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1  Overview 
 The goal of this project was to begin searching for ambient and triggered tremor 
along the San Jacinto Fault near Anza, California. This region was chosen because there 
is a dense seismic network and tremor had been previously observed during the passage 
of the surface waves from the 2002 Denali earthquake. We examined surface and 
borehole stationdata from the region around Anza, California. The stations were part of the 
Anza (AZ) network, the CISN network (CI), and the PBO network (PB).  Initial data 
analysis included orientating the borehole stations and creating an Antelope database of 
the continuous waveforms. We analyzed 41 teleseismic earthquakes recorded at Anza to 
look for triggered tremor. We observed triggered tremor during only the 2002 Denali 
earthquake, which also has the highest amplitude surface waves. We are continuing to 
examine the one episode of triggered tremor to determine the location of the tremor. 
 
2  Borehole data orientation analysis 
 Before incorporating PBO borehole stations into the analysis, we needed to 
determine the orientation of horizontal components on borehole seismometers. The 
borehole sensors have unknown orientation of horizontal components (Figure 1). To 
determine the orientation of the horizontal components we adopted the method from Aster 
and Shearer (1991). We use the initial P-wave partical motion of regional earthquakes to 
determine the best-fit rotation for each borehole station, assuming that the horizontal P-
wave particle motion should be aligned with the event-station azimuth. We used events 
that were from distances greater than 40 km and magnitudes larger than M 3.0. For each 
station we require at least 25 earthquakes be used to determine the orientaton of the 
sensor’s horizontal components. To determine the best-fitting angle, we calculate the error 
between event-station azimuth and the observated particle motion, rotating every 2 
degrees. The results are shown in Table 1.  
 
Station 
name 

longitude latitude depth/elevation rotation angle 
(degree) 

fitting error event 
# 

B082 -116.59601 33.59818 242.62 m/850.09 m 256 30.809 30 

B084 -116.45647 33.61157 146.91 m/240.49 m 316 41.721 25 

B086 -116.530 33.55750 226.16 m/1164.95 m 6 29.324 25 

B087 -116.60267 33.49550 146.91 m/992.12 m 190 31.985 24 

B088 -116.6205 33.37495 147.22 m/1255.78 m 282 27.273 20 

Table 1. Station location and the angle that the sensor needs to be rotated to orient the horizontal 
components to North and East. 
 



 
Figure 1. 
(A) Left panel: Example of P-wave arrival showing the time window used to plot the horizontal 
particle motion (EH1 component versus EH2 component). Right panel: P wave polarization, the 
estimated polarization is shown by the green line. (B) Observed polarizations (black bars) plotted 
on the earthquake epicenter (black star) before channel rotation. (C) Polarizations after correcting 
the orientation of the horizontal components. Upper-right inset shows the corrected azimuth 
distribution against ideal azimuth, with 180 degree ambiguity. 
 
 
3  Tremor detection 
 We initially examined the data from 2001 and 2002, which does not include any 
borehole data because these stations were not installed until 2006. Daily envelope 
functions were used to cross-correlate and search for possible episodes of tremor. The 
automatic dection found one tremor episode on many of the stations along the San Jacinto 
Fault near Anza. This episode of tremor occurs during the the surface wave passage of 
2002 Mw 7.8 Denali earthquake (2002/11/03) and may be considered triggered by the 
surfaces waves of that event (Figure 4). Denali earthquake triggered tremor in multiple 
locations throughout California as reported by Gomberg et al. (2008). We used the tremor 
triggered by the Denali earthquake to tune our automatic tremor detection algorithm for the 
Anza region (Figure 2). For the automatic detection, we used a 360 second time window, a 
threshold cross-correlation coefficient of 0.6, and a filtering band of 2 to 6 Hz. 



 
Figure 2. 
Map of SCSN and borehole seismic stations (red, blue and yellow triangles, respectively).  
Selected stations used in constrained tremor detection is shown as red and yellow triangles. 

 
Figure 3. 
Envelope functions of all surface stations that 
recorded the tremor triggered by the Denali 
surface waves. Large amplitude bursts are well-
correlated in time. Borehole station records are not 
included in this analysis since most PBO stations 
were installed after 2006.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



Figure 4. 
Waveform examples of Denali tremor on station RDM that is triggered by the passing surface 
waves of the Denali earthquake. The upper panel shows the Denali earthquake recorded on the 
vertical component of RDM. The region that is expanded in the lower panels is highlighted in red. 
The lower panels span 250 seconds and show all three components (vertical, fault parallel, and 
fault perpendicular).The orange curves show the surface waves of the earthquake in nm/sec and 
the black curves show the data filtered between 2-8 Hz (amplitude is exaggerated by 20,000).  
 
4  Anza section: local seismicity distribution, slip rate and historical events 
 The San Jacinto Fault has relatively high rates of background seismicity and an 
average slip rate of 10-15 mm/yr (Figure 7). In Southern California, the San Jacinto fault 
and San Andreas fault accomadate most of the plate motion. The Anza gap (Sanders & 
Kanamori, 1984, 2007 Working Group on California Earthquake Probabilities) is a region 
along the San Jacinto Fault that has not experienced a moderate to large earthquake (Ml 
>6.0) in historic time (see Figure 6). The seismicity pattern indicates a change in the 
distribution and depth of small earthquakes near Anza. This perhaps suggests some 
change in fault properties near this location, which may also promote tremor occurrence.  
 



 
Figure 6.  
Seismicity map for Southern California that shows all earthquakes above M 3 from 1996-2005 
(SCECDC catalog). Earthquakes close to the San Jacinto fault (green rectangle) are shown as 
blue circles. We determine fault plane orientation using seismicity within 10 km of the simplified 
fault trace (red line). An along-strike cross-section of the seismicity is shown in A-A’ using the 
seismcity within the green rectangle. Note the change in seismicity distribution and depth near the 
Anza Gap (Sanders & Kanamori, 1984). 
 

 
Figure 7.  
The slip rates for the 3 major strike-slip faults in sourthern California are shown. Slip rate estimates 
are from Sanders, 1981; Sieh and Jahns, 1983; Sanders and Kanamori, 1984; Matti et al., 1985; 
Sieh, 1986; USGS Open file report 2007-1437. 
 
 



 
5 Triggered tremor  
 We examined data from 2001 to 2008 to look for tremor triggered by surface waves 
from teleseismic earthquakes near the Anza gap section of the San Jacinto Fault.  Forty-
one large earthquakes with magnitudes equal or greater than 7.5 and at a range of 
backazimuths were examined (Figure 9). Because of the relatively small amount of data 
the search was done manually to ensure no episodes of tremor were missed. We found 
that only the Denali earthquake had triggered tremor, but did find a number of local 
earthquakes occurred during the passing surface waves of many of the events. We 
explore the amplitude and period of the surface waves to better understand the factors 
that trigger tremor or local earthquakes.  
 

 
Figure 9. 
Global map of the 41 teleseismic earthquakes examined. Only the Denali earthquake (large red 
star) clearly showed triggered tremor during the surface wave arrivals. Other event epicenters are 
marked as grey stars. 
 
6  Triggering threshold analysis 
 If tremor occurs on the fault plane, there are several factors can affect triggering. As 
an applied load to perturb stress field on the fault plane, two qualities of triggering surface 
wave is considered. The perturbation of applied stress can be directly proportional to 
surface wave train amplitude resolve to the fault plane. Both normal and shear stress 
perturbation are important. We rotated horizontal conponents  and projected wave 
amplitude to fault parallel and perpendicular directions. Fault orientation is determined in 
section 4. Measurement of 41 large teleseismic surface wave indicated that Denali 
earthquake has the highest amplitude in comparison to 40 other events(Figure 10). The 
period around peak amplitude of Denali surface wave lies within the average of 40 other 
teleseismic event and is not significantly different. 



 
 
Figure 10.  
Comparison of the maximum surface wave amplitude recorded on station RDM for the 41 
earthquakes examined. The amplitude ratio is determined by dividing by the amplitude measured 
for the Denali earthquake which had the largest surface wave amplitude out of the 41 earthquakes. 
Lines indicate the amplitude of each of the three components with vertical shown in green, fault 
parallel shown in red, and fault perpendicular shown in blue. The events are ordered from largest 
to smallest amplitude based on the fault parallel component (red line). Tremor is only observed 
during the 2002-11-03 Denali earthquake, which has a maximum amplitude of 2.1 mm on the 
vertical component, 3.7 mm on the fault parallel component, and 2.4 mm on the fault perpendicular 
component. 
 
7  Tremor location 
 Using the tremor episodes triggered by the Denali earthquake, we are now 
working on locating the tremor. Tremor may be roughly located by cross-correlating 
the envelope of the tremor and determining the time delay to each station or 
locations may be computed more precisely by identifying Low Frequency Events 
(LFEs) within the tremor bursts. We use the template method outlined by Shelly 
(2006) to estimate the tremor locations in the Anza region. We use a time window 
of 2 seconds and oversample the data before cross-correlating the waveforms. 
Correlation coefficients are high value when the template matches several other 
tremor bursts triggered by the passage of the Denali surface waves (Figure 11). 
This work is in progress, and we will next test a more automated method for 
identifying LFEs within the tremor bursts. 
 
 



 
Figure 11. 
Template used to attempt to identify repeating LFEs. The template is cross-correlated over a single 
component waveform between 81000 to 81400 seconds when tremor bursts are obvious. Upper 
panel: cross-correlation coefficient between selected template and moving window from 81000-
81400 seconds. Lower panel: filtered 2-6 Hz waveform, oversampled to 120 samples/sec, 
containing the selected template (red trace shown in inset). Red rectangular boxes indicate times 
when the cross-correlation is higher than 0.6. More analysis is needed to determine if these 
possible LFEs can be correlated across additional stations. 
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