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Abstract 
 
 This was the final year of a 3-year project. The first year was expended exploring 
multiple methods for stacking the LFE's observed at PASO stations. Two standard methods were 
applied first but were found to be ineffective. The third attempted technique used individual 
window start times for all the events for family 37102 near SAFOD from Shelly and Hardebeck 
(2010) to stack the PASO data. This approach was successful. In the second year, we applied the 
successful stacking approach to 14 families and 12 stations of the PASO array. The LFE stacks 
were picked for P and/or S arrivals. The resulting picks were used for double-difference 
relocation of the LFE families and nearby earthquakes. We verified the general pattern of LFE 
locations reported by Shelly and Hardebeck (2010). In the third year, we explored the use of 
arrival time data from stacked LFE's to image the 3D seismic velocity structure beneath the 
SAFOD area. The preliminary results indicate that the LFE's lie within or on the edge of a zone 
of slightly reduced Vp and more sharply reduced Vs, and thus a somewhat high value of Vp/Vs 
(1.85 to 1.9). From this, we infer that the zone containing the LFE's is one of elevated fluid 
content and fluid pressure. We also made a major advance in the quality of the LFE stacks we 
can obtain via the use of phase-weighted stacking, although this discovery was made too late to 
impact our results in a meaningful way. 
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Technical Report 
 This was the final year of a 3-year project. The first year was expended exploring 
multiple methods for stacking the low-frequency earthquakes (LFE's) observed at Parkfield Area 
Seismic Observatory (PASO) stations. For the initial LFE 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 and times when tremor 
events were not previously identified but were visible in the raw data. Apparent "events" were 
identified in the resulting stacks, but the waveforms did not resemble those published for nearby 
stations. When we used a scanning algorithm to extract the waveform segments for the members 
of the stack, the absolute times of the "events" bore no relation to the Shelly and Hardebeck 
(2010) catalog. We concluded that the signal-to-noise ratio for LFE's at PASO is insufficient for 
this brute-force technique to work. The next technique we tried was a modified version of 
template-matching. This correlation process allows one to input one or more selected templates, 
and search through portions of the PASO data looking for time windows that match the template. 
Applying 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. 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. It was applied to data from the 59-station PASO 
array (2001-2002) and a 12-station partial redeployment of PASO starting in early October 2004. 
Initially, 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, subject to moveout variations. Thus, we could 
window PASO data in the same way, using these start times, and stack the waveforms to produce 
"tremorgrams." An example stack for one station is shown in Figure 1. 
 We applied the third, successful stacking technique to PASO stations for families 37102 
and 27270, which are nearby each other and are close to the SAFOD site. We merged our new 
picks with those of Shelly for a relocation-only inversion using tomoDD (Zhang and Thurber, 
2003). The 3-D Vp and Vs model of Zhang et al. (2009) for the SAFOD area was used as the 
starting velocity model. We found that the majority of LFE's are located on the southwest side of 
the fault and lie at a slightly greater depth and directly below the deep earthquakes. 
 

 
 
Figure 1. Individual LFE traces (purple) and the normalized stacked trace (black) for 599 LFE's 
from family 37102 during September 2002 through October 2004. Traces were taken from the 
vertical component of PASO station PIGH. Note the general signal-to-noise ratio of order 1 - the 
LFE's are virtually invisible in the raw data. 
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 In the second year, we extended the successful stacking approach developed with 2011 
SCEC support to process and pick P and S arrivals recorded by the 59-station PASO array for 
dozens of LFE families identified and located by Shelly and Hardebeck (2010). Examples of the 
LFE stacks that were picked are shown in Figure 2. We then used a combination of P and S 
arrival times and corresponding differential times from 14 LFE's directly beneath the PASO 
array, along with absolute and differential times from shallower microearthquakes, to provide 
higher-precision locations of the LFE's. A perspective view of the location results is shown in 
Figure 3. 
 The third year was devoted to imaging the three-dimensional Vp and Vs structure of the 
crustal volume directly below the entire PASO array (Figure 4), surrounding SAFOD, to ~20 km 
depth. Our results again indicated that the LFE's align close to the vertically-downward 
extension of the SAF, but they show some variability along strike, suggesting a somewhat 
complex structure for the SAF at lower crustal depths. Furthermore, the LFE's near SAFOD lie 
within or adjacent to zones with slightly reduced Vp and more sharply reduced Vs (Figure 5). 
The estimated Vp/Vs values are approximately 1.85 to 1.95 in these zones. This is comparable to 
the findings of Shelly et al. (2007) for the subduction zone beneath Shikoku, Japan. The elevated 
Vp/Vs values are interpreted to reflect high pore fluid pressure and low effective stress. From 
this, we infer that the zone containing the LFE's is one of elevated fluid content and fluid 
pressure. This is consistent with the observed sensitivity of the non-volcanic tremor at Parkfield 
to triggering and rate changes from relatively small stress changes (Thomas et al., 2012). A 
manuscript documenting our LFE stacking work and tomography results is in preparation. 
 Towards the end of the project, we experimented with the use of phase-weighted stacking 
(PWS) and a variant, time frequency PWS (Schimmel and Paulssen, 1997; Schimmel and Gallert, 
2007). We discovered that this technique, previously applied only to teleseismic and ambient 
noise data, was extremely effective for improving LFE stacks. An example is shown in Figure 6. 
Unfortunately, this discovery was made too late to impact our SCEC work. 
 

 
 
Figure 2. Example of stacked traces for one LFE family, 45843, for a set of PASO stations near 
and southwest of the SAF. The left panel shows the vertical component records on which P and S 
arrivals are evident, whereas the right panel shows one horizontal component (north) with clear S 
arrivals. We note that these "tremorgrams" resemble low-pass filtered seismograms of nearby 
deep earthquakes. 
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Figure 3. Perspective view of the locations of 15 LFE families (crosses - those in green are 
families 37102 and 27270) and nearby deep earthquakes (red circles); the black line indicates the 
SAF trace. The LFE's 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. 
 
 

  

 
Figure 4. Station map of the 
59-station PASO array for 
summer 2001-fall 2002, when 
the array was fully deployed. 
The stations with triangle 
symbols were also operated in 
summer 2000-summer 2001. 
12 stations close to SAFOD 
were also deployed in fall 
2004-fall 2006, following the 
2004 Parkfield earthquake and 
while the initial phases of 
SAFOD drilling were carried 
out. 
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a)            b) 
 
Figure 5. Cross-sections through the (a) Vp and (b) Vs models obtained with tomoDD using the 
merged dataset. Note the zone of slightly reduced Vp and more sharply reduced Vs centered 
around 15 km depth, where the LFE's are concentrated. 
 
 We have used the successful results of our SCEC project as a springboard for a proposal 
to the USGS NEHRP program to expand our study to encompass the volume surrounding the 
2004 Parkfield rupture zone and SAFOD. That proposal is currently on a sequester hold, but we 
are cautiously optimistic that it will ultimately be funded. 
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Figure 6. Stacked traces of LFE family 
18319 at stations CGAS, POWR, 
POND, and GOBI are shown. The 
black and red traces denote the linear 
and time frequency-PWS stacks, 
respectively. In each panel, the vertical, 
north, and east components are plotted. 
Note that only the POWR linear stack 
produced usable phases, but time 
frequency-PWS yielded good quality 
phases for all stations with dramatically 
improved signal to noise ratio. 
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Exemplary Figure 
 

 
 
Cross-sections through a three-dimensional model of the shear wave velocity structure of the 
crust around the SAFOD site (contours in km/s) showing the locations of normal earthquakes 
(black dots shallower than 15 km) and low-frequency earthquakes (black dots deeper than 15 
km). We find that the low-frequency earthquakes occur within or on the edge of a zone of 
reduced shear wave velocity, suggesting that there are fluids present, which may influence or 
perhaps control the occurrence of the low-frequency earthquakes. 
 
Intellectual Merit 
 For the first time, we have been able to produce a relatively high-resolution model of the 
lower crust beneath the San Andreas fault at the depths of low-frequency earthquake occurrence. 
Previous workers have speculated that fluids are involved in the generation of low-frequency 
earthquakes. Our discovery of a zone of reduced shear wave velocity and high Vp/Vs ratio 
provides direct evidence that fluids are likely present in the zone where low-frequency 
earthquakes are generated. We have also discovered that phase-weighted stacking is an 
extremely effective approach for improving the quality of low-frequency earthquake stacks. 
 
Broader Impacts 
 Our work provides an integrated view of the geometry of the San Andreas fault in the 
Parkfield region extending from the surface to the lower crust. For earthquake rupture modeling, 
knowledge of the fault geometry is important for determining the likelihood of a large 
earthquake rupture extending to depths below the normally defined seismogenic zone. In 
particular, our results bare on the degree of localization of the zone of shear in which low-
frequency earthquakes occur, which has implications for the potential for seismic ruptures to 
penetrate into the deeper parts of the SAF. 
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