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Abstract 

This SCEC funded research involves continued analysis of earthquakes recorded by the Southern 
California Seismic Network (SCSN). This has led to greatly improved earthquake locations, focal 
mechanisms, and estimates of stress drop.  We are now using these products to perform integrated 
studies of seismicity and address a number of issues related to seismic hazard. We have recently 
focused on studying earthquake triggering models and their relationship to swarms and foreshock 
sequences.  We have identified several aspects of the space/time clustering of seismicity that 
cannot be explained with standard (i.e., ETAS) triggering models, including details of the 
foreshock and aftershock behavior for small earthquakes.  In particular, we have found that a 
significant fraction of small earthquake clustering is swarm-like and probably caused by 
underlying physical drivers, such as fluid flow or slow slip.  We have now begun searching for 
correlations of seismicity with aseismic transients observed in geodetic data, in particular near the 
laser strainmeters at Piñon Flat Observatory (PFO) and surrounding borehole strainmeters from 
the Plate Boundary Observatory (PBO).  We have identified at least ten examples where strain 
anomalies are associated with peaks in the local seismicity rate. Ongoing results of this work 
include a more detailed understanding of seismicity patterns and their relation to crustal 
deformation.  This knowledge contributes to quantitative assessments of earthquake potential and 
seismic hazard in southern California. 



Technical Report 
Seismicity patterns 
Earthquakes cluster strongly in time and space, but it is not yet clear how much of this clustering 
can be explained as triggering from previous events (such as occurs for aftershock sequences 
following large earthquakes) and how much the clustering may reflect underlying physical 
processes (such as apparently drive many earthquake swarms; e.g., Hainzl, 2004; Vidale and 
Shearer, 2006). Considerable attention has focused on the statistics of earthquake triggering, in 
which the occurrence of an earthquake increases the probability of a subsequent nearby event, 
and models have been derived with a single unified triggering law, which can explain the general 
properties of earthquake catalogs, including many foreshock and aftershock sequences (e.g., 
Ogata, 1999; Helmstetter and Sornette, 2002).  However, these models do not explain some 
aspects of southern California seismicity, such as swarms (Vidale and Shearer, 2006; Lohman 
and McGuire, 2007), differences in precursory seismicity behavior between large and small 
earthquakes (Shearer and Lin, 2009), foreshock/aftershock ratios for small earthquakes (Shearer, 
2012a,b), and foreshock migration and low stress drops prior to large earthquakes (Chen and 
Shearer, 2013). We have been building on these results to study the more general problem of 
determining which features of the space/time clustering observed in seismicity catalogs are well-
explained by ETAS-like models and which features more likely reflect underlying physical 
processes.   

 
Figure 1.  Seismicity on a portion of the San Jacinto fault, colored by year of occurrence (brown: 1980–
1984, red: 1985–1989, yellow: 1990–1994, green: 1995–1999, cyan: 2000–2004; blue: 2005–2009, purple: 
2010–2013.  Earthquakes of M 4 and greater are shown as circles, with size proportional to magnitude. 
Locations are from the HYS catalog (Hauksson et al., 2012). 

Our results so far (Shearer 2012a,b) suggest that most of the small earthquake clustering seen in 
southern California is caused by underlying physical drivers, such as fluid flow or slow slip.  This 
is most obvious in swarms, and we have developed tools to analyze the spatial migration of 
seismicity in swarms, specifically to estimate the migration velocity and direction and evaluate its 
statistical significance. We find that some swarms are best fit with a linear migration velocity, 
others with the diffusion equation (Chen and Shearer, 2011; Chen et al., 2012).  Our estimated 
fluid diffusion coefficients are similar to those found in previous studies by Hainzl (2004) and El 
Hariri et al. (2010).   However, swarms are likely simply the obvious example of seismicity rate 
changes driven by physical changes in the crust. As an example, Figure 1 plots seismicity along a 
portion of the San Jacinto fault in southern California, colored by year of occurrence.  The 
seismicity is non-stationary and exhibits complex evolution.  There are obvious swarms at small 
scales, but there are also larger scale (> 5 km) changes in seismicity rate. Most of the temporal 
changes cannot be explained as mainshock/aftershock triggering because often the seismicity rate 
will change in the absence of a large event. What causes these rate changes?  Since it is unlikely 
that fluid flow would affect more than a very localized region, the most likely candidate is stress 



changes caused by slow slip at depth.  The most direct way to test this hypothesis would be to see 
if such slow slip events can be detected geodetically. 

Seismicity and Geodetic Transients  
In some cases, swarms can be clearly linked to slow slip events, such as the 2005 swarm in the 
Salton Trough associated with aseismic slip recorded by InSar and GPS (Lohman and McGuire, 
2007).  However, most swarms are deeper than this example and slow-slip events below 5 to 10 
km depth are difficult to detect with GPS.  The laser strainmeters at Piñon Flat Observatory 
(PFO) have greater sensitivity to strain changes than GPS and, because they have operated for 
many years, they provide an interesting data set to search for correlations between seismicity and 
strain. Aseismic strain changes at PFO are observed to follow both large distant earthquakes and 
more moderate sized earthquakes closer to PFO.  For example clear anomalies are seen following 
the El Mayor Cucupah M 7.2 earthquake in Baja, as well as M ~ 5 earthquakes near PFO in 2005, 
2010 and 2013.  This is shown in Figure 2, which plots the three PFO laser strainmeter records 
(with tides removed) since 2004, compared to the times of significant earthquakes. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Strain records 
from PFO (top), compared 
to the nearby seismicity rate 
(bottom).  Quake rate is the 
number of M ≥ 1.5 events 
within 20 km within a 10-
day moving window.  M > 3 
earthquakes associated with 
seismicity rate peaks are 
shown as the vertical red 
lines with their magnitudes 
plotted at the top.  All are 
within 25 km, except for the 
M 7.2 El Mayor Cucapah 
quake.  The dashed blue 
lines show strain changes 
correlated with large rainfall 
events at PFO.  The dashed 
red lines labeled 'swarm' 
show seismicity rate peaks 
correlated with strain 
changes, but which lack a M 
> 3 earthquake. 

 
Not all the strain changes observed at PFO are fully understood, and many likely reflect local site 
effects.  A number of strain anomalies can be correlated with large rainfall events and these are 
indicated in Figure 2 with the dashed blue lines.  However, there are also at least ten examples 
where strain anomalies are associated with peaks in the local seismicity rate.  Most of these 
occurred at the time of large distant or local M > 3 earthquakes (red lines in Fig. 2).   However, 
sometimes earthquakes of similar size occur without associated strain episodes.  This suggests the 
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anomalies are not due to a localized site effect in response to strong shaking, but are indicative of 
large-scale strain changes, perhaps caused by slow slip events at depth on the San Jacinto Fault 
(Duncan Agnew, personal communication, 2014).   
The association of PFP strain anomalies with slow slip at depth rather than a local site effect is 
supported by the apparent correlation of strain changes with three different seismicity rate peaks 
in 2005, 2007 and 2009 that do not contain any M > 3 events.  These are shown as the red dashed 
lines labeled as "swarms" in Figure 2, although, with the possible exception of the 2007 episode, 
the seismicity is more spatially distributed than the compact clusters normally associated with 
swarms.  These seismicity rate increases occur within the region of ongoing seismicity on the San 
Jacinto Fault south of PFO and just north of the 2005 M 5.2 Anza earthquake.   
These results are preliminary and more work is needed to resolve the exact timing of the strain 
changes compared to the seismic activity, the locations of the earthquakes involved, and to test 
whether there are models of deep slow slip on the San Jacinto Fault that might explain both the 
strain anomalies and the seismicity rate changes.   This will be a focus of our SCEC-funded 
research in the next year.  It will be particularly important to examine cases where strain 
anomalies are not associated with seismicity changes and vice versa, before concluding that the 
apparent correlation of strain changes with small earthquake activity is real.  
It should be noted that deep creep has been proposed to explain the high seismicity rate observed 
on the San Jacinto Fault (Wdowinski, 2009) and that high-frequency tremor, often associated 
with slow-slip events, was observed to be triggered near Anza by surface waves of the 2002 
Denali earthquake (Gomberg et al., 2008).  The tremor is difficult to locate precisely, but appears 
to be located within a compact source region on or near the San Jacinto Fault northwest of PFO 
(Wang et al., 2013). 
 

 
Intellectual Merit and Broader Impacts 

Intellectual Merit 
Our research relates to many key SCEC objectives, including characterizing seismicity clustering 
and its implications for earthquake prediction.  Our main contribution has been to systematically 
and objectively examine large amounts of earthquake data, including swarms and foreshock 
sequences, to test whether existing models of earthquake clustering are adequate to explain the 
observations. 
Broader Impacts 
This project helped support graduate student Wei Wang.  Our research will help quantify 
earthquake clustering and triggering in southern California, which has broad implications for 
earthquake forecasting and predictability.  Advances in these areas would have clear societal 
benefits. 
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