that large parts of the 
waveform archive be available online.  However, with modern computers these requirements are 
increasingly tractable and larger and larger problems may be addressed. A key benefit of 
waveform cross-correlation is more precise timing of P and S arrivals, which makes possible 
relative location accuracy of tens of meters or less within individual similar event clusters, 
permitting detailed imaging of small-scale fault structure.   

 
Figure 2. Relocated seismicity in our 2007 catalog.  Black dots show similar event clusters relocated using 
cross-correlation data.  About 25% of events do not correlate and are plotted in color by year.  

We have computed high-precision earthquake locations using southern California pick and 
waveform data from 1981 to 2005. Our latest results are significantly improved compared to our 
previous catalogs (Hauksson and Shearer, 2005; Shearer et al., 2005) by the following: (1) We 
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located events with respect to our new crustal P and S velocity model using 3-D ray tracing, (2) 
We examined 6 more years of waveform data and computed cross-correlation results for many 
more pairs than our last analysis, (3) We computed locations within similar event clusters using a 
new method that applies a robust fitting method to obtain the best locations satisfying all the 
differential time constraints from the waveform cross-correlation. These results (shown in Fig. 2) 
build on the relocated catalogs of Hauksson and Shearer (2005) and Shearer et al. (2005) and 
provide additional insight regarding the fine-scale seismicity structure in southern California.  In 
particular, we obtain spectacular results for active faults in southern California, with previously 
diffuse seismicity in many regions now being resolved into narrow seismicity streaks. 
 
3D Qp and Qs Models of Southern California 
 
We have determined 3D QP and QS models of the southern California crust (Figure 3) using the 
modified SIMULPS tomographic code for Q determination (courtesy of C. Thurber and D. 
Eberhart-Phillips, see also Eberhart-Phillips and Chadwick, 2002).  These models have generally 
low QP and QS (~100) from 0 km down to 4 or 5 km depth, whereas the deeper layers have higher 
values of QP ~ 500–900 and QS ~ 600–1000, with a mean QS/QP = 1.3.  The 3D models also image 
regional variations in QP and QS that correlate with tectonic structures.  Low QP and QS values 
exist in the sedimentary basins, such as the Santa Maria, eastern Ventura, Los Angeles, Chino, 
and San Bernardino basins, and the Salton Trough.  Similarly at shallow depth, the most obvious 
high QP and QS values are imaged within parts of the batholithic terrains such as the Peninsular 
Ranges, central Mojave, and southern Sierra Nevada.  At mid-crustal depths, imbricate stacking 
of slightly lower Q values within zones of high Q suggests that such stacking may correspond to 
areas of high reflectivity, often observed in seismic reflection surveys.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Cross sections through the 
QP and QS models extending from 
southwest to northeast.  The map 
shows locations of the profiles.  The 
white contour lines and the edges of the 
model outline poorly resolved areas 
with weighted ray density less than 
1000.   
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There is no obvious correlation with heat flow except for a small area within the Salton Trough, 
thus suggesting that other factors affect Q more strongly than heat flow.  There are no sharp 
variations in QP or QS near the brittle-ductile transition, suggesting that the brittle-ductile 
transition may be a broad zone where the changes in shear or bulk rigidity are only gradual.  The 
station corrections that correspond to the 3D models are related to unknown station calibrations 
and minor features in the site geology that are not included in the 3D model.  In general QS/QP > 
1, suggesting dry crust for most of southern California.  A few small regions of QS/QP < 1 suggest 
fluid saturation or larger reductions in shear attenuation rather than in bulk attenuation.  In 
general, the large positive station corrections correspond to stations located on the edges of 
sedimentary basins, possibly caused by multi-pathing or wave reverberations near the basin edge 
that are difficult to include in the smoothed 3D models.  The negative corrections correspond to 
regions of very high Q in the near-surface, which, due to the 15 km grid spacing and uneven ray 
coverage, may not be included in the final 3D model.  Further details are provided in Hauksson 
and Shearer (2006).   
 
SCEC Funded Publications 
 
Hauksson, E. and P. Shearer, Southern California hypocenter relocation with waveform cross-correlation, 

Part 1: Results using the double-difference method, Bull. Seismol. Soc. Am., 95, 896-903, 
doi:10.1785/0120040167, 2005. 

Hauksson, E., and P. M. Shearer, Attenuation models (Qp and Qs) in three dimensions of the southern 
California crust: Inferred fluid saturation at seismogenic depths, J. Geophys. Res., 111, B05302, 
doi:10.1029/2005JB003947, 2006. 

Lin, G., P.M. Shearer, E. Hauksson and C.H. Thurber, A 3-D crustal seismic velocity model for southern 
California from a composite event method, J. Geophys. Res., submitted, 2007. 

Lin, G., P.M. Shearer and E. Hauksson, Applying a 3D velocity model, waveform cross-correlation, and 
cluster analysis to relocate southern California seismicity from 1981 to 2005, J. Geophys. Res., 
submitted, 2007. 

Shearer, P., E. Hauksson and G. Lin, Southern California hypocenter relocation with waveform cross-
correlation, Part 2: Results using source-specific station terms and cluster analysis, Bull. Seismol. Soc. 
Am., 95, 904-915, doi:10.1785/0120040168, 2005. 

Shearer, P. M., G. A. Prieto, and E. Hauksson, Comprehensive analysis of earthquake source spectra in 
southern California, J. Geophys. Res., 111, B06303, doi:10.1029/2005JB003979, 2006. 

 
References 
 
Eberhart-Phillips, D., Local earthquake tomography: earthquake source regions. in: Seismic Tomography: 

Theory and Practice, eds. H. M. Iyer and K. Hirahara, Chapman and Hall, London, 613–643, 1993. 
Eberhart-Phillips, D. and M. Chadwick, Three-dimensional attenuation of the shallow Hikurangi 

subduction zone in the Raukumara Peninsula, New Zealand, J. Geophys. Res., 107, ESE 3-1:3_15, 
2002. 

Evans, J. R., D. Eberhart-Phillips and C. H. Thurber, User’s manual for SIMULPS12 for imaging Vp and 
Vp/Vs: A derivative of the “Thurber” tomographic inversion SIMUL3 for local earthquakes and 
explosions. U. S. Geol. Surv. open-File Rep, 94–431, 1994. 

Thurber, C. H.. Earthquake locations and three-dimensional crustal structure in the Coyote Lake area, 
central California. J. Geophys. Res., 88, 8226–8236, 1983. 

Thurber, C. H., Local earthquake tomography: velocities and Vp/Vs-theory. in: Seismic Tomogrphy: 
Theory and Practice, eds. H. M. Iyer and K. Hirahara, Chapman and Hall, London, 563–583, 1993.  

 


