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Summary 
The El Mayor-Cucapah earthquake sequence stretches from the Gulf of California to the border 

between Mexico and California and beyond. The seismicity of the region close to the border is generally 
reasonably well constrained by the Southern California Seismic Network. The area between the Gulf of 
California and the border is covered by the Red Sismica del Noroeste de Mexico (RESNOM), with most 
stations located at longitudes to the West of the Gulf. However, the seismicity of the southern part of the 
El Mayor-Cucapah aftershock zone and the area directly south of this zone, namely the transition region 
from ocean to continent and the Northernmost part of the Gulf, is poorly covered by existing networks 
and hence currently poorly understood. To enhance our understanding of the tectonic framework of the El 
Mayor-Cucapah earthquake sequence and the seismicity preceding this event, a better earthquake catalog 
needs to be developed. As an initial step towards that goal, I have adapted a surface wave back-projection 
method that was originally developed for the analysis of global earthquakes, to detect and locate small 
earthquakes in the Northern part of the Gulf of California and the ocean-continent transition region in the 
waveform data from the 2002-2007 temporary Baja network, that is available from the SCEC Data Center. 
Since many transform fault earthquakes in this area have been determined to generate earthquakes that 
have a slow character and are depleted in short period energy, the surface wave based approach that this 
algorithm provides should be particularly well suited for this purpose. Once the software was modified to 
allow for the analysis of small magnitude earthquakes in a regional setting, Cal Poly Pomona 
undergraduate student Amber Butcher tested several ranges of grid size and surface wave period to 
optimize usability and performance. After these optimal parameters were determined, she started the 
analysis of the temporary Baja network waveform data and we developed several additional tools to 
facilitate the verification of events. The results from several months of data have now been used to 
determine a preliminary magnitude calibration for the stacked amplitude, as produced by the algorithm, as 
compared to the magnitude of the events located by the RESNOM and global networks. This calibration 
shows more scatter than expected based on the results of our global study, but ISC and RESNOM 
magnitudes also vary significantly, and we are planning to investigate whether this scatter is due to the 
characteristics of the source or path effects. Further improvements will be implemented, such as 
tomographic travel time corrections and calculations of surface wave moment tensors for events greater 
than Mw3.5. Amber has presented the preliminary results of this project at the Southern California 
Conference for Undergraduate Research in November and will present updated results at the 
Seismological Society of America meeting in April. 

 
Surface Wave Back-Projection  

The solution to detecting events using waveforms from a seismic array consists of a continuous 
mapping of the surface wave arrivals from different stations and different periods onto a grid. The method 
is very straightforward, and consists of three steps. The first is akin to the traditional method of measuring 
dispersion using a sliding window, which results in a spectrogram with amplitude as a function of period 
and arrival time F(τ,T). These spectrograms can then be mapped into origin time (τ0) and distance (R0) for 
every individual station: 

 
     
 

where R0 is the target distance, u(Ti) the group velocity for period Ti, Fj the spectrogram for 
station j and Gj the time-distance function. Function G will then show localized maxima for every time-
distance pair corresponding to a seismic event. There is an equivalent in high-frequency seismology, 
where, if the P and S arrival time are measured at a station, we may obtain a rough estimate of the origin 
time and the distance from the station to the event, since the separation between direct P and direct S is 
unique for every distance, if we neglect the depth of the event.  
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In our current algorithm, the localized maxima in G are not used to identify events explicitly. 
Instead we continue with a final mapping of G into a three-dimensional space spanned by the geographic 
coordinates and origin time: 

where R0(x,y) is the distance from point (x,y), the target location, to the station. Seismic events are 
then identified as local maxima of function H both in space as well as time. In order to facilitate the 
analysis, it is advantageous to use a gridding scheme with cells of equal size.  

The basic premise of this methodology allows for its application on different length scales. For a 
National Earthquake Hazard Reduction Program project, we developed a prototype for the National 
Earthquake Information Center (NEIC) that is able to locate earthquakes down to a magnitude 5.5 on the 
globe, using long period surface waves. One of its strengths is its ability to determine reliable magnitudes 
for slow transform and tsunami earthquakes. Furthermore, we implemented an extension to this system 
for determining moment tensors and depths, using the same measurements of complex spectra of 
Rayleigh waves. Using a well established method (Kanamori and Given, 1981) to invert these 
measurements for mechanism for a range of depths provides both a source mechanism and, by finding the 
depth at which a best fit is produced between measurements and predicted radiation pattern, a source 
depth. Although this prototype was originally created for the purpose of reliably determining magnitudes 
of large global earthquakes in near real-time, the flexibility of the methodology is such that by reducing 
the cell size, including shorter period surface waves and making some other modifications to the software, 
I was able to adapt this algorithm for applications on the scale of a regional network.  
 
Background On Region and Available Data 

The Gulf of California is part of the boundary between the North American and Pacific plates and 
is characterized by the beginning stages of sea-floor spreading. Within the Gulf itself, the deformation 
ranges from relatively simple ridge-transform systems in the south to more complex and diffuse 
deformation in the north and exhibits large differences in rifting style and magmatism over short lateral 
distances (Lizarralde et al., 2007). To better understand the tectonic setting of the El Mayor-Cucapah 
earthquake, the earthquake statistics of the region, the relative role of seismic versus aseismic rifting, the 
rheologic properties of the crust and mantle and to be able to better assess the region’s seismic hazard, 
knowledge of the seismicity of this area is essential. Although temporary seismic networks have been 
installed in the area in the past decade (in particular the OBS SCOOBA network in 2005-2006 and NARS 
Baja 2003-2007), the focus of these projects has been on structural studies. Station coverage of permanent 
RESNOM stations in this area is poor, with an optimum detection threshold magnitude of 3.5 at the most 
northern tip of the Gulf of California and almost no coverage south of 30.5° N (Zuniga and Castro, 2005). 
This study leverages already existing and readily available (through the SCEC DC) waveform datasets 
from temporary networks in the Gulf of California to their full potential.  

 
Enhancements: Frequency-Dependent Analysis, Regional Study, Facilitating Use by Students 

The adaptation of the original global system to regional small earthquake detection and location 
required some changes to the model parameterization, such as the use of a simple lat-lon grid in the 
regional case rather than the global cubed-sphere grid, the development of a regional short-period surface 
wave velocity model and the determination of suitable back projection parameters such as period range, 
time-steps, lag-time and grid resolution. These have to be chosen such that we achieve a good trade-off 
between spatio-temporal resolution and reasonable computing time. 

After some experimentation, we adopted a timestep of 20 seconds, lag-time of 10 minutes, grid-
spacing of .05° (~ 5 km) and back-project the data on an area that extends from the southern tip of Baja 
California to the south past the Mexico-California border to the north. At short periods, surface wave 
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velocities exhibit a strong regional dependence and we therefore used a dispersion model determined 
specifically for the Baja/Gulf of California region by Hadziioannou (2007).  

I have created an interface that allows undergraduate students to view and interpret the results 
produced by the back projection algorithm. We also developed several additional tools to facilitate the 
verification of events. We are currently using surface waves in the period range of 12-30 sec. Eventually, 
stacking the surface waves over several different frequency intervals (with a total range of 12-150 sec) 
will act to lower the signal to noise level for small earthquakes by using relatively high frequency surface 
wave data, while still allowing the accurate determination of larger magnitudes by including the longer 
periods. The accuracy, and the detection threshold, can be further improved by using laterally varying 
group velocity models (such as Zhang et al., 2009) to calculate travel time corrections and reduce any 
effects of 3D heterogeneity along the paths, and also by a reduction of the grid spacing and time-step (this 
will be more computationally expense however). It will likely also be possible to calculate (additional) 
corrections based on the phase shifts determined by a focal mechanism inversion using the surface wave 
phase and amplitude data.  

Over the course of the last few months, undergraduate student Amber Butcher has analyzed 
several months of data from the temporary Baja seismic networks using this new interface. Several 
examples of the output of this new regional system in Figure 2 show that our back-projection method, 
adapted for regional use and with a period band of 12-30 sec, even without travel time corrections and 
data selection, can detect earthquakes greater than magnitude 3.5. Based on the noise level shown and the 
improvements that may be made by better data selection criteria and travel time corrections, this method 
has the potential of detecting much smaller events. Furthermore, I expect, also based on my experience 
with the NEIC prototype, that existing catalogs miss slow transform events that should be detectable by 
this methodology, given that surface waves from northern Gulf swarm earthquakes have been found to 

Figure 1: Map of Gulf of 
California, with stations available 
through SCECDC shown with 
yellow triangles, Global CMT 
mechanisms in red and NEIC 
catalog earthquakes (1973-2008) 
with circles. Histogram shows 
number of 2002-2008 events in 
NEIC (PDE) catalog, indicating 
catalog is likely incomplete below 
magnitude 3.8. Lower inset shows 
results of surface wave back 
propagation system, detecting two 
example events. Detection 
threshold is magnitude 3.1 (even 
without manual data or area 
selection or use of tomographic 
travel time corrections). Focus of 
this proposal is on Northern 
section of area shown, where 
station coverage of permanent 
RESNOM stations is poor, with 
optimum detection threshold of 
3.5 at most northern tip of Gulf of 
California and almost no coverage 
south of 30.5° N (Zuniga and 
Castro, 2005). 
	  



have amplitudes from one to two orders of magnitude greater than Northern Baja California events with 
similar short period body wave excitation (Thatcher and Brune, 1987).  

Based on the events analyzed so far, Amber has calculated a calibration curve that maps the 
stacked amplitudes as produced by the algorithm to magnitudes (Figure 3). Unlike the results from our 
global study, this calibration shows a considerable amount of scatter, but it should be noted that ISC and 
RESNOM magnitudes also vary significantly. It is important to establish whether or not this scatter 
reflects anomalous source characteristics, such as short-period energy depletion, which may be related to 
the tectonic environment, and these calibration events will therefore be studied in greater detail through 
spectral analysis.  

The method currently works consistently well for detection and location of events Mw > 3.5. 
Using a higher resolution grid and laterally varying group dispersion models for travel time corrections 
will likely yield further improvements in detection and location as will calculations of surface wave 
moment tensors for events greater than Mw3.5. Amber has presented the preliminary results of this 
project at the Southern California Conference for Undergraduate Research in November and will present 
updated results at the Seismological Society of America meeting in April. 

 
Presentations 

Butcher, Amber J., “Exploring the Tectonic Transition from Ocean to Continent in the Northern 
Gulf of California Using Surface Wave Back Projection” Southern California Conference for 
Undergraduate Research, Pomona, CA (November 2011) 

Butcher, Amber J., Polet, J. and H.K. Thio, “Detecting and locating earthquakes in the Northern 
Gulf of California Using Surface Wave Back-Projection” Seismological Society of America Annual 
Meeting, San Diego, CA (April 2012) 
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Figure 2: Examples of several earthquakes located by surface wave back-projection. Improved locations will be 
possible using better data selection, velocity corrections and shorter period input data. 
	  



	    

Figure 3: Calibration of stacked amplitude as produced by the surface wave back-projection algorithm with the 
magnitude of events located by the RESNOM network. 
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