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Investigating tectonic tremor beneath the San Andreas Fault near Parkfield  
with the PASO array 

 
Project Summary 
 We explored the efficacy of three different methods for identifying tremor events 
recorded by stations of the dense PASO array surrounding SAFOD. Two methods were 
ineffective, but the third produced excellent results, yielding stacks of tremor event families with 
pickable P and S arrivals. Initial work relocating a number of tremor event families and nearby 
deep earthquakes using the new picks and double-difference location illustrates our ability to 
trace the San Andreas fault deep into the lower crust. 
 
Background 
 Tectonic or non-volcanic tremor (NVT) is arguably one of the most exciting and 
enigmatic seismological discoveries of the decade. Initially, observations of tectonic tremor were 
restricted to subduction zone settings, often in association with slow slip events and/or low-
frequency earthquakes (LFE's) (Obara, 2002; Rogers and Dragert, 2003; Shelly et al., 2007). 
With time, its occurrence as both "ambient" and triggered tremor was recognized in other 
settings, including ambient tremor beneath the San Andreas Fault (SAF) (Nadeau and Dolenc, 
2005) and triggered tremor beneath the SAF and in other regions in California (Gomberg et al., 
2008) and elsewhere. One overarching question is, what is the spatial relationship among 
earthquake rupture zones, slow slip events, and tremor? Another is, what if any role do fluids 
play in the occurrence of tremor? We are using a previously untapped source of data, the PASO 
array (Figure 1), to investigate tectonic tremor in the Parkfield region. This work is being done in 
close collaboration with David Shelly of the USGS, with assistance from Justin Brown of 
Stanford (a former UW-Madison undergraduate). 
 

 
Methods 
 UW undergraduate student Dana Peterson has been working with the PI, collaborators 
David Shelly (USGS) and Justin Brown (Stanford, a former UW undergrad), and UW postdoc 
Emily Montgomery-Brown, learning how to analyze NVT data from the PASO array (Figure 1). 

Figure 1. Station map of 
PASO-DOS array, summer 
2001-fall 2002, when the 
array was fully deployed. The 
stations with triangle symbols 
were also operated in summer 
2000-summer 2001 (PASO-
UNO). 12 stations close to 
SAFOD were also deployed in 
fall 2004-fall 2006 (PASO-
TRES). 
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For the initial analysis, we employed a running autocorrelation technique developed by Brown et 
al. (2008) to search for repeating similar events within the PASO waveform data. We chose one-
hour segments from several days in September 2002 in order to examine times at which tremor 
was previously identified by Shelly (pers. comm.) and times when tremor events were not 
previously identified but were clearly visible in the raw data. Apparent "events" were identified 
in the resulting stacks, but the waveforms did not resemble those of Shelly for nearby stations, 
and when we used a scanning algorithm (MacCarthy and Rowe, 2005) to extract the waveform 
segments for the members of the stack, the absolute times of the "events" bore no relation to 
Shelly's catalog. We conclude that the signal to noise ratio for tremor at the PASO stations is 
insufficient for this brute-force technique to work.  
 The next technique we tried was a modified version of Shelly's template-matching. This 
correlation process allows one to input one or more selected templates, in our case a time 
window during which tremor had previously been identified, and search through portions of the 
PASO data looking for time windows that match the template. With this technique, we obtained 
a time series of cross-correlation values for each station-event pair. The time series from all 
network stations were then stacked to highlight time windows containing well-matched 
waveforms across the network. We then searched through the stacks looking for peaks exceeding 
a threshold value. This method yielded many matches but we were not able to identify tremor 
events unambiguously.  
 Our third attempted technique was the simplest and most successful and has been applied 
primarily to data from a 12-station RAMP aftershock deployment (which then became PASO-
TRES) starting in early October 2004, which reoccupied some of the previous PASO-DOS array 
sites. Shelly provided us with the individual window start times for all the events in his stack for 
family 37102 near SAFOD (Shelly and Hardebeck, 2010). These window start times are, within 
measurement accuracy, at a constant time offset from the P and S arrival times for all recurrences 
of the tremor family at any station. Thus we can window all PASO data in the same way, using 
these window start times (precise to 0.05 s), and stack the waveforms to produce "tremorgrams." 
An example stack for one station is shown in Figure 2. 
 

 
Figure 2. Individual tremor events (blue) and stacked trace (black) of 599 tremor events from 
family 37102 during September 2002 and October 2004 taken from the vertical component of 
PASO station PIGH. Note the general signal-to-noise ratio of order 1. 
 
Results 
 We applied the third, successful stacking technique to PASO-TRES stations for families 
37102 and 27270 (Figure 3), which are nearby each other and are close to the SAFOD site. We 
merged our new picks with those of Shelly for network stations (USGS and HRSN) for the same 
families, and added the absolute and station-pair differential times for all tremor families close to 
SAFOD to a relocation-only inversion using tomoDD (Zhang and Thurber, 2003) using the 3-D 
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Vp and Vs model of Zhang et al. (2009) for the SAFOD area. The results are shown in Figure 4. 
We find that a majority of the tremor events lie at greater depth than the deep earthquakes, are 
located mainly on the southwest side of the fault, and a number of tremor events locate directly 
beneath the deep earthquakes. The tremor events southeast of SAFOD, however, appear to step 
to the northeast where there is an offset in the surface trace. 
 

 
 
Figure 3. Stacks of tremor events from families 37102 and 27270 for the best PASO-TRES 
stations (all 3-component). P and S arrivals are evident for most stations. 

 
Figure 4. Perspective view of locations of tremor event families (crosses - those in green are 
families 37102 and 27270) and nearby deep earthquakes (red circles); the black line indicates the 
SAF trace. The tremor events lie below the deep earthquakes and most are located on the 
southwest side of the fault. Others appear to step to the northeast where there is an offset in the 
surface trace. 
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Figure 5. Comparison of deep earthquake seismogram (top; filtered to 2-10 Hz) to the stack for a 
tremor family (bottom) at the same station. The waveforms are generally similar, but with a 
longer S-P time for the tremor. 
 
 We can also compare the tremor stack with the record from a nearby 13 km deep 
earthquake at that same station (Figure 5). We see that the waveforms for the tremor stacks 
closely resemble the waveforms of the deep earthquake, albeit with the latter having a shorter S-
P time. 
 
Conclusions 
 By capitalizing on the previous results of Shelly and coworkers, we have been able to 
apply the power of a dense array to the stacking of waveforms of SAFOD-area tremor event 
families recorded by the PASO array. The well-defined seismogenic fault plane, extending to 
13+ km depth, combined with the relatively shallow tremor event depths, many less than 20 km, 
provides an opportunity to define the geometry of the extension of the SAF to the base of the 
crust. Our work also lays the groundwork for the next logical step, which is a full tomographic 
inversion in order to try to image the seismic velocity structure down to the "tremorgenic" zone. 
 
Project Publications 
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