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Summary:  

The borehole network operated by CalEnergy provides high quality dataset for the 
microearthquakes in the Salton Sea geothermal region. The network was open to public 
from 2008 to early 2014, which recorded over 7000 earthquakes in the geothermal field. 
We obtain high-resolution earthquake locations for the Salton Sea Geothermal field with 
seismic data recorded by a local borehole network and a 3D velocity model. Spatially and 
temporally isolated earthquake clusters are identified and classified into aftershock-type, 
swarm-type, and mixture-type, based on the relative timing of largest earthquakes and 
moment-release history. Analysis of the spatial distribution of clustering type and b-value 
variations reveals systematic spatial variations of seismicity characteristics that are 
related to the proximity to geothermal reservoir. Areas farther from injection wells tend 
to have low b-value, frequent larger earthquakes (𝑀 ≥ 2.5), swarm and aftershock-type 
clusters; likely suggest faults activated by aseismic stress loading or coupled fluid flow. 
A sphere-shaped microearthquake cloud is located directly beneath a group of injection 
wells, and is characterized by high b-value, lack of large earthquakes, and short-duration, 
mixture-type clustering. Probabilities of M ≥ 3 earthquakes are estimated based on 
spatial-varying magnitude frequency distributions, and exhibit overall low probability 
within the geothermal reservoir, with the exception of a high-probability zone adjacent to 
the main central fault. We interpret the spatial variation of seismicity as the result of 
interaction among fluid circulation, fracture network related to intrusive body and 
tectonic faulting. The spatial patterns in seismicity characteristics would help us to 
understand earthquake hazards associated with geothermal operations.  

Current ongoing efforts include detailed spectral analysis from both P and S 
waves, relative individual spectral ratio analysis within a repeating cluster. The spectral 
analysis is expected to help better understand the variability of stress drop parameters, 
and relationship to pore pressure perturbations.  
 
Intellectual merit:  
The research contributes to integrated understanding of the geomechanical process within 
the active geothermal field. The new findings of systematic spatial variations of 
seismicity characteristics is important for distinguishing induced versus natural events, 
and earthquake hazard assessment.  
 
Broader impacts:  
The project results are beneficial for learning earthquake hazards, risks and earthquake 
physics. Due to the recent increase in earthquakes in central US, the students at the 
University of Oklahoma are interested in learning more about induced seismicity, and 
enrolled in my seminar on “induced seismicity”. Student Yifang Cheng at OU has been 
working on this project since Jan 2015. She is expected to complete her master thesis in 
summer 2016. She has completed the seismicity analysis, presented her result at the SEG 
and AGU annual meetings in 2015, and is working on the spectral analysis.  
 



Technical report:  
1. Project objective:  
 
We plan to use the Borehole network deployed by CalEnergy with open access data from 
2008 to 2014, to investigate detailed spatial and temporal variations of earthquake stress 
drop within the three small clusters defined by geothermal injection/production well 
locations. With these results, we would like to address:  
 

(1) Are there temporal changes in earthquake source spectra in response to different 
stages of geothermal operation? Are these variations link to fluid pressure 
variations due to changes in operation?  

(2) What is the spatial influence window of the geothermal injection activities? Is 
there potential to trigger larger events in this area?  

(3) Are there differences in earthquake responses among the three clusters in 
response to different injection parameters?  

 
2. Research progress 
 
Data and catalog 

We download triggered waveforms archived in the Southern California 
Earthquake Data Center (SCEDC) and organize the waveforms into an event-based file 
system. Because of missing S-wave picks on the borehole network, an auto-picker 
algorithm (Jeff McGuire, personal communication) is applied to obtain more complete S-
wave arrivals. We then measure more precise differential times using waveform cross-
correlation with sub-sample accuracy of 0.001s between 2 and 10 Hz. The correlation 
coefficients are measured for each earthquake with the nearest 500 earthquakes, using 
time windows of -0.3s before and 0.8s after P-wave arrivals, -0.5s before and 1.0s after S-
wave arrivals. Only pairs with cross-correlation coefficients > 0.8 are included. Over 1 
million absolute and differential arrival times for 7348 earthquakes are included in 
double-difference relocation using tomoDD package [Zhang and Thurber, 2003], based 
on the 3D velocity model [Mcguire et al., 2015]. Specifically, we use 431,872 catalog P 
differential times, 282,933 catalog S differential times, 819,649 cross-correlation P 
differential times, and 752,157 cross-correlation S differential times. The relative location 
uncertainty is estimated to be 51 m in horizontal direction and 41 m in depth using a 
bootstrap resampling approach. Final earthquake locations (Figure 1a) are more tightly 
clustered than the original catalog locations. 

The map in Figure 1a clearly illuminates the three sub-clusters in the geothermal 
field, which corresponds to three groups of injection wells [Chen and Shearer, 2011]. 
The cross-section view and depth histogram (Figure 1b and c) show that most events are 
located between 2 and 5 km. For the middle sub-cluster, most larger (𝑀 > 2.5) events are 
located at shallow depth, and a microearthquake cloud that clearly lacks any larger events 
occurs between 3 and 5 km depth (Figure 1b). 



Characteristics of earthquake clustering 
Modified from equation 1 in [Zaliapin and Ben-Zion, 2013], we compute the near 

neighbor distance between event i and j: 

                               𝜂!" = 𝑑𝑡!"×𝑑𝑟!"!.!, 𝑑𝑡!" > 0;  

𝜂!" = ∞,𝑑𝑡!" ≤ 0.                                                          (1) 

where 𝑑𝑡!" = 𝑡! − 𝑡! is the inter-event time in days, and 𝑑𝑟!"  is the inter-event distance. 
For each event 𝑗, we find its nearest neighbor by searching all events that occurred 

Figure	  1.	  Map	  (a)	  and	  cross-‐section	  (b)	  view	  of	  the	  event	  and	  geothermal	  gradient	  
(colored	  contour)	  distribution	  in	  Salton	  Sea	  geothermal	  field.	  The	  earthquakes	  are	  
colored	  by	  magnitude	  and	  large	  magnitude	  (M>=2.5)	  events	  are	  plotted	  in	  circles.	  
Black	  triangles	  shows	  the	  location	  of	  stations.	  The	  depth	  histogram	  indicates	  that	  
most	  earthquakes	  are	  located	  in	  shallower	  depth	  (-‐2km	  ~	  -‐5km)	  compared	  with	  
other	  area.	  The	  red	  circle	  area	  shows	  a	  lot	  of	  small	  events	  (M<2.5).	  



before  𝑗 (𝑑𝑡!" >   0). Event 𝑖 with smallest 𝜂 is termed as nearest neighbor of event 𝑗. 
Then, we represent the time and space component of the nearest neighbor with:   

    𝑇!" = 𝑑𝑡!";𝑅!" = 𝑑𝑟!"!.! (2) 

Figure 2 clearly shows 
two different modes of nearest 
neighbors. Based on the criteria 
in Figure 2, we search for 
clusters in the geothermal field.  

For each cluster, we 
compute two parameters: the 
relative timing of the largest 
events:  

 𝑡!"# =
!!"#!"$!!!"#$%
!!"#$%&!!!"#$%

    (3) 

and the skewness of the 
moment-time distribution µ: 
𝜇 = !!!!∗ !!!(!)

!
!
!

!
!         (4)                                            

[Roland and McGuire, 2009; 
Chen and Shearer, 2011; Chen et al., 2012]. Figure 3a shows that we separate clusters 
into three types: swarm, aftershocks, and mixture-type. Figure 3d shows the stacked 
normalized moment release history for each type, which suggests that compared to 
aftershocks and swarms, mixtures have shorter duration (<   15 hours versus ≥   20 hours) 
and concentrated moment release at t* (90% versus ≤   60%). Compared with 
aftershocks and swarms, the mixture-type clusters tend to have lower aftershock decay 
rate and do not obey Omori’s law (Figure 3c). We also compute aftershock productivity 
by counting number of aftershocks within each cluster, and the mixture type has the 
highest aftershock productivity among all three types. The spatial distribution of 
earthquakes with different clustering type shows that the mixture-type clusters are 
primarily located within the geothermal field (Figure 4).  
 In addition to the clustering type variations, we also find correlation between high 
b-value region and mixture-type clusters. Based on the spatial variations, we estimate the 
probability of M≥3 earthquakes in the study area. Student Yifang Cheng presented her 
result at SEG [Cheng and Chen, 2015] and AGU 2015, has completed the preliminary 
manuscript for detailed method description, and interpretation in the context of lithology, 
fluid circulation and tectonic faulting.  
 She has started analysis of P and S wave spectral analysis. Part of her results was 
included in PI Chen’s AGU presentation in 2015. She also identifies a cluster of 
repeating earthquakes with CC> 0.9 between 10 and 40 Hz. It is likely that these events 
have highly variable stress drop parameters. She is currently working on the spectral 
analysis using stacking method [Shearer et al., 2006] and individual pair analysis 
[Abercrombie, 2014].  
 
  

Figure 2. 2D histogram of nearest neighbor distance 
distribution. The vertical white line indicates “t=1”, 
the diagonal white line indicates “η=0.13”.  

	  



 

Figure 3. We classify clusters into aftershock sequence (blue), swarm 
(red) and mixture (green) based on skewness of moment release (skew) 
and relative timing of the largest magnitude event (tmax) (a). For certain 
magnitude mainshock (corrected by magnitude of completeness), 
mixtures have more aftershocks compared with the others. And clusters in 
[Chen and Shearer, 2011] are plotted by red and green diamonds in (b). 
The constant aftershock productivity rate (magenta line) is fitted from 
historic large magnitude mainshock (magenta diamonds). For 
comparison, we plot the stacked moment release history (c) and the 
stacked seismicity rate history (d) for each type of cluster in Salton Sea 
Geothermal Field. 
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Figure 4. Map (a) and cross-section (black line) (b) view of injection well (white square), 
production well (white triangle), background events (gray dot) and clustered events belonging to 
regular aftershock (blue), swarm (green), mixture (red) in Salton Sea geothermal field and 
historic large magnitude events with M≥4.0 since 1981 (magenta star). Events with M≥2.5 in 
our study period are plotted by larger circle. The box is the chosen area for detailed discussion. 
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