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ABSTRACT 
  

We present the results of the analysis of waveform data from nearly 1400 stations 

throughout Western North America to identify triggering from the magnitude 7.2 El 

Mayor-Cucapah 2010 earthquake and the magnitude 6.8 Northern California 2014 

earthquake, just North of the Mendocino Triple Junction.  Triggered earthquakes and 

tremor were detected through visual inspection of the seismograms after applying a high-

pass filter to remove the significantly higher amplitude, long period, ground motions 

from the main shock wave train.  The results of our analysis indicate that both main 

shocks triggered earthquakes and tremor, up to distances of 1300 km.   The El Mayor 

earthquake triggered earthquakes or tremor at or near 117 stations, while the Northern 

California event produced triggering at or near 47 stations. 

A comparison of results for stations within and outside of geothermal and 

volcanic areas shows that triggering inside these areas occurred as frequently as outside, 

for both main shocks. Triggered earthquakes occurred more often than triggered tremor 

within these regions, whereas the opposite is the case outside of the geothermal areas.   

Triggering was found in different types of tectonic regions: the San Andreas Fault 

Zone, the San Jacinto Fault Zone, the Salton Sea Geothermal Field, Yellowstone, the 

Geysers, offshore Northwestern North America, Southern Utah, North of Lake Tahoe, 

and the Cascade Range. Based on our analysis and previous studies in these areas, our 

results suggest multiple mechanisms of dynamic triggering may be at work.    
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CHAPTER 1 

INTRODUCTION AND BACKGROUND 

Despite studying earthquakes for hundreds of years, seismologists are still 

attempting to answer some of the most fundamental questions about earthquake physics.  

Much is still not known about how earthquakes start, how they stop, and what factors 

most influence seismogenesis. In the last few decades, scientists have started to explore 

the concept of earthquake triggering – large earthquakes that cause other earthquakes or 

tremor to occur at distances previously thought to be outside of their region of influence. 

The research presented in this thesis provides a new dataset that will help address some 

of the questions that still exist on the earthquake triggering process. 

Earthquake Triggering: The Landers Sequence 

The Landers earthquake sequence started at 4:57am local time on June 28th, 1992, 

when a moment magnitude (Mw) 7.3 earthquake occurred near Landers, California.  

Although a large earthquake, its damage was not significant, mainly due to its location in 

a less populated area of the Mojave Desert. Three hours later, the magnitude 6.5 Big Bear 

earthquake occurred. The following day, the magnitude 5.7 Little Skull Mountain 

earthquake followed, near Yucca Mountain, Nevada. The Landers sequence was 

preceded by the magnitude 6.1 Joshua Tree earthquake on April 23, 1992, which was 

located South of the Landers epicenter (Figure 1; Hauksson, 1993; Bodin et al., 1994). 

Seismologists instinctively thought that these events had to be linked in some way.  The 

Landers earthquake sequence serves as an example of triggering that has puzzled 

seismologists and raised questions within the scientific community.  After these 

earthquakes occurred, seismologists gathered evidence that supported regionally 

triggered seismicity and started to try and relate these observations to models of the 
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physical processes that initiate earthquakes (Hill et al., 1993; Anderson et al., 1994; Hill 

et al., 1995).     

To better understand the behavior of these triggered phenomena, we have to go 

back to the fundamentals of earthquakes and discuss how seismic waves propagate from 

their source. 

 

 

 

Figure 1.    Map of Eastern California Shear Zone depicting major faults and the locations of the 
magnitude 6.1 Joshua Tree, the magnitude 7.3 Landers, and the magnitude 6.2 Big Bear earthquakes 
(Hauksson et al., 1993). 
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Seismic Wave Basics 

Earthquakes occur when the shear stresses that promote fault rupture, are 

sufficiently large to overcome frictional stresses and the normal, clamping, stresses that 

prevent a locked fault from slipping. Once the two sides of a fault start slipping, an 

earthquake occurs and produces seismic waves. There are two main categories of seismic 

waves: body waves and surface waves. Body waves consist of P waves, also known as 

primary or compressional waves, and S waves, also known as secondary or shear waves.  

Surface waves consist of Love waves and Rayleigh waves.  Body waves are the fastest of 

the seismic waves, and are usually higher frequency (shorter period).  Surface waves are 

usually lower frequency, longer period waves.  Because surface waves are longer period 

waves, they dominate the ground motion at greater distances from the source, owing to 

the fact that attenuation, which is the reduction of the amplitude of a signal with distance 

from the source, is higher for body waves than surface waves (Foti et al., 2014). This is 

due to a combination of geometrical spreading in two dimensions for surface waves and 

three dimensions for body waves, and because higher frequency waves attenuate more 

strongly with distance. Figure 2 depicts the particle motion of both Love and Rayleigh 

waves.  Love waves produce side-to-side particle motion as the wave propagates, while 

Rayleigh waves generate a backwards rotating elliptical particle motion. When a large 

earthquake occurs, these waves propagate globally and cause deformation within the 

Earth.  
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Static Stress and Dynamic Stress 

The occurrence of large earthquakes may disturb local faults in their initial 

stressed state, either by changing the stresses statically, or by altering the stresses 

dynamically by the passage of seismic waves. Static triggering is based on the idea that 

permanent stress changes relatively near the source, within one or two fault lengths, can 

cause earthquakes through increased stress (Freed, 2005). Moreover, in areas of static 

stress decrease, or stress shadows, seismicity can be reduced (Green et al., 2015).  In 

close proximity to the ruptured fault, stress will increase in certain regions and decrease 

in others; these stress changes can have an effect on nearby faults.   

Figure 2.    Diagram showing two types of surface 
waves: Love and Rayleigh waves, their direction of 
propagation, and their particle motion (Cantner, 
2014). 
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Dynamic triggering is a process where earthquakes, or tremor, are triggered by 

short in time stress disturbances due to the passage of large seismic waves from an 

earthquake (Freed, 2005). The passing waves disturb an already stressed fault, and cause 

it to rupture. There are differing views on the contributions of dynamic and static stress 

changes in triggering earthquakes relatively close to the main shock (Miyazawa, 2011).  

Meng and Peng’s (2014) study on the magnitude 7.2 El Mayor Cucapah earthquake 

determined that, in the short term and within some regions they studied relatively close to 

the fault, the stress changes due to the propagating surface waves dominated after the 

main shock; meaning that dynamic stress change was likely the dominant triggering 

mechanism for those areas.  Yet, this was not the case for all regions in their study area, 

and for all durations of time.  Because static stress is a permanent change, it is likely that 

in the long term, static stress may dominate (Meng and Peng, 2014).  Prejean et al. (2004) 

found that static stress due to the Denali earthquake dropped below tidal stresses (stress 

caused by the tides of the Sun and moon’s gravity) at distances greater than 300 km. 

Therefore, at greater distances static stresses were not likely to be the cause of triggering.   

Other studies have shown that static stress changes can cause failure within one or two 

fault lengths, yet dynamic stress changes have the potential to promote failure much 

further (Aiken and Peng, 2014).  The relative importance of static and dynamic stresses in 

the near-field are still under debate.  

Triggered Earthquakes and Triggered Tremor 

Earthquakes that have been caused by other earthquakes are referred to as 

triggered earthquakes. Generally, the term “triggering” is used if the cause of the event is 

another earthquake and “induced” earthquakes are generally categorized as those caused 

by anthropogenic activities, examples being hydraulic fracturing, wastewater injection, or 
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dam building.  As mentioned previously, triggering can either be caused by static or 

dynamic stress changes.  Dynamically triggered earthquakes are generally caused by 

large magnitude earthquakes (Mw > 7.0).  The seismic waves that are produced may 

trigger other smaller earthquake events (Tape et al., 2013) or trigger non-volcanic tremor 

(Gomberg, 2010). Non-volcanic tremor is non-impulsive and most readily seen in the 1–

10 Hz frequency band (Rubinstein et al., 2010).  Triggered non-volcanic tremor has been 

observed in different types of environments including: the subduction zones of Cascadia 

and Japan (Rubinstein, 2007), the collisional zone of Taiwan (Peng and Chao, 2008), and 

along the strike-slip environment of the San Andreas Fault in California (Gomberg, 

2010). In some cases, non-volcanic tremor has been associated with slow-slip earthquake 

events (Dragert et al., 2004; Obara et al., 2004; Voison et al., 2008; Aguiar et al., 2009; 

Wech et al., 2009; Obara, 2010). Slow slip events are seismic events that rupture over a 

much longer period of time than regular earthquakes.  

Possible Triggering Mechanisms 

Several studies have postulated possible mechanisms for static and dynamic 

triggering of earthquakes and of tremor. This thesis research is focused on instantaneous 

and delayed dynamic triggering, and we have accordingly selected specific windows of 

time for our analysis. However, static triggering cannot be ruled out as a causative 

process, and therefore these mechanisms are also included in our discussion.   

In the case of static triggering, increased Coulomb stress can lead to failure.  A 

fault can be brought closer to failure if the shear stress is increased or the effective 

normal stress is decreased.  After an earthquake, the near-field stresses will increase in 

some areas and decrease in other areas, dependent on the type of fault that ruptures, the 

geometry of the fault and details of the slip model.  A frequently used example of static 
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stress triggering comes from Freed and Lin (2001) on the 1992 Landers Earthquake 

(Figure 3).    

 

 

 

Figure 3.    Image from Freed and Lin (2001). Surface rupture geometry of the 1992 Landers (L), Big 
Bear (BB) and Joshua Tree (JT) earthquakes (solid black lines) as well as the 1999 Hector Mine (HM) 
earthquake (black on yellow line) and the San Andreas (SA) fault (dashed line). Seismicity shown 
(white dots) is for a period from the Landers earthquake (28 June 1992) to just before the Hector Mine 
earthquake (16 October 1999). Background shows the calculated coseismic Coulomb stress changes 
based on slip of the 1992 Landers earthquake sequence.  Regions of positive Coulomb stress changes 
are shown in red, negative changes are in blue. 
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Freed and Lin (2001) calculated the changes in Coulomb stress after the Landers, Big 

Bear and Joshua Tree ruptures.  Within the increased Coulomb stress regions they found 

increased seismicity for several years following the Landers main shock.  Their evidence 

shows that Coulomb stress can greatly affect the near-field; however, these stress change 

levels can drop below tidal stresses when observing the far-field.   

 As for dynamic triggering, numerous mechanisms have been proposed.  Some 

involve instantaneous dynamic triggering, where the strongest surface waves coincide 

with triggered events, while others involve delayed dynamic triggering, where events 

occur after the passage of the main shock wave train.  Pinpointing a mechanism for 

delayed dynamic triggering has been more challenging because the stress caused by 

passing waves is not permanent, meaning that these dynamic stresses cause a physical 

response to occur, leading to an earthquake or tremor concurrently, or later in time.  

Delayed dynamic triggering can happen anywhere from minutes to days after the main 

shock wave train (Brodsky and van der Elst, 2014).   

One possible mechanism involves dynamic stresses from the main shock 

changing the state of a fault or the friction across a fault surface, leading to triggered 

earthquakes (Gomberg and Davis, 1996; Gomberg et al., 1998; Gomberg et al., 2001; 

Hough and Kanamori, 2002; Voisin, 2002).  The combination of the additional shear 

stress caused by the passing waves and the unloading from the components that clamp the 

fault sides together, can push faults over the Coulomb failure criteria.   Brodsky and van 

der Elst (2014) also discuss other mechanisms for dynamic triggering, one involving the 

Rate-State Friction model.  In this case, triggering occurs through an instantaneous 

change in slip rate on an interface, making it unstable.  So, while the previous section 

discussed direct Coulomb failure, this mechanism involves a change in the rate at which 
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the fault fails.   For an unstable fault, the increase in velocity during a passing seismic 

wave can reduce the friction, which further increases the slip velocity and leads to the 

failure, or a triggered event. For large-amplitude waves passing through faults very near 

failure, the earthquake could happen immediately. For faults that are further from failure, 

the accelerating creep is prolonged and delayed triggering can occur.   

Triggered slow-slip or creep has been proposed as a mechanism to explain 

sustained triggered tremor and low-frequency earthquakes along the deep San Andreas 

Fault (Shelly et al., 2011). It is possible that if a creep event is dynamically triggered, 

earthquakes may be triggered secondarily, probably with some time delay, as creep 

evolves (Guglielmi et al., 2015). This mechanism is likely dependent on the fault 

properties.   

Subcritical Crack Growth is a mechanism proposed by Atkinson (1984).  Small 

cracks within a fault zone grow slowly in response to accelerated chemical reactions 

between silicate rocks and water.  A sudden transfer of stress due to passing seismic 

waves can cause the size of cracks to become larger, thus increasing stress intensities and 

acceleration in crack growth, leading to a possible delayed fault failure.   

Earlier work by other authors has shown a prevalence of triggered seismicity 

within geothermal and volcanic systems. These results indicate that fluid pressures may 

have a role in the causative mechanism.  One proposed mechanism is that the passing 

surface waves increase the pore pressures in sealed fractures through the movement of 

fluids (Hill et al., 2002; Brodsky et al., 2003).  Long period waves rolling through these 

areas could act as a catalyst of these fluids, causing decreased friction along with 

increased strain, leading to small failures. In Yellowstone, the dynamic stresses from the 

surface waves of the Alaskan Denali earthquake triggered seismicity and disruption of 
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geysers and hot springs (Husen et al., 2004). Their evidence points to a direct relationship 

between the passing waves and fluid movement, as exhibited in the triggered geyser 

eruptions.   

This thesis project will examine instances of triggering Western North American 

for two different large earthquakes and will test these proposed mechanisms.  

Motivation 

Our motivation for studying triggering includes furthering the understanding of 

earthquake mechanics and triggering processes, which will eventually lead to improved 

seismic hazard assessment and earthquake preparedness. This project aims to contribute 

additional data sets related to the occurrence of triggered events due to large, regional 

main shock events.  One of our main goals is to determine if triggered earthquakes and 

triggered tremor occur preferentially in some tectonic areas as opposed to others.   

Triggered events are often drowned out by large surface waves from the main 

shock and therefore many of these micro-seismic events go undetected.  By finding these 

events, we can also develop a more complete picture of the seismicity of Western North 

America.  Until recently, distant events outside the immediate aftershock zone have not 

been included in hazard assessments. Yet, if these large earthquakes are causing faults at 

great distances to rupture, the inclusion of probabilities of triggered events in hazard 

assessment may be appropriate.   

Another motivation of our research includes adding to our understanding of 

aftershocks and triggered seismicity. Aftershocks have been defined as smaller 

earthquakes that happen after and nearby the main fault rupture within a certain distance 

from the rupture (Omori, 1894). This distance from the rupture is generally expressed as 

a specific factor times the rupture length.  There is no physical way to distinguish 
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aftershocks from any other event.   Recent studies in earthquake triggering have caused 

scientists to consider exploring how aftershocks are defined and understood. Generally, 

events are considered aftershocks when they are located within a certain distance from 

the rupture of the main shock. Current evidence suggests that differences in static and 

dynamic stresses from a main shock can influence regions farther than previously thought 

and therefore, the distinction (if any) between aftershocks and triggered events remains 

unclear. Agreement on an exact definition will come as more evidence presents itself.   

Seismologists require improved data and enhanced models to analyze the various 

triggering mechanisms. Studies on large events and their triggering effects can contribute 

to a better understanding of crustal stress and the role it plays in generating earthquakes, 

as well as some of the fundamental aspects of the earthquake cycle. Seismicity due to 

triggering needs to be further studied in order to improve the current understanding of the 

physics of earthquakes in general and to assess the possible mechanisms of this 

phenomenon. 

Previous Studies on Triggering 

As described earlier in this chapter, the 1992 Landers sequence was one of the 

catalysts that led to in-depth study of the phenomenon of earthquake triggering.  

Anderson et al. (1994) investigated the earthquake catalogs for northern Nevada, 

Southern Nevada, and Southern California using a statistical analysis for the time period 

of the first 24 hours after the Landers main shock (Figure 4).  What they found was an 

unprecedented increase in small seismic events in the region, some at distances of over 

700 km from the epicenter. Figure 4 shows the increase in seismicity in Eastern 

California and Western Nevada.  Anderson et al. (1994) found that most of the increased 

seismicity occurred in regions with high prior seismicity.  
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Hill et al. (1993) also found several areas of triggered seismicity due to the Landers main 

shock, by investigating 10 days of seismicity in California, Nevada, and Utah following 

the event.  They also used existing seismic networks, locating triggered earthquakes in 

the following areas: Lassen Peak; Lake Tahoe; the Geysers geothermal field; the San 

Andreas Fault; Long Valley; Coso Hot Springs; Cedar City, Utah; Mount Shasta; Little 

Skull Mountain; and the Imperial Valley.   

The magnitude 7.9 Alaskan Denali Fault earthquake that occurred in 2002 

triggered earthquakes across Western North America at distances of up to 3660 km 

(Prejean et al., 2004).  At the time, this was the greatest epicentral distance at which 

dynamic triggering had been detected.  We chose to emulate Prejean et al.’s (2004) 

method of detection, which will be discussed more in detail in our methods section.  

Seismologists located triggering due to the Denali quake in several geothermal and 

volcanic areas: Coso, Mt. Rainer, Mammoth Mountain and Long Valley, the Geysers 

Figure 4.    Image from Anderson et al. (1994). a. Earthquakes in the combined catalogs of the Western 
Great Basin Seismic Network, the Southern Great Basin Seismic Network, and the Caltech-USGS 
Southern California Seismic Network in the 24 hours before the Landers earthquake. b. Earthquakes in 
the same combined catalogs during the 24 hours after the Landers earthquake.  
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Geothermal Field (Prejean et al., 2004), and Yellowstone National Park (Husen et al., 

2004).  Investigators realized that both Landers and Denali triggered earthquakes in 

several specific locations, which led to discussions on regional susceptibility to 

triggering.   

After the Mw 8.6 East Indian Ocean earthquake in April of 2012, seismologists 

saw an unprecedented increase in global seismicity. Pollitz et al. (2014) analyzed the 

increase in global seismic activity by comparing global earthquake catalogs from before 

and after this event. They found large numbers of earthquakes of Mw 4.5 and greater that 

occurred worldwide in the six days after the main event. Large and potentially hazardous 

earthquakes occurred as far away as Mexico and Japan, and were interpreted to be 

triggered as a result of the dynamic stresses generated by passage of seismic waves from 

the main shock (Pollitz et al., 2014). 

 In a study by Parsons et al. (2014), the authors considered 260 M ≥ 7.0 shallow 

(depth ≤ 50 km) main shocks in 21 global regions, examining temporal and spatial 

response over the 24 hour period after the passage of surface waves.  They saw 

widespread immediate seismicity outbreaks, delayed clusters, and areas of no response at 

all. About 50% of the catalogs studied showed possible delayed remote triggering, and 

~20% showed probable instantaneous dynamic, remote triggering. However, at most only 

about 2–3% of global main shocks caused significant local earthquake rate increases. 

Most of the triggered events had small magnitudes, without significant evidence of 

dynamically triggered magnitude 5.0 or larger earthquakes. Thus, while evidence exists 

that the seismic waves from some large earthquakes trigger earthquakes at regional and 

teleseismic distances, there are also many instances where this does not occur.   
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Specifics of Our Study 

Our interests are in examining the local and regional triggering of earthquakes and 

tremor throughout Western North America from the magnitude 7.2 El Mayor-Cucapah 

2010 earthquake (hereafter referred to as EMC) and the magnitude 6.8 Northern 

California March 10, 2014 earthquake (hereafter referred to as NCE), just Northeast of 

the Mendocino Triple Junction (Figure 5).  We decided to select two events from 

different areas on the edges of our region of interest to be able to analyze the differences 

and similarities between our results for both main shocks.   

While our overall motivation is to contribute to the bigger picture of earthquake 

triggering, we have additional goals and motivations specific to our study. We hope to: 

- determine if we see evidence for triggered events 

- compare results of both main shocks and document similarities and 

differences 

- determine if the locations of triggered earthquakes and/or tremor match with 

locations where previous authors have detected these types of events  

- document if our results show that the events happen in “unexpected” locations 

- establish if there are differences between areas of triggered tremor and 

triggered earthquakes 
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Several studies (Hill, 1993; Prejean, 2004; Brodsky and Prejean, 2005) have 

shown that triggering is a relatively common process, especially in areas with high 

geothermal and volcanic activity. Geothermal areas are regions characterized by a 

relatively high heat flow, or high geothermal gradient, where a geothermal gradient is 

defined as the rate of change in temperature with increasing depth in the Earth’s interior. 

This may be due to recent magmatic activity, or the radioactive decay of certain isotopes.   

Away from tectonic plate boundaries, geothermal gradients average about 25-30 °C per 

km of depth (Fridleifsson, 2008). Greater thermal gradients raise the temperature of deep, 

permeating water. In order to provide heat and energy, geothermal plants will often use 

Figure 5.    Epicentral locations of the magnitude 6.8 Mendocino and magnitude 7.2 El Mayor earthquakes 
(map generated with GoogleEarth). 
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extraction of this water via deep boreholes. One of our main goals is to specifically 

investigate stations within these geothermal and volcanic areas to determine if there is a 

correlation between the occurrence of triggered events and these regions.    

In addition to exploring whether a correlation exists between triggering and 

geothermal and volcanic fields in an attempt to test previously developed hypotheses, we 

hope to briefly explore possible mechanisms relating the triggering to the tectonic 

environment.   We further analyze any regional difference in the location of observed 

triggered tremor versus triggered earthquakes, along with investigating triggering having 

occurred on, or close to, specific faults.  

2010 El Mayor Cucapah, Baja California, Earthquake  

On April 4th, 2010, at approximately 3:40pm Pacific Coast Time, a moment 

magnitude 7.2 earthquake occurred in the Baja California area of Mexico, about 39 miles 

South-South-East of Calexico, CA (Wei et al., 2011). Most damage occurred in the cities 

of Mexicali and Calexico where the Modified Mercalli intensity was around VII, or very 

strong (Figure 6). Northern Baja California’s tectonic environment contains a series of 

Northwest-trending strike-slip faults. These faults run sub-parallel to, but are separate 

from the San Andreas Fault system.  The rupture process of this earthquake was quite 

complex.  Wei et al. (2011) used geodetic, seismic, and remote sensing to help determine 

the source complexities of this earthquake.  Their results indicate that the rupture began 

with a moderate normal event, followed 15 seconds later by slip on the two main 

segments of the Laguna-Salada Fault system with dominantly strike-slip motion. 

Hauksson et al. (2011) also offer an in-depth look at the tectonics in the region and 

provide further evidence that the event started with a magnitude 6 normal faulting event, 

followed 15 seconds later by the main event, which included simultaneous normal and 
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right-lateral strike-slip faulting.  Hauksson et al. (2011) also determined that there were 

two rupture zones in this earthquake sequence: one towards the North in the Sierra 

Cucapah mountain range, and one towards the Southeast in an area consisting of deep 

basins. Because sediments cover many of the faults, mapping their exact locations is 

difficult.  

The EMC earthquake was one of the largest the region has seen in recent years. 

The 1940 magnitude 6.9 Imperial Valley earthquake and the 1892 magnitude 7.2 

earthquake on the Laguna Salada Fault are comparable events. More than 500 aftershocks 

followed EMC, with most magnitudes smaller than 4. The aftershock zone extends from 

near the Northern tip of the Gulf of California to 6 miles Northwest of the Mexico-USA 

border (Hauksson, 2011). 
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Figure 6.   Shake Map of the El Mayor Cucapah magnitude 7.2 earthquake (USGS, 2010). The star 
shows the epicenter of the earthquake. The grey line depicts the suggested fault rupture and the colors 
show the intensities felt throughout the immediate area.  The color scale is shown below.  
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2014 Mendocino, Offshore Northern California/Ferndale Earthquake  

On March 9th, 2014, at approximately 9:18 pm Pacific Coast Time, a moment 

magnitude 6.8 earthquake (alternate sources calculated this event at magnitude 6.9) 

occurred off the coast of Northern California, around 80 km directly west offshore of 

Eureka, California. The earthquake occurred as the result of oblique-thrust strike-slip 

motion on a fault within the Juan de Fuca plate, or Gorda subplate, which subducts 

beneath Northern California, Oregon, and Washington at a rate of approximately 23 

mm/yr (USGS, 2014). The earthquake was widely felt along the coast of Northern 

California and Southern Oregon, particularly in the city of Eureka, California (Figure 7). 

The general tectonics of this region are characterized by the intersection of the 

Juan de Fuca, North America, and Pacific plate boundaries forming the Mendocino Triple 

Junction off the West coast of California.  The subduction zone extends to the North and 

the San Andreas Fault starts offshore and continues on land to the South. The offshore 

extension of the San Andreas Fault and Southern extent of the Juan de Fuca plate are 

defined by the exposures of the East-West trending Mendocino Fracture Zone. Several 

large earthquakes have occurred since 1900 within 100 km of the March 2014 event, 

including events of M7.2 in 1922, M7.1 in 1923, M7.3 in 1980, M7.0 in 1994, M7.2 in 

2005, as well as several events near the coast or inland of California, including the 1992 

M7.2 Petrolia earthquake with its M6.6 and M6.4 aftershocks. Most recently, 

an earthquake of M6.5 in January 2010 with a similar faulting mechanism to the March 

2014 event occurred.    
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Figure 7.    Shake Map of the Northern California, Ferndale, magnitude 6.8 earthquake (USGS, 
2014). The star shows the epicenter of the earthquake. The red lines depict local faults and the colors 
show the intensities felt throughout the immediate area.  The color scale is shown below.  
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CHAPTER 2 
 

METHODS 

Because earthquake catalogs are expected to be incomplete for triggered events, 

due to the dominance of the large amplitude arrivals from the main shock, we needed to 

detect the triggered earthquakes on the raw waveforms.  The method we chose to use 

emulates the study by Prejean et al. (2004) on remote dynamic triggering of earthquakes 

in California and the Pacific Northwest due to the magnitude 7.9 Denali earthquake in 

2002, and the Miyazawa (2011) study on the locally triggered events of the magnitude 

9.0 Tohoku-Oki earthquake in Japan in 2011.  We are using this method to detect small 

locally triggered earthquakes, as well as dynamically triggered tremor along the Western 

United States, in conjunction with some stations in Canada, and several ocean bottom 

seismometers off the coast of Washington and Oregon.  

For the 2011 Tohoku earthquake, Miyazawa (2011) used a network of 1500 

seismic stations of the Disaster Prevention Research Institute at Kyoto University in 

Japan. Miyazawa searched for triggered events using band-pass filters, so local events 

could be more easily detected.  An example of the results is shown in Figure 8.  Based on 

calculations of both static as well as dynamic stresses as a function of distance, 

Miyazawa concluded that dynamic stress changes were more significant than static stress 

changes at the locations of most triggered events, indicating that static stress was not the 

main mechanism of this triggering.  Miyazawa (2011) located triggered earthquakes as 

far as 1350 km from the earthquake epicenter. Increased seismicity was detected during 

the passing surface waves to the South of the main shock in volcanic areas, in areas of 

overall higher seismicity, and at the subduction zone.  
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 For the Denali earthquake, triggered seismicity was found as far away as 3660 

km from the earthquake epicenter by Prejean et al. (2004). Mount Rainier, the Geysers 

geothermal field, the Long Valley caldera, and the Coso geothermal field all showed 

evidence of dynamically triggered seismicity, based on observations similar to those 

shown in Figure 9. Prejean et al. (2004) also checked earthquake catalogs to try and 

detect changes in overall seismicity rate between the month before and after the passing 

surface waves, but found no evidence of increased rates for that time period.   

Figure 8.     From Miyazawa (2011), an example of waveforms in the Mt. Hida volcanic region.  
(a) The unfiltered vertical component recorded by 1 Hz seismometer at the borehole station KTRH. (b) 
The waveform filtered with a band pass of 8 to 32 Hz, which shows local triggered events. The inset 
shows an example of a triggered event on UD and NS components, and its P and S wave arrivals. (c) 
The waveform filtered with a band pass of 0.01 to 1 Hz after removing the instrument response. This 
signal is dominated by the main shock surface waves. 
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For our study, we chose two of the largest magnitude recent events near our area 

of interest.  We chose to use two events to be able to compare and contrast our results.  

By choosing recent events, we knew we would have substantial station coverage of the 

area.  We chose one event in the Southern region of North America (EMC) and one in 

Northern California (NCE).  Although previous studies have focused on magnitude 7.0 

and greater earthquakes, using events of a lower magnitude can help verify if lower 

magnitudes can also dynamically trigger earthquakes (Meng et al., 2014). Furthermore, 

our study area is constrained to the Western United States only, and does not cover the 

Figure 9.    Image from Prejean et al. (2004), showing seismicity triggered at the Geysers. (a) Broadband 
waveform from NCSN station HOPS (10 km North of the Geysers) for the 2002 Denali earthquake. Major 
arrivals are labeled. (b) Short-period record from GDX (also located at the Geysers), high-pass-filtered, 
showing small local earthquakes occurring during Denali fault earthquake wave train. (c) Detail of record 
from (b) showing triggered events.  
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entire globe.  To acquire the waveform data, we used the Incorporated Research 

Institutions of Seismology Data Management Center Wilber3 station request (IRIS, 2013) 

and Southern California Earthquake Data Center’s Seismic Transfer Program (SCEDC, 

2014) to gather short-period and broadband time-series data for stations within our study 

area of both main shock wave trains, as well as for a time period of an hour or longer 

before and after these wave trains. Broadband data is usually represented by channels 

named BH[E,N,Z] or HH[E,N,Z]. Short period is usually represented as EH[E,N,Z]. This 

three letter naming convention is defined by the Southern California Earthquake Data 

Center as follows: 

1. The first letter specifies the sampling rate and the response band of the 

instrument.  

2. The second character identifies the sensor instrument code.  

3. The third letter indicates the physical orientation of the channel (i.e. E = East-

West; N = North-South; Z = Vertical). 

 Our initial request was for a time window that started 1 hour prior to P wave 

arrival, and ended 1-2 hours after P wave arrival.  We collected data from hundreds of 

seismometers throughout Southern California, Northern California, Oregon, Washington, 

Arizona, Utah, Idaho, Wyoming, and Canada, as well as several offshore stations. In total 

we collected 642 seismic waveforms for EMC and 741 seismic waveforms for NCE. 

Using the Seismic Analysis Code software (SAC; Goldstein and Snoke, 2005) we 

analyzed each individual vertical component (HHZ and EHZ; HHZ = High Broad Band, 

High Gain Seismometer, Vertical component; EHZ = Extremely Short Period, High Gain 

Seismometer, Vertical component).  We were limited on which stations we could collect 
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data from, because our interest was exclusively in broadband and short-period 

seismometers.  The waveforms from Extremely Short Period seismometers have around 

100 samples per second.  Broadband seismometers have a sample rate between 80-250 

samples per second and are able to correctly record the ground motion over a broad range 

of frequencies, which means that they can capture the longer period surface waves 

together with the higher frequency signal, providing high-quality data on triggered 

events. However, these seismometers will often clip if close to the rupture of a large 

earthquake due to the high amplitude of the waves. The short-period seismometers have a 

strongly peaked response around 1 Hz and therefore are mainly sensitive to ground 

motions around this frequency.  Many short period seismograms in our study clipped, but 

we were still able to use numerous EHZ channels from stations that were located at 

greater distances from the earthquake rupture.  We chose to use the vertical components 

of the seismograms, because there are more vertical component seismometers available 

and they are less noisy, as horizontal components are more sensitive to tilt. In some cases, 

we also used the horizontal components at the same station to confirm our observations.  

We high-pass-filtered (with a corner frequency of 10 Hz; also sparingly using 1, 5 or 8 

Hz for better visualization of triggered events in some cases) the time-series to detect 

small local earthquakes and tremor hidden within the longer period surface waves.   By 

high-pass filtering the original waveform, we allow the higher-frequency waves to be 

seen by filtering out the longer period surface waves.  An example of what the high-pass 

filter does can be seen in Figure 10.  This figure shows the broadband waveform data at 

station N02D for NCE and was generated by the Seismic Analysis Code software (SAC).  

In the original waveform, the high frequency waves are drowned out and barely visible.  
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However, by high-pass filtering the original waveform, we can see the high frequency 

signal at that station.  In this case, the high-pass filtered panel shows triggered tremor 

near the station, from around 1715 sec until it dies out around 1757 sec.   

Using this approach, we identified small local earthquakes and tremor often 

drowned out by the longer period surface waves.   During our process of visual 

inspection, a sharp amplitude increase, usually on the order of twice the background 

amplitude or higher, of a short duration that also showed the arrival of several distinct 

waves in the filtered seismogram indicated a locally triggered earthquake; an increase in 

amplitude in the high pass filtered panel of an extended duration indicated a tremor event.  

By comparing this signal to the background noise for a time period of at least an hour 

prior to P wave arrival, we can categorize each station in the categories 1-10, which are 

defined below. This micro-seismicity is different from aftershocks (at least how those are 

commonly defined) because they include remote triggering at distances of many fault 

lengths, whereas the definition of aftershocks usually requires the later event to be 

Figure 10.    The waveform data is expanded for the 1700 – 1780 sec section, during the passage of the 
surface waves of the main shock.  The lower panel shows the original waveform; the top panel shows 
the 10 Hz high-pass filtered waveform during that same time. The horizontal axis shows time since the 
origin time of the main shock in seconds, the vertical axis shows amplitude in counts. 
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located within two fault lengths from the main shock epicenter.  The line between 

aftershocks and triggered seismicity has however blurred over recent years, due to similar 

properties of the two phenomena.   

Visual inspection of over 1300 seismograms, in many cases multiple times, 

proved time consuming, yet we selected this approach to decrease the likelihood of 

missing events and false detections, which frequently occur with other methods such as 

the match filter technique. The match filter technique is another common method used 

successfully to detect triggered earthquakes and triggered tremor (Meng et al., 2012; van 

der Elst et al., 2013). It requires templates of waveforms of previously detected small 

magnitude earthquakes and tremor and has been successfully used in past studies.  

However, this approach can introduce some bias.  This bias stems from the use of 

waveform templates from earthquakes that have already occurred and therefore this 

approach might not account for ‘new’ earthquakes on different structures. The matched 

filter technique has been shown to be successful in detecting triggered events, but the 

method can also lead to false detections (Shelly et al., 2007; Meng and Peng, 2014; more 

on alternate methodologies can be found in Appendix A).  A limitation with our chosen 

identification approach was that it may be considered somewhat subjective.  However, 

additional inspection by multiple views and viewers helped overcome this limitation.  

We carried out two main rounds of analysis.  In our first round, we visually 

inspected and compared one-hour time windows before and after the main shock P wave 

arrival time. Each waveform was placed into one of ten categories. Examples are shown 

for reference in Figures 11-19, with the 10 Hz high pass filtered waveform above the 

original waveform, with seconds on the x-axis and amplitude in counts on the y-axis: 
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1) No apparent triggering – Waveforms that display no obvious high frequency 

ground motion bursts during the passing main shock waves. Some cases had smaller 

bursts, but these were not sufficiently large in comparison to the background noise to be 

classified as triggered events (Figure 11). 

 

2) Unreadable Seismogram – This category was most often used.  Unfortunately due 

to the high amplitude surface waves, we were often unable to gather discernable 

information due to clipping of the instrument.  For these locations, it was unknown if 

triggered tremor or triggered earthquakes had occurred (see Figure 12 for an example).  

Some seismograms clipped, but only temporarily, and correctly readjusted where we 

could then observe clean data.  

Another type of clipping occurred in the form of a surface wave induced 

instrumental noise response.  At first glance, this instrumental noise presented itself as a 

possible triggered earthquake, but with further analysis, we realized it was not an earth 

response to the seismic waves, but was due to a more difficult to identify type of clipping 

Figure 11.    Station B001 for the NCE. The initial P wave contains high frequency ground motions, but 
there are no clear jumps in amplitude during the passing surface waves. 
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of certain type of sensors.  More on the discovery of this clipping mechanism is explained 

in Appendix B.  

Another type of seismogram placed into this category is waveform data that had 

no clear P wave arrivals. This was unusual and mostly occurred at stations furthest from 

the epicenters (see Figure 13 for an example).  In many cases, the lack of a main shock 

signal was due to malfunctioning of the instrument or if the time window of the data from 

the seismometer was too short.  

 

 

 

Figure 12.     Station BBO for the NCE.  During the P, S, and largest surface waves, the seismometer is 
clipping.  Therefore, we placed this waveform in category 2, because it is impossible to distinguish if 
triggered events happen near this station.  
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Figure 13.     Station CAC for the EMC.  Some waveforms requested from SCEC and IRIS (such as the 
one above) had no discernable P wave arrivals and/or were not of the proper length of time required for 
our study. 
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3) Probable Triggered Tremor –Waveforms showing extended durations (anywhere 

from tens of seconds to minutes) of higher amplitude and higher frequency signal during 

the passing seismic waves.  In order to be classified as probable triggered tremor, this 

signal must be clearly greater in amplitude and show different characteristics than any 

signal in the time window an hour prior to the P wave arrival (Figure 14).  By observing 

the hour before P wave arrival as clear, we consider that this signal represents tremor 

triggered by the passing surface waves, and not background noise or continuing pre-

existing tremor. In our second round of analysis, we considered a larger time window to 

look more in depth at background noise levels and seismicity. In some cases, triggered 

tremor was difficult to distinguish from triggered earthquakes, so we chose to only 

differentiate these seismograms in the second round of analysis. 

 

 
Figure 14.     Station BEL for the EMC.  Probable triggered tremor occurs for about 70 sec during the 
passing surface waves.   
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4) Possible Triggered Tremor – Waveforms showing extended durations (from tens 

of seconds to minutes) of higher amplitude, higher frequency ground motion during the 

passing seismic waves.  Time windows of data showing an hour prior to these surface 

waves also show some evidence of possible tremor signals.  We therefore conclude that 

the surface waves could be triggering tremor, but that the tremor could also be due to 

background noise or other signal, complicating a positive identification (Figure 15). 

 

 

5) Probable Triggered Earthquake – Waveforms showing sharp jumps in amplitude 

at higher frequency during the passing seismic waves.  In some cases, P and S waves 

could be distinguished, which provided further evidence for the identification of this 

signal as an earthquake.  In order to be classified as a probable triggered earthquake, the 

time window an hour prior to P wave arrival must be clear of similar signals.  By 

observing the hour before P wave arrival as clear, we consider that the earthquake is 

triggered by the passing surface waves, and not background seismicity of the area. In our 

Figure 15.     Station LPC during the NCE.  Extended higher frequency tremor-like spikes 
occur throughout the passing surface waves as this station, but we see the same type of signal 
prior to P wave arrival.  Therefore the tremor during the passing wave train may be triggered, 
but also may represent continued background signal.  
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second round, we examined a larger time window to look more in depth at background 

seismicity (Figure 16). 

a.  

b.  

 

 

 

Figure 16.    (a) Station UMPQ during NCE.  As the surface waves pass through, we can see numerous 
sharp increases in amplitude throughout the high pass filtered section (top). This indicates probable 
triggered earthquakes occurring at or very close to this station. (b) Detail of one of the triggered 
earthquakes at station UMPQ at 7400 sec.   
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6) Possible Triggered Earthquake – Waveforms showing sharp jumps in amplitude at 

higher frequency during the passing seismic waves.  In some cases, P and S waves could 

be distinguished, providing further evidence for its identification as an earthquake.  Time 

windows of data showing an hour prior to these surface waves also show some evidence 

of possible earthquake signals.  We therefore conclude that the surface waves could be 

triggering earthquakes, but they could also represent background seismicity (Figure 17). 

In some cases, seismograms displayed repeated noise spikes, complicating a positive 

identification; therefore, we put those seismograms in this category as well.  
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Figure 17.   (a) Station MPM during the NCE.  Both before and after P wave arrival (around 3750 sec) 
we see spikes in higher amplitude indicating local earthquakes. (b) (orange) This is the signal (1717 sec 
to 1767 sec) seen prior to the arrival of the P wave, indicating background seismicity was already 
elevated prior to passage of main shock waves.  (c) (blue)  Detail (3905 sec to 3937 sec) of a local 
earthquake during the largest surface waves.  Due to local earthquakes prior to P wave arrival, we 
classify this as a possibly triggered earthquake, because we cannot definitively say whether it occurred 
as continued background seismicity or directly due to the passing surface waves.   
 

a.  
 

b.  
 

c.  
 



36 
 

7) Probable Triggered Tremor, with Possible Triggered Earthquakes – Waveforms 

showing extended durations (anywhere from tens of seconds to minutes) of higher 

amplitude, higher frequency ground motion during the passing seismic waves. In these 

seismograms, possible triggered earthquakes were also present.     

8) Probable Triggered Earthquake, with Possible Triggered Tremor – Waveforms 

showing sharp jumps in amplitude at higher frequency during the passing seismic waves.  

In some cases, P and S waves could be distinguished for further evidence as an 

earthquake. In these seismograms, possible tremor is also occurring, but we could not 

make a definitive classification of the signal as tremor, a more distant earthquake, or 

possible noise.  

9) Probable Triggered Earthquakes and Triggered Tremor – Waveforms showing 

extended durations (anywhere from tens of seconds to minutes) of higher amplitude, 

higher frequency and sharp jumps in amplitude at higher frequency during the passing 

seismic waves.  In order to be classified as probable triggered tremor and earthquake(s), 

time windows an hour prior must be clear of noise, tremor signals, and earthquake signals 

(Figure 18). 
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10) Possible Triggered Tremor and Possible Triggered Earthquakes – Waveforms 

showing extended duration (anywhere from tens of seconds to minutes) higher amplitude, 

higher frequency signal and/or sharp jumps in amplitude at higher frequency during the 

passing seismic waves. Time windows of data showing an hour prior to these surface 

waves also indicate some evidence of possible earthquake and tremor signals.  We 

therefore conclude that the surface waves could be triggering tremor and earthquakes, but 

the tremor and earthquakes could also be consistent with continuing background activity 

(Figure 19).  

Figure 18.  Station MGE during EMC, zoomed into the surface wave train.  Extended higher 
frequency earthquake and tremor-like spikes occur throughout the passing surface waves at this 
station.  An extended tremor sequence occurs just after the largest surface waves, with a triggered 
earthquake shortly following.   
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After our first round of analysis, we visually inspected all category 3 – 10 

seismograms a second time. In some cases, we re-requested waveform data and extended 

the time series prior to P wave arrival, to better assess if an event was triggered rather 

than consistent with the overall background activity of the area during that time window.  

We further scrutinized the waveforms, and in some cases re-categorized them after more 

detailed examination of the background signals.  Once confident in our category 

placements, we used both Geographical Information Systems (ArcGIS; ESRI, 2011) and 

Generic Mapping Tools (GMT; Wessel et al., 2013) to plot our results on a map of 

Western North America.  

In addition to re-categorizing some waveforms, several other characteristics were 

noted during the second round.  We determined when the tremor/an earthquake occurred. 

In most instances, we saw triggered events at multiple stages during the time window.  

Figure 19.    Station SOL during the NCE.  Extended higher frequency earthquake and tremor-like 
spikes occur throughout the passing surface waves as this station, but we see similar signals prior to P 
wave arrival.  Therefore the events during the passing wave train may be triggered but also may be 
continued background signal or noise. The 0 marker designates the origin time of the main shock.   
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The S-P wave times for triggered earthquakes were also measured.  An S-P arrival time 

measurement is the difference in time between the P wave arrival and the S wave arrival.  

By measuring this time difference in seconds and using a standard graph of differential 

arrival time versus distance, such as the one shown in Figure 20, we can determine the 

approximate epicentral distance between the triggered earthquake and the recording 

station.  Without further information, we cannot determine the exact location, but we can 

get a good approximation of this distance for some of the triggered earthquakes.                

 

 

 The approximate distance we calculate requires some assumptions, however, and 

contains a number of possible sources of error.  With regards to human error, picking the 

P wave and the S wave first arrivals on the raw waveform was not exact.  This error was 

larger for cases with greater time between the P and S wave and was roughly determined 

Figure 20.   S-P time graph.  This graph provides an estimate of the epicentral distance using the 
difference between the time the P wave arrived and the time the S wave arrived (Nelson, 2011). 
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to result in an error in the distance on the order of 20 km.  This error was estimated by 

picking the P and S wave arrivals at one station and assigning a possible range of times 

for which the P and S measurements were within reason.  An additional source of error is 

due the Seismic Wave Travel Time graph that was used (Figure 20).  This graph assumes 

that the earthquake is at a certain depth and uses a specific velocity model.  In this case, P 

and S wave times were determined from local earthquakes in California (Nelson, 2011).  

These assumptions and errors are important to note, however, our interests are in the 

approximate distances to these triggered earthquakes.  We were unable to get exact 

location and depths for these earthquakes, yet getting a better control on the epicentral 

distance can provide useful information. 
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CHAPTER 3 

RESULTS AND DISCUSSION 

Our research has produced a substantial new data set on the occurrence of 

triggering of earthquakes and tremor in Western North America. Our analysis has 

produced evidence for triggered events in the following regions: the Salton Sea, Coso 

Geothermal Field, North of Lake Tahoe, the San Andreas Fault, multiple Southern 

California faults, the San Diego region, Northern California, Eastern California, the 

Cascade Range, Yellowstone, offshore Washington and Oregon, and Utah.  In all cases, 

triggered seismicity was detected during or right after the passing surface waves, with the 

exception of Yellowstone where we saw triggered earthquakes during the S wave.  The 

results from both main shocks are detailed in Table 1 and Table 2 below and shown in 

maps for each earthquake (Figures 21 and 23, with the legend in Figure 22).  Large 

versions of these maps as well as lists of every station categorized with their latitude and 

longitude are also available as digital files on the CD in the back cover. 

Table 1 

EMC – Categories  (Total = 642) Count   % 
1 - No Apparent Triggering 130 20.2% 
2 - Unreadable Seismogram 248 38.6% 
3 - Triggered Tremor 26 4.0% 
4 - Possible Triggered Tremor 74 11.5% 
5 - Triggered Earthquake 35 5.5% 
6 - Possible Triggered Earthquake 37 5.8% 
7 - Tremor, Possible Earthquake 5 0.8% 
8 - Earthquake, Possible Tremor 12 1.9% 
9 - Tremor and Earthquake 39 6.1% 
10 - Possible Tremor and Possible Earthquake 36 5.6% 

 

For EMC, 70 stations showed evidence of triggered tremor (3, 7, 9) and 86 stations 

showed evidence of triggered earthquakes (5, 8, 9).   

Classification of all seismograms analyzed for EMC. 
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Figure 21.    Topographic map of Western North America, showing the classification for all 642 
seismic stations analyzed for the Mw 7.2 El Mayor Cucapah, Baja California, earthquake. Orange 
contours denote favorable geothermal areas, according to the USGS Geothermal Favorability Map 
(Williams et al., 2009). Purple lines show faults based on USGS Quaternary Fault and Fold Database 
(USGS, 2006). A larger version of this figure is available as a digital file on the CD in the back cover.  
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 Table 2 

NCE - Categories (Total = 741) Count   % 
1 - No Apparent Triggering 268 36.2% 
2 - Unreliable Seismogram 155 20.9% 
3 - Triggered Tremor 13 1.8% 
4 - Possible Triggered Tremor 105 14.2% 
5 - Triggered Earthquake 12 1.6% 
6 - Possible Triggered Earthquake 102 13.8% 
7 - Tremor, Possible Earthquake 6 0.8% 
8 - Earthquake, Possible Tremor 4 0.5% 
9 - Tremor and Earthquake 12 1.6% 
10 - Possible Tremor and Possible Earthquake 64 8.6% 

 

For the NCE main shock, 31 stations showed evidence of triggered tremor and 28 

stations showed evidence of triggered earthquakes. 

Classification of all seismograms analyzed for NCE. 

Figure 22.    Map legend for Figures 21, 23, 
28, 30, 33, 35, 38, and 41.   
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Figure 23.     Topographic map of Western North America, showing all 741 seismic stations analyzed 
for the Mw 6.8 Mendocino Triple Junction, Offshore Northern California earthquake. Legend 
described in Figure 22. Contours and lines as in Figure 21. A larger version of this figure is available 
as a digital file on the CD in the back cover. 
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We detected triggered earthquakes throughout all of Western North America in a 

variety of tectonic environments.  EMC triggered earthquakes or tremor at or near 117 

stations while NCE triggered at or near 47 stations. We attribute this substantial 

difference to the difference in magnitude between the main shocks, as well as in the 

number of stations that experienced relatively high amplitude waves from these events. 

Although we analyzed more stations in total for the Northern California Earthquake (741, 

compared to the 642 that we analyzed for EMC), the station density of the Southern 

California Seismic Network in close proximity to the main shock for EMC likely led to 

the discrepancy in the overall number of stations that showed triggering. 

 We were able to measure numerous differential S-P wave arrival times for 

stations triggered by EMC. As described in Chapter 2, from these measurements 

epicentral distances between the station and triggered earthquakes can be calculated. We 

show our results for the epicentral distances to these events in Figure 24.  At most 

stations that displayed evidence for triggered earthquakes, multiple small earthquakes 

occurred within the first hour.  In those cases, we chose to show just the first 

measurement of S-P times.  For many stations, triggered earthquakes were located in 

such close proximity that it was not possible to accurately measure an S-P time, these 

earthquakes could therefore not be included in this Figure. By comparing the locations of 

earthquakes located by local seismic networks (shown with stars) with some of the circles 

indicating the estimated epicentral distance and their intersection points, we conclude that 

both the Southern California Seismic Network and the University of Utah located some 

of the triggered earthquakes that we observed.    
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We also calculated S-P times for several triggered earthquakes for NCE and show these 

results in Figure 25.  Again, for the S-P times, we chose to use just the first measurement 

from each seismogram and had to omit those earthquakes that did not show a clear 

separation between the two arrivals.   Figure 25 shows widespread evidence of triggered 

earthquakes in Northern and Southern California, throughout the Cascade Range, 

Western Nevada, Utah, and as far as Yellowstone National Park.   

Figure 24.   Map of Western North America, showing circles representing locations of possible 
epicenters for triggered earthquakes calculated for EMC. Purple lines show faults based on USGS 
Quaternary Fault and Fold Database. (Stations on this map are shown in Table C1 in Appendix C; 
larger, digital version on supplementary CD in the back cover). Stars indicate catalogued events 
(SCEDC, 2013; University of Utah, 1962). 
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In our analysis of both main shocks, 427 seismic stations were shared in both 

studies. Out of those, 120 were placed into the same category (Categories 1-10). Of those, 

only 5 showed evidence of triggering during both earthquakes (Figure 26).   

Figure 25.   Map of Western North America, showing circles representing locations of possible 
epicenters for triggered earthquakes calculated for NCE. Purple lines show faults based on USGS 
Quaternary Fault and Fold Database. (Stations on this map are located in Table C2 in Appendix C larger, 
digital version on supplementary CD in the back cover.) Stars indicate catalogued events (NCEDC, 
2014). 
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Although our results show that the most stations shared in both main shocks did not 

receive the same classification, some areas showed evidence of triggering of the same 

type of event for both main shocks.  So while a station may have been classified as 

“probable triggering” for one main shock, that same station may have been classified as 

“possible triggering” for the other main shock.  Some station data was classified as 

“unreadable’ for one main shock because of excessive clipping or a lack of data, and 

classified as “probable triggering” for the other main shock.  In certain areas, these were 

the cases and additional stations close by showed evidence of “probable triggering.” 

However, some areas showed evidence of triggering for one main shock and not another.    

 

 

Figure 26.    Location of 5 seismic stations that showed evidence of triggering for both EMC and NCE, 
with the category they were placed in shown next to the name of the station. Light blue indicates 
triggered earthquake; light green indicates triggered tremor. In the case of station B057 (magenta), EMC 
triggered an earthquake, while NCE triggered tremor with a possible earthquake.  
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Correlation Between Triggering and Geothermal Areas 

In order to test the hypothesis that triggered events occur more frequently within 

geothermal and volcanic areas than outside of these areas, we carried out a statistical 

analysis of the number of stations triggered inside geothermal and volcanic areas versus 

the number of stations triggered outside geothermal and volcanic areas. We defined the 

boundaries of our volcanic areas to be at 50 km distance from the locations of active 

volcanoes provided by the Smithsonian Institutional Global Volcanism Database (Global 

Volcanism Program, 2013) and the USGS geothermal favorability map (Figure 27).  

 

 

The geothermal favorability map shows areas within Western North America where 

geothermal potential is high, or the shallow- to intermediate-depth subsurface has higher 

heat flow.  In our comparison, we assume that triggered earthquakes are located relatively 

Figure 27.   USGS Geothermal Favorability Map (Williams et al., 2009) view on Google Earth.  The 
top two tiers (Red and Orange) show the highest geothermal favorability and were our boundaries for 
testing our hypothesis.   
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close to the seismic station. We can assume this for many of the triggered earthquakes 

where S – P times were negligible or impossible to determine.   

For EMC, we saw relatively similar percentages of triggered stations inside and 

triggered stations outside of geothermal and volcanic areas, as shown in Table 3 below.  

Table 3 

Mw7.2 EMC (394 
suitable for 
analysis) 

Number of 
Stations in 

Category Inside 
Geothermal 

and/or Volcanic 
Areas 

% (out of 108 = 
Total Number 

of Stations 
Inside 

Geothermal 
and/or Volcanic 

Areas) 

Number of 
Stations in 

Category Outside 
Geothermal 

and/or Volcanic 
Areas 

% (out of 286 = 
Total Number of 
Stations Outside 

Geothermal and/or 
Volcanic Areas) 

No apparent 
Triggering (1) 36 33.3% 94 32.9% 

Tremor (3, 7, 9) 13 12.0% 57 19.9% 

Earthquake (5, 8, 9) 27 25.0% 59 20.6% 

 

We also tested the hypothesis for NCE by computing the number of stations triggered 

inside geothermal and volcanic areas versus the number of stations triggered outside 

geothermal and volcanic areas (Table 4). 

 

 

 

 

 

 

 

 

For EMC, a comparison of frequency of observed triggered events for stations inside geothermal and 
volcanic areas versus stations outside of these areas.   
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Table 4 

Mw6.8 NCE (586 
suitable for 
analysis) 

Number of 
Stations in 

Category Inside 
Geothermal 

and/or Volcanic 
Areas 

% (out of 161 = 
Total Number 

of Stations 
Inside 

Geothermal 
and/or Volcanic 

Areas) 

Number of 
Stations in 
Category 
Outside 

Geothermal 
and/or Volcanic 

Areas 

% (out of 425 = 
Total Number of 
Stations Outside 

Geothermal and/or 
Volcanic Areas) 

No apparent 
Triggering (1) 73 45.3% 195 45.9% 

Tremor (3, 7, 9) 6 3.7% 25 5.9% 

Earthquake (5, 8, 9) 13 8.1% 15 3.5% 

 

We observe that triggering in the Western United States for two recent large events 

occurred as frequently inside as outside of geothermal and/or volcanic areas. Our results 

also indicate that, not surprisingly, more frequent triggering occurs closer to the main 

shock epicenters: Southern California for EMC, and Northern California and the Cascade 

region for the NCE.  

We did see substantial triggering within geothermal and volcanic areas, and made 

comparisons of the frequency of triggered earthquakes versus triggered tremor. For both 

main shocks, our results in Tables 3 and 4 show that within geothermal areas, triggered 

earthquakes happened slightly more often than triggered tremor, whereas outside of these 

areas the opposite is true. 

We identified several specific areas where triggering occurred and in the next 

section compare our results to those from previous studies in similar locations.  Because a 

substantial number of stations showed triggering, we cannot go into detail for each 

location; however, we list all stations, locations and category placement for both EMC 

and NCE on the CD in the back cover. 

For NCE, a comparison with stations inside geothermal and volcanic areas versus stations outside 
these areas.   
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Specific Regions of Interest  

San Andreas Fault 

 The San Andreas Fault is a right-lateral strike-slip fault that runs from its 

Southern end at the Salton Trough to its Northern end near the Mendocino Triple 

Junction.  It constitutes the boundary between the Pacific and North American tectonic 

plates and is capable of large magnitude earthquakes, which it has experienced in the 

recent geologic past (i.e. in 1857 and 1906).  Although the San Andreas Fault is 

continuous, it is often divided into the northern, central, and southern regions.  Numerous 

studies have been carried out on the central segment in Parkfield, CA, due to 

seismologists observing a pattern of magnitude 6.0 earthquakes in 1857, 1881, 1901, 

1922, 1934, 1966, and then in 2004 (Langbein and Bock, 2004).  Due to the extensive 

seismic network in this area that was installed to monitor this characteristic earthquake 

sequence, seismologists have also been able to gather significant information on triggered 

events.  

 Several previous studies (Gomberg et al., 2008; Ghosh et al., 2009; Peng et al., 

2010; Chao et al., 2012) have found triggered tremor along the central San Andreas Fault 

using several methods of detection.  In these studies, positive detections of remote 

triggered tremor observed ground motion frequencies as high as 15 Hz (Gomberg et al., 

2008).    In our study, we also found triggered tremor near this region for both main 

shocks (Figure 28 and 29).  Shelly et al. (2011) suggest that triggered tremor along this 

segment of the San Andreas is due to triggered slow-slip and low-frequency earthquakes 

along the deep San Andreas Fault.  They argue that once initiated, triggered tremor 

episodes along the San Andreas Fault are indistinguishable from non-triggered, or 

ambient tremor, suggesting that the dynamic stresses from passing seismic waves  
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act as a catalyst for tectonic stress release in the form of slow slip and low frequency 

events (Shelly et al., 2011).  Whether or not a given earthquake triggers activity may 

depend both on the readiness for failure of each fault patch and the amplitude of the 

triggering waves. 

 

 

Figure 28.    Topographic map of stations studied along the Parkfield segment of the San Andreas Fault 
during EMC. Contours and lines as in Figure 21.  Legend shown in Figure 22.   
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 The Parkfield region is not the only location along the San Andreas where we 

detected triggering.  Triggering was also found in the Big Bend region (probable 

triggered earthquakes) for EMC and also at stations East of Monterey Bay, where the San 

Andreas and Calaveras Fault splay (probable triggered tremor) (Figures 21, 23, 24 and 

25).  Triggered tremor was also detected in these areas due to the Alaskan Denali 

earthquake (Gomberg et al., 2008; Chao et al., 2012).  

 

 

 

 

 

 

 

Figure 29.   Station B079 along the Parkfield segment of the San Andreas Fault during EMC. High 
pass filtered at 5 Hz (top panel) with the raw waveform (lower panel) during the surface waves.  This 
is an example of the triggered tremor due to the passing surface waves from EMC.   
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San Jacinto Fault Zone 

The San Jacinto Fault zone is considered one of the most seismically active fault 

zones in Southern California, with several large earthquakes in the past 50 years as well 

as daily smaller magnitude events.  The fault zone is often divided from North to South 

into 7 sections: San Bernardino section, San Jacinto Valley section, Anza section, Coyote 

Creek section, Borrego Mountain section, Superstition Hills section, and Superstition 

Mountain section. Slip rates in the main fault zone vary from 12 mm/yr in the North 

down to 4 mm/yr towards the Southern portion (Treiman and Lundberg, 1999). 

Our study detected both triggered tremor and triggered earthquakes due to EMC 

at several stations along the San Jacinto Fault (Figure 30).  Due to the high density of 

faults in Southern California, it is difficult to determine on which specific fault these 

triggered earthquakes occurred.  However, by using the S-P measurements to calculate 

the corresponding epicentral distances, and the few events in the catalog, we can get a 

better picture of where triggering occurs (Figure 31). 
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Figure 30.    Stations studied along the San Jacinto fault for EMC. The data from several stations 
indicated evidence of both triggered earthquakes and tremor in the local area. We saw no evidence 
of triggering during the NCE main shock. Contours and lines as in Figure 21.  Legend shown in 
Figure 22.   
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Previous studies have found both triggered earthquakes and triggered tremor 

along portions of the fault.  A study by Gomberg et al. (2008) and also Chao et al. (2012) 

detected triggered tremor on the San Jacinto Fault due to the passing surface waves of the 

2002 Denali Alaskan Earthquake.   Meng and Peng (2014) also found triggered 

earthquakes along the San Jacinto due to EMC using a different method of detection, 

which is encouraging to note. Meng and Peng (2014) offer important insight on triggered 

events in deducing whether the triggering is due to static or dynamic stresses. The 

location of the EMC epicenter is relatively close (<100 km) to the fault and therefore 

static stress changes are significant. In their opinion however, dynamic triggering is 

Figure 31.    Map of Southern California, showing circles representing locations of possible epicenters 
for triggered earthquakes calculated for EMC. Purple lines show faults based on USGS Quaternary 
Fault and Fold Database. Green stars indicate catalogued earthquakes from the Southern California 
Seismic Network (SCEDC, 2013).    
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preferred.  From strong motion recordings with large peak ground velocities in the San 

Jacinto Fault Zone they calculated dynamic stress changes of 0.3–0.4 MPa, while the 

static stress changes in these locations were determined to be several orders of magnitude 

smaller (5–10 kPa).  In Figure 31, we see that there were no catalogued earthquakes on 

the San Jacinto Fault, but based on our S-P times, we consider it likely that several 

triggered earthquakes also occurred in that zone, especially because Meng and Peng’s 

2014 study also showed evidence of triggered earthquakes along that fault zone. 

In a study by Wei et al. (2011), triggered slip due to EMC was discovered along 

the San Andreas, Superstition Hills, Imperial, Elmore Ranch, Wienert, Coyote Creek, 

Elsinore, Yuha, and other minor faults in the area using InSAR data.  The scientists also 

measured offsets in the field on the Superstition Hills Fault, the San Andreas Fault, and 

the Imperial Fault.  Additionally, they found 23 mm of triggered slip recorded by 

creepmeters on the Superstition Hills Fault.  For this creepmeter data, the timing 

coincided with the passage of the seismic waves from EMC. Their findings correlate well 

with our observations of triggered earthquakes and tremor in this area.    

It is worth noting that no triggering was found during NCE in this area.  Several 

stations showed possible triggered earthquakes and possible triggered tremor, but the 

background seismicity rate did not significantly increase during the passing surface 

waves (Figure 32).  One possible interpretation is that, for NCE, the amplitude of the 

passing waves, or dynamic stresses, were not sufficiently large to trigger earthquakes or 

tremor in this region, whereas during EMC, these dynamic stress changes were greater 

due to the shorter distance to the epicenter.  
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Salton Sea Geothermal Field 

The Salton Sea Geothermal field is located at the Southeastern end of the Salton 

Sea. The Salton Sea Geothermal Field rests within a topographic low, and has a 

geothermal gradient that averages ~0.3°C/m, reaching a maximum of 4.3°C/m (Lynch et 

al., 2013). This high geothermal gradient results from the shallow magma body of the 

spreading center between the San Andreas and Imperial Faults. Hot geothermal fluids 

percolate to the surface making the site ideal for geothermal electricity-generating plants 

(Elders and Sass, 1988). Brodsky and Lajoie (2013) did a study on the influence of 

anthropogenic influences on the seismicity rate at the Salton Sea Geothermal Field. Their 

evidence suggests that while increases in pore pressure from injection may influence 

increases in seismicity, net production rate, meaning production rate plus the injection 

Figure 32.   Waveform data from station BZN during NCE.  Top panel is 10 Hz high pass filtered 
waveform.  Lower panel is the raw waveform.  The line labeled 0 is the origin time of the main shock.  
The rate of seismicity after P wave arrival matches the seismicity before P wave arrival.  Seismicity 
after the P wave could have been triggered by the passing surface waves, but we assign a “possible” 
triggering only to this observation.    
 



60 
 

rate, correlated best with the seismicity rate in this region. Therefore the seismicity may 

also respond to elastic compaction (Brodsky and Lajoie, 2013).   Additionally McGuire et 

al. (2015) did a study on the alteration of fault properties due to the geothermal presence 

in the Salton Sea Geothermal Field.  They found that this alteration appeared to have a 

significant effect on the frictional stability of the shallow faults (<5km). In their study, 

they relocated a 2005 swarm event and determined that seismic and aseismic slip were 

occurring on different faults, relating to the lithology of the fault (McGuire et al., 2015).  

We found both triggered earthquakes and a small number of observations of 

triggered tremor during EMC (Figure 33).  An example of waveform data from EMC is 

shown in Figure 34. Meng and Peng’s (2014) study also found dynamically triggered 

earthquakes in the Salton Sea Geothermal Field due to EMC.  Triggered seismicity has 

been found previously at the Salton Sea Geothermal Field due to the 1999 Hector Mine 

earthquake (Hough and Kanamori, 2002).  

In this region no triggering was detected during NCE.  Because we don’t see any 

triggering in this region during NCE, we consider it likely that the amplitude of the 

ground motions for this event was not sufficient to cause triggering.  
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Figure 33.   Stations studied in the Salton Sea area for EMC. Numerous stations in this area showed 
evidence of triggered tremor and triggered earthquakes. In the Northeastern part of the Salton Sea, 
triggered earthquakes occurred near or close to the San Andreas (Stations CTC and NSS2). 
Contours and lines as in Figure 21.  Legend as in Figure 22.   
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 In Figure 31, we can see a cluster of catalogued earthquakes at the Southern end 

of the Salton Sea that correlates well with our determined distances for multiple stations. 

Several catalogued events in the Elsinore Fault zone also correlate well (within the error) 

with our S-P times.   

The Geysers 

Prior to the beginning of geothermal exploitation at the Geysers, seismicity was 

very low, although that could also be attributed to a lack of seismic station coverage. 

According to USGS historical records for Northern California, no events were detected 

(above magnitude 2) before 1969 at the Geysers. After geothermal exploitation and 

deep-well fluid injection commenced at this site, seismicity started to increase in the area 

with more frequent small events and few Mw3 and above earthquakes. Although the 

magnitude 4 events have been increasing, the number of magnitude 3 events has been 

Figure 34.   Waveform data from station RXH during EMC.  10 Hz high pass filtered (top panel) and 
the raw waveform (lower panel).  Note the two small earthquakes that occur at 7628 sec and at 7652 
sec.   
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relatively constant since the mid-1980s, despite an increase in the rate of injection since 

then (Majer et al., 2007). It is unlikely that a large earthquake could be induced, as there 

are no mapped faults of large length in the Geysers.  There are some zones that may be 

faults, but which have no surface expression, such as the Big Sulfur Creek Fault Zone. 

Both triggered tremor and triggered earthquakes have previously been 

documented in this region.  Gomberg et al. (2008) found triggered tremor due to the 2002 

Mw 7.8 Denali Alaskan Earthquake at The Geysers.  Prejean et al. (2004) found that the 

Geysers geothermal field produced roughly 100 earthquakes in spasmodic bursts during 

the passing surface waves of the Mw 7.8 Denali Alaskan Earthquake. Aiken and Peng 

(2014) also found triggered earthquakes in this region in a separate study on the Denali 

earthquake.  It is also important to note that the Geysers have responded with triggered 

seismicity to seven additional remote Western North America main shocks (Stark and 

Davis, 1996).  In our study, The Geysers experienced triggered earthquakes for both main 

shocks (Figures 35, 36, and 37).  

We know that fluids are present in this region, due to the ongoing fluid injection 

that occurs at the geothermal power plant.  These fluids are dominated by vapor, not 

liquid, unlike at, for example, the Salton Sea geothermal site.  It would be interesting to 

know if this area was as prone to triggering prior to fluid injection.  As the historical 

seismicity of the area is not sufficiently well documented, scientists can’t answer this 

question.  This missed opportunity clearly indicates the importance of documenting 

locations of triggered seismicity.  If an area showed no evidence of triggered seismicity, 

but subsequently showed signs after fluid injection, it could tell us more about the 

mechanism of not only triggered seismicity, but earthquakes and tremor in general. 
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Figure 35.   The Geysers Geothermal Field and station 
HOPS during EMC.   This area has previously seen 
triggered earthquakes (Aiken and Peng, 2014) and showed 
evidence of triggered earthquakes for both main shocks in 
our study. Contours and lines as in Figure 21. Legend as in 
Figure 22.   
 

Figure 36.   Waveform data from station HOPS during NCE. 10 Hz high pass filter (top panel) shows 
triggered earthquakes throughout the passing surface waves.  Bottom panel shows raw waveform.   
 



65 
 

An additional observation worth highlighting for this area is that we did not find 

evidence for triggered tremor in our study. Figure 37 shows circles that indicate the 

epicentral distances to triggered earthquakes, calculated from S-P times at stations that 

displayed evidence of triggered earthquakes in Northern California due to EMC.  We can 

conclude that the magnitude of these triggered earthquakes is relatively low, due to two 

main reasons: 1) these events were not picked up in the earthquake catalogue and 2) the 

epicentral distances are very small and it is therefore likely that the events were only 

detected by one station.  This conclusion reinforces the need for a detailed waveform 

analysis to create a (more) complete earthquake catalogue. 

 

 

Figure 37.   Map of Northern California, Eastern Nevada, Oregon and Washington, showing circles 
with station names labeled representing distances to epicenters of triggered earthquakes, calculated for 
EMC. Purple lines show faults based on USGS Quaternary Fault and Fold Database.  
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Yellowstone 

Yellowstone National Park is one of the most famous volcanic and geothermal 

areas in the world.  The park has over 10,000 geysers, hot springs, and fumaroles.  With 

three major caldera eruptions in the recent geologic past, and because the area is still 

considered volcanically active, numerous instruments have been installed to monitor the 

caldera and seismicity in the area.  Triggered seismicity was previously detected in 

Yellowstone National Park due to the 2002 Mw 7.8 Denali Alaskan Earthquake in a study 

by Husen et al. (2004).   They found that, within the first two hours following the main 

shock, earthquakes clustered close to three major hydrothermal areas in Yellowstone: 

Upper geyser basin, West Thumb geyser basin, and at the North end of Yellowstone 

Lake.  The earthquake activity following the main shock was well above the background 

seismicity at the time (Husen et al., 2004). Their evidence suggests that hydrothermal 

fluids play an important role, as the triggered earthquakes occurred exclusively in these 

regions.  

For our study, we found that Yellowstone stations showed triggered earthquakes 

for both main shocks (Figures 38, 39 and 40), adding evidence that this region is 

relatively susceptible to triggering.  Yellowstone was the furthest location from the 

epicenter of each main shock where triggered seismicity was found in our study.  This 

evidence, along with the study by Husen et al. (2004), suggests that Yellowstone’s 

hydrothermal and volcanic features make it more prone to triggering and favors models 

in which pore or fluid pressures are redistributed or locally increased as suggested in 

Husen et al. (2004). 
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Figure 38.  Stations studied in Yellowstone National Park during EMC. The stations at 
Yellowstone showed evidence of triggered earthquakes even though the epicenter of the main 
shock was over 1400 km away. Some areas in Yellowstone also experienced triggering due to the 
NCE.  Contours and lines as in Figure 21.  Legend as in Figure 22.  
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In Yellowstone, the University of Utah’s seismic network (University of Utah, 

1962) was able to pick up one earthquake in its catalogue (Figure 39).  Our measured S-P 

times suggest that there may have been additional locations that experienced triggered 

earthquakes. At Yellowstone during NCE, our evidence would suggest one possible 

triggered earthquake close to where the three circles almost meet (Figure 40).  The 

approximate location of this area is North Yellowstone Lake.  As previously described, 

Husen et al. (2004) also found triggered seismicity at Yellowstone Lake.  Additionally, 

no triggered tremor was detected in this region for either main shock.      

Figure 39.  Map of the Yellowstone area, showing circles representing locations of possible 
epicenters for triggered earthquakes calculated for EMC. Purple lines show faults based on USGS 
Quaternary Fault and Fold Database. Gold stars indicate catalogued earthquakes from the 
University of Utah Seismic Network.    
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Offshore Washington and Oregon Coast 

In Northwestern North America the Juan de Fuca plate is subducting beneath the 

North American plate at the Cascadia Subduction zone.  The Pacific Northwest Seismic 

Network has an extensive network of seismometers over the Cascade mountain range 

and, more recently, the Cascadia Initiative has deployed ocean bottom seismometers off 

the coast along the accretionary wedge and elsewhere along the subduction zone 

(Toomey et al., 2014). Several studies have shown that triggered tremor occurs often in 

subduction zones (Shelly et al., 2006; Rubinstein et al., 2007; Gomberg, 2010).  As of 

today, there is no documented observation of triggered tremor at Ocean Bottom 

Seismometer (OBS) sites in this area, likely due to the fairly recent deployments. 

Figure 40.  Map of the Yellowstone area, showing circles representing location of possible 
epicenters for triggered earthquakes calculated for NCE. Purple lines show faults based on USGS 
Quaternary Fault and Fold Database. 



70 
 

The OBS’s were collecting data during NCE, so we were able to include these 

stations in our study for this event.  Several OBS’s displayed evidence of triggered 

tremor along the accretionary wedge (Figures 41 and 42). Tremor has been previously 

observed in the Cascadia region (Shelly et al., 2006) and we detected both earthquakes 

and tremor along the coast. Although we cannot locate the source of the triggered tremor, 

our dataset includes stations between the offshore stations and the stations in the Cascade 

Range that exhibited no apparent triggering (Figure 41).  This suggests that, while we see 

tremor in the Cascade Range, we also see an additional source of tremor from an offshore 

source.   However, it is important to note that we found more frequent occurrences of 

triggered tremor offshore than triggered earthquakes.  Rubinstein et al. (2007) 

documented triggered tremor due to the Alaskan Denali earthquake near Vancouver 

Island, Canada.  This is slightly to the North of our study area, but nonetheless, part of 

the same subduction zone. 
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Figure 41.   Stations studied offshore during NCE.  Several OBS stations showed evidence of 
triggered tremor. Few studies have been conducted on triggering at these ocean bottom 
seismometers due to the fact they have only been recently deployed, but we found triggered tremor 
at several sites, some located on the accretionary wedge of the subduction zone in Northwestern 
America. Contours and lines as in Figure 21.  Legend shown in Figure 22.   
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Cascade Range  

In the Cascade Range several stations in the Southern region showed evidence of 

triggered earthquakes (Figure 43; refer to Figure 21 and 23 for a look at both triggered 

tremor and triggered earthquakes in the region).   Our S-P time data suggests this region 

experienced several smaller magnitude events, rather than a few larger triggered events.  

Previously, Prejean et al. (2004) found triggered earthquakes in the Mt. Rainier region 

during their study on the Alaskan Denali earthquake.  

In the coastal range our data showed more triggered tremor.  Moran et al. (2000) 

suggested that earthquakes at Mt. Rainier would occur in response to the movement of 

magmatically derived fluids through the volcano’s structure based on their studies on 

focal mechanisms, seismic tomography, and geochemical studies.  They also note that 

 

Figure 42.   Waveform data from station J26C during NCE.  10 Hz high pass filter (top panel) with the 
raw waveform (lower panel). This OBS station showed triggered tremor from around 7440 sec, peaking 
around 7490 sec, and then decreasing in amplitude until the signal fades around 7550 sec.   
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Mount Rainier didn’t trigger for some other large, regional, main shocks, and in our case, 

we saw no definitive evidence of triggering there.   Prejean et al. (2004) also offer that, 

because instrumentation at the time of the Denali earthquakes was lacking at other peaks 

in the Cascade Range, it could be that those triggered as well.  However, Mount Lassen, 

Mount Shasta, and Medicine Lake experienced triggering during the Landers 1992 

earthquake (Hill et al., 1993; Bodin and Gomberg, 1994; Anderson et al., 1994).  

 

 

 

Figure 43.   Map of Northwestern North America, showing circles representing location of possible 
epicenters for triggered earthquakes calculated for NCE. Purple lines show faults based on USGS 
Quaternary Fault and Fold Database. Blue stars indicate catalogued events (NCEDC, 2014).   
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Southern Utah 

For both main shocks in our study, stations in Southern Utah, along the 

Intermountain Seismic Belt, showed evidence of triggered earthquakes (refer to Figure 21 

and 23 in the supplementary CD for a look at both triggered tremor and triggered 

earthquakes in the region).  Additionally, one station showed triggered tremor for NCE.  

Pankow et al. (2004) also detected triggered earthquakes in Utah due to the Alaskan 

Denali earthquake.  In their study, they concluded that the triggered seismicity they 

located was widespread throughout the Intermountain Seismic Belt in Utah, occurred 

generally within seismically active areas, and tended to spatially cluster. They found no 

correlation between the locations of the triggered earthquakes and volcanic vents.  Hill et 

al. (1993) also found triggered seismicity in this region, adding to the mounting evidence 

that some areas are more prone to triggered seismicity than others. 

North of Lake Tahoe 

For both main shocks in our study, stations just North of the Tahoe/Reno area 

showed evidence of triggered earthquakes (refer to Figure 21 and 23 in the 

supplementary CD for a look at both triggered tremor and triggered earthquakes in the 

region).  Hill et al. (1993) detected triggered earthquakes in this area due to Landers as 

well.  This region is often referred to as the Walker Lane Belt and lies between the 

Eastern edge of the Sierra Mountain Range and the Basin and Range province; 

additionally, it is an area with elevated geothermal favorability (Figure 27).  Although 

most of the right-lateral transform motion due to Pacific–North America relative plate 

motion is taken up on the San Andreas Fault, the transtensional Walker Lane 

accommodates some of this motion (Wesnousky, 2005).    
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Triggered Tremor 

In our study, we found triggered tremor at several stations along Southern 

California faults, along portions of the San Andreas Fault, West of Yellowstone, in the 

Basin and Range region, the Cascades, and offshore Oregon and Washington.  Previous 

studies have found triggered tremor on the San Andreas Fault (Chao et al., 2012), the San 

Jacinto Fault (Gomberg et al., 2008), and the Cascadia Subduction zone (Shelly et al., 

2006; Rubinstein et al., 2007; Gomberg, 2010).  Our results show that, for both main 

shocks, triggered tremor occurred less frequently inside of geothermal and volcanic 

regions as compared to outside. Some models of ambient tremor are associated with slow 

aseismic slip in specific geologic environments such as subduction zones with many 

studies speculating that aseismic slip and tremor are related to the release of fluids from 

dehydration of the subducting plate (Liu and Rice, 2005).  If we assume that similar 

mechanisms transpire in both ambient tremor and triggered tremor, we would expect to 

see a correlation between triggered tremor and possible fluids present in the environment.  

While this may account for locations near subduction zones, this may not suffice for 

locations such as the San Andreas Fault, the San Jacinto Fault, and locations in the Basin 

and Range province. Shelly et al. (2011) suggests that triggered tremor along this 

segment of the San Andreas is due to triggered slow-slip and low-frequency earthquakes 

along the deep San Andreas Fault.   

We did not see triggered tremor in the same locations for both main shocks.  This 

disparity most likely can be attributed to the different amplitudes of the triggering waves.  

The deficiency of triggered tremor in several geothermal regions in our study implies that 

high fluid pressure and/or temperatures likely cannot suffice as the only mechanism to 

produce tremor. Chao et al. (2012) suggest in their study on ambient and triggered tremor 



76 
 

in California that many tremor patches, or areas along a fault that may be more prone to 

tremor, could be on the verge of slipping and hence are prone to be triggered by the large-

amplitude surface waves. Studying where triggered events happen therefore may tell us 

which areas are critically stressed (Chao et al., 2012).   

Triggered Earthquakes 

We found triggered earthquakes along several Southern California faults, along 

portions of the San Andreas Fault, in Yellowstone, in the Basin and Range region, at the 

Geysers Geothermal Field, Coso Geothermal Field, the Salton Trough, and the Cascades.  

A comparison of stations that showed evidence of triggered earthquakes inside 

geothermal and volcanic areas with those outside these areas indicates that triggered 

earthquakes occurred preferentially, but not exclusively, within these areas. Our 

observations show that while in general triggering does not occur preferentially in these 

areas, when we consider only triggering of earthquakes and not tremor, geothermal areas 

appear to be more susceptible.  These findings agree with previous work on triggered 

earthquakes in geothermal regions (Brodsky and Prejean, 2005; Gomberg et al., 2008).  

 The locations at which triggered earthquakes occurred diverged for the two main 

shocks that we studies.  However, the four locations that did display evidence of triggered 

earthquakes for both main shocks were all geothermal in nature, or relatively close to 

geothermal areas (The Geysers, Yellowstone, Southern Utah and North of Lake Tahoe).  

 However, in determining the location of triggering, one important assumption was 

made that should be considered carefully. The location of the seismometer may not 

always be an appropriate estimate of the location of the triggered earthquake, or the 

triggered tremor.  It could be that the triggered earthquake or triggered tremor occurred 

within the geothermal regions and the seismometer that measured it was slightly outside 
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of these regions.  Determining precise locations for these events would be necessary to 

confirm our results, however, this type of analysis is beyond the scope of this thesis.  

Mechanisms 

Our results show that general triggering can occur in a wide variety of tectonic 

settings and happens inside of geothermal and volcanic areas as frequently as outside of 

these areas. This suggests that very specific conditions possibly involving temperature, 

pressure, fluid content, and friction, control where triggered tremor and earthquakes 

occur (Gomberg et al., 2008). Static stress changes are unlikely to be the dominant 

mechanism for this observed triggering, because we located triggered events at distances 

greater than 1000 km, where static stresses should be negligible compared to their 

dynamic counterparts.  According to the study by Meng and Peng (2014) on the EMC 

main shock, some areas inside the predicted Coulomb stress shadow showed triggering.  

Therefore, it is likely that the triggering detected by these authors and in our study inside 

these stress shadow zones were due to dynamic stresses. We argue that because these 

events occurred within the first hour of the passing surface waves, dynamic stresses 

dominate the stress field. Previous studies (Hill et al., 1993; Prejean et al., 2004; Meng 

and Peng, 2014) have made similar arguments.  However, it cannot be concluded that 

there is no effect of static stress changes.  We do see more significant triggering in 

regions closer to the main shock – Southern California for EMC and the Cascade range 

for NCE.  Additionally, these areas are noticeably absent of probable triggering for the 

alternate main shock.  This could be due to the larger amplitude of the waves and thus the 

dynamic stress changes, closer to the main shock epicenter.  To better assess the 

likelihood of static versus dynamic stress changes as the cause of these events, the timing 

of the triggering on the waveforms from the stations near the epicenters should be 



78 
 

consistently analyzed and documented.  If it was determined that the triggering occurred 

as the largest surface waves pass through, it would be more likely to be dynamic 

triggering.  One difficulty with this analysis is that numerous seismometers in close 

proximity to the epicenter clipped during the largest surface waves.  Also including 

waveforms from strong motion seismometers may be helpful, although these instruments 

will be less sensitive to small amplitude local earthquakes. 

 Although we did not carry out a consistent and detailed analysis of the timing of 

the triggering, we detected both triggering during as well as after the passing of the 

surface waves. In retrospect, noting the timing of triggered events (i.e. during largest 

surface waves, after to surface wave trains) and the number of triggered events we saw in 

the first hour would have assisted in determining which locations may have experienced 

delayed dynamic triggering and/or instantaneous dynamic triggering. That said, we still 

aim to reflect on the possible mechanisms at work in this process.   

 If passing waves encounter an unstable fault, the sharp increase in velocity can 

reduce the friction, which may act to increase the slip velocity on the fault and lead to 

failure on the fault. For large amplitude waves or faults very near failure, the earthquake 

could happen immediately. For faults that are further from failure, the accelerating creep 

is prolonged and delayed triggering results (Brodsky and van der Elst, 2014).  This may 

explain why we observed both instantaneous triggering and delayed triggering.  

Recently, Guglielmi et al. (2015) observed how fluid injection can set off small 

earthquakes on a fault. In their experiment, they injected water into an accessible fault in 

Southeastern France. Initially, scientists measured slow, creeping slip on both sides of the 

fault as fluid was pumped in. Rock on the two sides of the fault separated during this 

creep movement and the rate of water flow into the fault increased dramatically. About 
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18 minutes into the experiment, the slip rate increased, generating numerous measurable 

earthquakes and seismic waves (Guglielmi et al., 2015).  This study is one of the first of 

its kind and reveals that fluid injection itself in this case did not directly trigger an 

earthquake, but instead, the earthquakes were a secondary response to the aseismic slip.  

Aseismic slip likely built up stress at the edges of the creeping zone of rock (Figure 44). 

The increasing shear stress eventually overcame the friction between the two sides of the 

fault, triggering earthquakes. Because triggering is seen in geothermal and volcanic areas,  

 

the presence of fluids may assist in the triggering process. It could be that triggered 

aseismic creep may precede triggered earthquakes, which may be detectable in the form 

of tremor (although triggered earthquakes were detected in our study without obvious 

occurrence of tremor at the same site) or undetectable with our current instrument 

deployment (Shelly et al., 2011).  

Figure 44.   Cartoon of the experiment run by Guglielmi et al. (2015).  Aseismic 
slip occurred as the water was injected and earthquakes occurred as a secondary 
response, after the occurrence of aseismic slip along the fault.   
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A key factor here may be in the timing and amplitude of triggering during the 

wave train. Because we discovered triggering in both geothermal and non-geothermal 

areas, it would be useful to determine whether triggering preferentially occurs 

instantaneously or delayed in these areas, and also correlate the triggering to the peak 

amplitudes of the local ground motion.  In the presence of liquids, the permeability of the 

fault may come into play due to the time it takes the pore fluids to redistribute.   It could 

be that without the presence of fluids, it may take more stress to cause a fault to creep and 

then fail.  Obviously, this could vary from fault to fault depending on the geometry, 

strength of the fault, history of the fault, and fault orientation.  In the study by Guglielmi 

et al. (2015) earthquakes were not directly induced by the injection of fluids, but by a 

secondary process after the fluids induced aseismic creep.  It could be that dynamic stress 

changes caused by the passage of surface waves trigger creep, which, depending on the 

properties of each specific fault, may trigger a secondary mechanism such as pore fluid 

redistribution, or Coulomb failure.  

Future Work 

The waveform data set that we used for this study could be further analyzed to 

determine additional factors involved in the triggering process – most importantly the 

amplitude of the passing waves during the triggering, as well as the detailed timing of the 

triggering.  Furthermore, some of the triggered events may be located in order to better 

determine the environment in which they occurred. This additional information could 

greatly assist in assessing the likelihood of proposed triggering mechanisms. 

According to the USGS Geothermal Favorability Map (Williams et al., 2009), a 

large section of Eastern Nevada is categorized within the top two tiers.  We noticed that 

these areas contained few broadband and short-period seismometers.  In order to get a 
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much more complete idea of where we see triggering occurs and doesn’t occur, it is 

essential to fill in the gap and install more seismometers in this area. More in general, 

increased instrumental coverage and more standard analysis of waveforms to detect any 

triggering of small events will continue to enhance our understanding of seismogenic 

processes. 
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CHAPTER 4 
 

CONCLUSIONS 
 

Using visual inspection of seismograms, we detected both triggered tremor and 

triggered earthquakes throughout Western North America due to two recent large 

magnitude events: the magnitude 7.2 El Mayor Cucapah (triggering was found to occur at 

or near 117 stations) and the magnitude 6.8 Northern California Earthquake (47 stations 

showed evidence of triggering).  We found that general triggering occurred as frequently 

inside as outside of geothermal and/or volcanic areas. However, our observations show 

that triggering of earthquakes appears to be more likely within these regions: 25% of 

stations inside geothermal areas showed evidence of triggering of nearby earthquakes 

versus 20.6% outside for EMC. A similar difference was found for NCE: 8.1% inside 

versus 3.5% outside.  Triggered tremor however, was found to occur relatively more 

frequently outside of geothermal areas for both main shocks (19.9% versus 12.0% for 

EMC) and (5.9% versus 3.7% for NCE). Not surprisingly, more frequent triggering 

occurred closer to the main shock epicenters where the stress changes are expected to be 

greater: Southern California for El Mayor, and Northern California and the Cascade 

region for the Offshore Northern California Earthquake.   

Our results indicate that, based on the timing of the triggering and the location of 

the triggered events, dynamic stress changes are more likely responsible for the triggering 

than static stress changes. We found evidence of triggering in several different types of 

tectonic regimes, suggesting multiple mechanisms may be at work for both triggered 

tremor and triggered earthquakes. The deficiency of triggered tremor in several 

geothermal regions and the relatively higher rate of occurrence of tremor outside of 

geothermal areas imply that high fluid pressure and/or temperatures likely cannot be 
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considered to be the prevalent mechanisms to produce tremor. Additionally, although we 

detected triggered earthquakes for both main shocks in several geothermal areas 

including Yellowstone, Southern Utah, North of Lake Tahoe, and the Geysers 

Geothermal Field, triggered earthquakes were not exclusive to these areas. Therefore, in 

addition to the presence of fluids, other factors likely contribute to susceptibility to 

triggering, such as fault zone properties and background stress level. 
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APPENDIX A: Alternate Methodologies 

 The analysis of earthquake catalogues after a large main shock event can yield 

substantial results when looking for triggered events.  Yet, often earthquake catalogues 

will miss a large number of triggered events due to the large amplitudes of the surface 

waves that dominate the recorded ground motions.  Also, networks usually require 3-5 

stations to record the P and S waves in order to locate an event.  So if only 1 or 2 stations 

sense the smaller event, the earthquake can not be included in the catalogue.  

Alternate methodologies exist to detect triggered events (earthquakes and/or 

tremor).   The matched-filter technique is one of the more popular methods of detection.  

It has been used successfully in several studies (Meng et al., 2012; van der Elst et al., 

2013, and references therein).  The matched-filter method matches templates taken from 

known earthquakes in the area and runs them through waveform data in order to detect 

additional similar events missed in the catalogue.  This can be a very efficient way of 

detecting much smaller events within waveform data because it does not require visual 

inspection.  However, there are some limitations with this method.  The matched-filter 

requires high computing power to run templates through multiple stations.  This was not 

feasible with the extensive regional area and number of stations we wanted to cover.  

Also, specific templates would be needed to run through all waveform data, but because 

we are testing a larger region, the number of different templates required for the differing 

tectonic environments for earthquakes and tremor signals would have been substantial.  

Another limitation to the matched filter method is that it can lead to false detections.  

Normally, false detections are limited in this method, but they do occur.  We wanted a 

higher confidence level for our detections, in order to draw conclusions about the 

environment in which we were seeing triggered events.   
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The use of waveform templates from earthquakes that have already occurred can 

incur some bias, possibly not accounting for ‘new’ earthquakes on different structures. In 

the case of the study by Meng and Peng (2014) on EMC, some earthquakes that occurred 

on the Elsinore fault were falsely detected by the use of one template event in the San 

Jacinto Fault Zone.  This was however not a common incident, as they were able to 

correctly locate several other events using this technique.   
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APPENDIX B: Surface Wave Induced Instrumental Clipping 

In our analysis, we came across 63 stations with a distinct and consistent 

instrumental noise during EMC. Because it was only seen during the passage of surface 

waves and due to its overall waveform characteristics, it initially appeared to be a 

triggered event (Figure B1). We analyzed this signal by comparing the broadband and 

strong motion seismograms at the same site (Figure B2). Broadband instruments measure 

the velocity of the earth movement, while strong motion stations measure the 

acceleration.  This noise was found on broadband stations within the Anza Network and 

California Integrated Seismic Network (Table B1). Upon further investigation, and with 

contributions from Chad Trabant and Gillian Sharer of IRIS, it was determined that the 

noise was caused by clipping of the broadband sensors. The STS-2 and Trillimum-40 

sensors have a tri-axial design where the sensor components are electronically combined 

to produce the vertical and horizontal components. If any one of the sensor components 

“clips” due to the large amplitude surface waves, it will affect all of the vertical and 

horizontal outputs of the sensor in non-obvious ways (Figure B3).  Therefore, although 

there was no apparent clipping on the vertical component only, the clipping of one of the 

original sensor components caused a “readjustment” in the vertical component – hence, 

the signal we were seeing.  
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Figure B1.  Waveform data from station SCI2 during EMC. High-pass filtered (8 Hz; top) and raw 
(bottom) vertical component broadband seismometer.  Inset picture shows instrumental noise 
signature signal. 
 
 

Figure B2.   Instrumental noise example of differentiated, unfiltered, broadband seismogram 
(HHZ) above unfiltered strong motion seismogram (HNZ).  The difference in both seismograms 
indicates an instrument related issue with the broadband sensor is the cause of the signal. 
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 Our main goal with this appendix is to document this noise for future reference, 

especially for anyone researching locally triggered earthquakes and tremor where surface 

waves may be very large. 

Table B1 

Station ID 
      BZN DEC LCG MSC RPV SLR WGR 

MOP2 DGR LCP MWC RVR SMW WWC 
ADO DJJ LDR PASC RXH SNO MLAC 
BC3 DLA LGB PASC SBB2 SPF   
BEL DNR LLS PDR SBC STC   
BTP DSC LMR2 PDU SCI2 SVD   
CCC FIG LPC PLM SDD THE   
CIA FMP LTP PMD SDG USC   
CLC JVA MCT RIN SDR VCS   
CTC LAF MGE RIO SES WES   

 
 
 

 

 

Stations that displayed surface wave induced instrument clipping during EMC. 
 

Figure B3. High-pass filtered (8 Hz; top three) and raw (bottom three) horizontal and vertical 
components of waveform data for broadband station DJJ during the passing waves EMC.  While the 
vertical component shows no clipping, purple arrows indicate where the horizontal components 
“readjust” after clipping occurred.  Red arrows show obvious noise responses in each seismogram. 
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APPENDIX C: S-P Time Measurements for EMC and NCE 

 Tables C1 and C2 contain the stations and S-P time measurements that are shown 

in Figures 24 and 25.  Each station is listed with the network, the Station ID, and the 

distance in kilometers of the first S-P time within each observed waveform.   

Table C1 
 
Network Station Distance 

(km) Network Station Distance 
(km) Network Station Distance 

(km) 
AZ BZN 45 CI RVR 56 PB B057 10 
AZ CPE 63 CI MUR 85 PB B081 21 
AZ HWB 7 CI NSS2 69 PB B082 23 
AZ KNW 19 CI OLP 69 PB B084 34 
AZ SOL 73 CI PER 70 PB B086 28 
BK HOPS 10 CI PMD 39 PB B087 25 
CI BCW 4 CI PSD 35 PB B088 23 
CI BEL 81 CI RIN 4 PB B093 15 
CI BLA2 66 CI RPV 53 PB B205 35 
CI BTP 2 CI RSS 11 PB B207 25 
CI CTC 4 CI RVR 56 PB B916 25 
CI DEC 4 CI RXH 11 UU ICU 10 
CI DGR 25 CI SLB 26 WY YHH 4 
CI DNR 3 CI SLR 2 WY YMC 14 
CI DRE 57 CI SNO 90 WY YMR 23 
CI EML 54 CI STG 4 WY YPM 24 
CI FHO 100 CI TOR 53 WY YPP 10 
CI HEC 21 CI WSS 28 WY YWB 14 
CI LAF 4 CI WWC 88 PB B916 25 
CI LDR 5 MB LCCM 3 UU ICU 10 
CI MGE 16 MB TPMT 28 WY YHH 4 
CI MPI 2 NN DON 10  
   

 
 
 
	  
	  
	  
	  
	  

For EMC, S-P wave measurements shown in Figure 24. Network, stations, and approximate 
distance from station to triggered earthquake epicenter.   
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Table C2 
	  
	  

Network Station Distance 
(km) 

BK BKS 7 

BK HOPS 4 

BK HUMO 10 
BK SAO 100 
CI ARV 19 
CI DSC 5 
CI LFP 1 

LB MVU 3 
NN REDF 12 
PB B030 11 
PB B032 2 
PB B033 12 
PB B054 7 
PB B208 13 
PB B944 32 
TA L04D 11 
TA M02C 16 
TA O02D 6 
UU VRUT 25 
UW UMPQ 7 
WY YTP 23 

	  
	  
	  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

For NCE, S-P wave measurements shown in Figure 25. Network, stations, and approximate 
distance from station to triggered earthquake epicenter.   


