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Figure 1. Tremor triggered by the 2009 
Mw8.1 Samoa earthquake. (a) Detected tremor 
within 12 hour of the mainshock. (b) Tremor 
migration, which occurs primarily during and 
after the surface waves. (c) Transverse and 
vertical component waveforms at station PKD, 
low-pass filtered at 10 s. (d) High-frequency 
waveform at station SMNB. 
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Summary  

A systematic analysis of non-volcanic tremor in southern California not only provides 
important new information on the fault mechanics on the deep extension of the crustal faults but 
also may shed new light on the predictability of large earthquakes. Our past year’s effort mainly 
focused on the following two directions: (1) systematic comparison of triggered tremor in 
southern, central, and northern California; (2) systematic search of dynamic triggering in Salton 
Sea and Coso geothermal fields. We combine the report for both projects because the Board 
recommend that the Salton Sea work could be merged with the first project. 
 
1. Systematic comparison of triggered tremor in southern, central and central California  

Triggered tremor along the Parkfield-Cholame segment of the San Andreas Fault in central 
California has been well studied in the past few yrs 
[Gomberg et al., 2008; Peng et al., 2008, 2009, 2010; 
Ghosh et al., 2009; Guilhem et al., 2010; Shelly et al., 
2011; Chao et al., 2011b]. Here we summarize some 
of the recent results that were supported in the past 
year [Shelly et al., 2011; Chao et al., 2011b]. So far 
we have identified a total of 19 events that have 
triggered tremor in this region [Shelly et al., 2011]. 
Among them, 13 events occurred at teleseismic 
distances, and the rest 6 events occurred at regional 
distances. Figure 1 shows an example of the tremor 
and low-frequency earthquakes (LFEs) triggered by 
the 2009 Mw8.1 Samoa earthquake [Shelly et al., 
2011]. A few LFEs occur in the creeping section of 
the SAF immediately after the teleseismic P wave. 
But the majority of the tremor activity was triggered 
by the S wave, and became further intensified during 
the large-amplitude surface waves. In addition, the 

LFEs appear to migrate along the SAF strike with an 
apparent speed of ~80 km/hr. Such as a fast migration 
is similar to the ambient tremor migration found in the 
same region [Shelly, 2010], suggesting that both 
ambient and triggered tremor reflect shear slip at 
depth but with different driving mechanism.  

Comparing with the abundant triggered tremor 
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Figure 2. Tremor moveout and comparison of the 
tremor and broadband waveforms at Calaveras fault 
(left) in NC and the San Jacinto fault (right) in SC 
triggered by the 2002 Denali Fault earthquake. 

Figure 3. (a) Median amplitude of the high-frequency 
envelope functions versus the peak surface wave 
amplitudes measured at the broadband station PKD in 
central California for teleseismic earthquakes. The 
values measured during the surface waves and before the 
P wave (noise) are marked as circles and diamonds, 
respectively. The events that triggered tremor are shown 
as gray. (b) Same plot for station RDM in southern 
California. (c) Same plot for station MHC in northern 
California. 
 

activity in central California, triggered tremor in southern and northern California is less well 
documented [Gomberg et al., 2008; Fabian et al., 2009; Wang and Cochran, 2009]. Here we 
conducted a systematic search of tremor triggered by teleseismic earthquakes in the northern 
California and southern California [Chao et al., 2011b]. Out of the 43 events between 2001 and 
March 2011, only the 2002 Mw7.9 Denali Fault earthquake triggered clear tremor in northern and 

southern California, as compared with at 
least 13 tremor-triggering events in central 
California. Figure 2 shows that in both 
regions, the tremor is initiated in the first few 
cycles of the Love waves, and become 
further intensified during the large-amplitude 
Rayleigh waves. This is consistent with the 
observations in central California [Peng et al., 
2008; Peng et al., 2009], suggesting a similar 
triggering mechanism among these regions. 
It is worth noting that the Denali Fault 
earthquake produced the largest Peak 
Ground Velocity (PGV) at all regions 
(Figure 3).  

To better quantity the amplitudes of 
triggering waves and triggered tremor, we 
compare the PGVs with high-frequency 
signals during the large-amplitude surface 
waves and pre-event noises [Chao et al., 
2011b] recorded at broadband stations in 
three regions (Figure 3). For the 13 
triggering events in central California 
(Figure 3a), we find a positive correlation 
between the tremor amplitudes and the PGVs 
of the Love waves (with the correlation 
coefficient 0.61), consistent with the 
predictions from the clock-advance model 
[Gomberg, 2010; Chao et al., 2011b]. We 
also note that while the PGVs from the 
Denali Fault earthquake at three regions are 
comparable, the triggered tremor amplitude 
is much larger in central California. Finally, 
if we extrapolate similar slopes between the 
tremor amplitudes and PGVs in central 
California to the rest two regions, we would 
expect to see tremor amplitudes well below 
the median background noise levels. These 
results further confirm the lack of 
widespread triggering in northern and 
southern California. It is still not clear what 
is the most important parameter that controls 
such behaviors. However, we note that our 

 



 3 

Figure 4. (top) Broadband velocity seismogram 
recorded at station RXH for the Mw7.2 El Mayor-
Cucapah Earthquake. (middle) 15-40 Hz band-
pass-filtered seismogram showing the locally 
triggered earthquake signals immediately after the 
passing surface waves. (bottom) The corresponding 
spectrogram. 

Figure 5. Peak Ground Velocity 
(PGV) and the corresponding 
Dynamic Stress (DS) plotted against 
epicentral distance to Salton Sea for 
regional/teleseismic events analyzed 
by Doran et al. [2010].  

triggered tremor observation is also consistent with the general observation of abundant ambient 
tremor in central California [Nadeau and Dolenc, 2009], and minor tremor activities reported in 
southern California [Hillers and Ampuero, 2009] and no report of ambient tremor in northern 
California. Our observations indicate that background tremor rate could be an important 
parameter that controls the triggerability at each site [Rubinstein et al., 2009; Gomberg, 2010]. 

 
2. Systematic search of dynamic triggering 
in Salton Sea and Coso geothermal fields  

In the second work, we conducted a 
systematic search of dynamic triggering in 
Salton Sea and Coso geothermal fields. The 
study in Salton Sea was conducted by the 
SCEC intern Adrian Doran, in collaboration 
with UCSD researcher Debi Kilb. Our initial 
motivation was to identify triggered and 
ambient tremor in the Salton Sea region. Due 
to the elevated background noise from nearby 
geothermal power plant and abundant 
earthquake activity, we were unable to 

confirm the existence of deep tremor activity 
in this region. However, we did find the 
existence of many shallow earthquakes 
triggered by regional and teleseismic events, 
including the most recent Mw7.2 M7.2 El 
Mayor-Cucapah Earthquake (Figure 4). The 
peak ground velocities generated by the 
triggering mainshocks generally exceed 0.03 

cm/s, which corresponds to a dynamic stress of ~2 kPa (Figure 5). This apparent triggering 
threshold is consistent with thresholds found in the Long Valley Caldera [Brodsky and Prejean, 
2005], the Parkfield section of San Andreas Fault [Peng et al., 2009], and near the San Jacinto 
Fault [Kane et al., 2007]. The triggered events occur almost instantaneously with the arrival of 
large amplitude seismic waves and appear to be modulated by the passing surface waves, similar 

to recent observations of triggered deep tremor along major 
plate boundary faults in California, Cascadia, Japan, and 
Taiwan [Peng and Gomberg, 2010; and references there in]. 
However, unlike these deep ‘tremor’ events, the triggered 
signals we find in this study have very short P- to S-arrival 
times, suggesting that they likely originate from brittle 
failure in the shallow crust. 

We also conducted a systematic study of dynamic 
triggering in the Coso geothermal field [Peng et al., 2010, 
2011]. This study was not originally planned in last year’s 

SCEC proposal. However, it fits well with overall goal of the 
funded project. Like the Salton Sea region, Coso experienced 
multiple dynamic triggering in the past 15 years [Aiken et al., 
2011], including the 2002 Denali Fault earthquake [Prejean et 
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Figure 6. The sliding-window β-values measured 
from all manually picked events (red circles) 
above Mc = −0.4 and envelope functions (blue 
squares) after the Chile main shock. (b) The 2-16 
Hz band-pass filtered envelope function showing 
local earthquakes (red circles) around Coso. The 
blue dashed line marks the 9 times the Median 
Absolute Deviation (MAD). (c) The instrument-
corrected three-component displacement 
seismograms showing the teleseismic body waves, 
and multiple-surface waves generated by the 2010 
Chile mainshock. The vertical dashed line marks 
the predicted arrival of the P wave. The short red, 
green, blue and black lines on the top mark the 
arrival times that correspond to the group 
velocities of 5, 4.5, 4, and 3.5 km/s. 
 

al., 2004], and the 2010 Mw8.8 Chile earthquake 
[Peng et al., 2010, 2011]. 4 microearthquakes 
with Ml ≥ 3.5 were apparently triggered during 
the teleseismic waves of the Chile event, with 
the largest earthquake (Ml 3.5) occurring during 
the large-amplitude Love surface waves [Peng et 
al., 2010]. In addition, we found that multiple 
surface waves from the Chile event also 
modulated seismic activity in this region (Figure 
6) [Peng et al., 2011]. 

Currently we are conducting a systematic 
survey to identify all possible triggered 
earthquakes in Coso and other geothermal 
regions in California [Aiken et al., 2011]. 
Carefully identifying their triggering potential in 
each region would help to better understand the 
mechanism and necessary conditions for 
earthquake interaction at long-range distance. 
 
Student Support and Involvement. This 
project provided half-support for the GT 
graduate student Kevin Chao, who has become 
an export in studying triggered tremor in Taiwan, 
California, and New Zealand. In addition, it 
provides summer support to the first-year 
graduate student Chastity Aiken, and the SCEC 
summer intern Adrian Doran, who help organize 
the data and perform the analysis in the Coso 
and Salton Sea geothermal regions, respectively. 
In particular, the SCEC intern was well trained 
to conduct scientific research in the frontier of 
seismology, and have indicated their interest in 

continuing their career path within Geophysics. Such effects are valuable in attracting talented 
undergraduate students into the pipeline and preparing them for future challenges in the field of 
seismology. 
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