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Project report for SCEC Award 16071: “Effect of geothermal operations on earthquake 
source processes in the Coso geothermal field using borehole stations and improved 
velocity model”  
Abstract:  

Geothermal operations can alter the stress field compared to the expected tectonic 
stress regime, such as the Geysers geothermal field [Martínez-garzón et al., 2014]. 
Within the Coso region, we also find systematically different stress regimes inside and 
outside the active geothermal field (see Figure 1b). Such differences within similar 
tectonic settings may result in different fault strength levels as predicted by Anderson’s 
faulting theory, and cause differences in earthquake stress drop. In this report, we 
primarily focused on analysis of earthquake clustering behaviors to understand whether 
earthquake source behave differently inside and outside the geothermal field. Our 
analysis suggests that clusters driven by diffusive migration primarily occur outside the 
geothermal field, suggesting lack of differential pore pressure due to continuous flushing 
of the fracture network inside the geothermal field. These results support the observation 
of lack of dynamic triggering inside the geothermal field. We also performed preliminary 
analysis of earthquake source spectra using modified stacking approach applying to 
single stations for two compact clusters – the Coso geothermal field, and a cluster in the 
Rose Valley. The preliminary spectral analysis shows that there is no systematic 
difference in the stress drop between induced seismicity and tectonic seismicity for the 
two clusters.  
 
Intellectual merit:  
The research contributes to integrated understanding of the earthquake source process 
inside and outside the geothermal field. The finding of lack of fluid-drive swarms 
correlating with lack of dynamically triggered earthquakes inside the geothermal field 
contributes to the mechanisms of dynamic triggering. The comparison of source 
parameters for directly induced events and natural tectonic events are of significant 
interest with increased induced seismicity in central US.   
 
Broader impacts:  
The project results are beneficial for learning earthquake hazards, risks and earthquake 
physics. The project contributed to the training and education of students at OU. 
Graduate student Yan Qin contributed to the study of dynamic triggering led by PI Qiong 
Zhang at Caltech, which is published on GRL in 2017 Zhang et al., [2017]. 
Undergraduate student Abraham Wallace at OU received training in analysis of 
seismicity.  
 
Technical report:  
1. Project objective:  
 
We plan to use a 3D tomography model to relocate earthquakes within the Coso area, and 
apply an auto-picker to the PBO borehole network stations to analyze earthquake source 
parameters. The results will be focused on addressing the following questions:  

(1) Can we find variations of space-time-magnitude distributions of clusters inside 
and outside the geothermal field? 
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(2) Are there systematic spectra variations inside and outside the geothermal field, 
and do they relate to differences in seismicity clustering?  

(3) Do the spectral variations reflect stress drop differences between induced and 
tectonic earthquakes within similar tectonic setting, or solely due to shallow depth 
and slower rupture velocity of induced earthquakes in the geothermal field?  

(4) What combination of parameters may best differentiate induced versus natural 
earthquakes, clustering or spectra, or combination of both?  

A potential by-product of this proposal is data quality comparison between surface 
stations and borehole stations, which will provide guidance on combining borehole 
network for earthquake monitoring and source parameters analysis. 
 
2. Research progress 
 
Data and catalog 

We download triggered waveforms archived in the Southern California 
Earthquake Data Center (SCEDC) and the PBO borehole network data separately from 
IRIS DMC, as these stations are not yet included in routine processing from SCEC 
network. All the data are organized into event-based file systems (Matlab and Fortran).  

We relocated earthquakes using 3D velocity model and waveform cross-
correlation. For two test clusters – earthquakes within the Coso Geothermal field (CGF) 
and a cluster within the Rose Valley (RV), we apply an auto-picker to the matlab files 
using the method developed by Li and Peng, [2016], which searches impulsive arrivals 
within a short time window surrounding the predicted arrival time. For each earthquake, 
we compute P and S-wave spectra using the multi-taper program from Matlab.  
 
Clustering analysis:  
  To understand the difference in clustering behavior inside and outside the 
geothermal field, we analyze earthquake swarms which migrate with fluid flow and have 
been frequently used as a proxy to indicate state of subsurface fluid flow [Hainzl, 2004]. 
Here we define swarms as sequences clustering in space and time but without clear 
mainshocks. We search for swarms in our study area from the relocated 1981-2011 
catalog and analyze their migration patterns. Following the method by Zhang and 
Shearer, [2016], we first search for clusters at a variety of spatial and temporal scales and 
classify the clusters into the mainshock-aftershock type or the swarm type based on their 
magnitude-time distributions. A total of 79 swarms including 32 swarms with at least 20 
events are found in our study area (Fig. 1a). We then analyze their space-time behaviors 
by fitting with two types of migration models, linear migration and hydraulic diffusion 
following Chen and Shearer, [2011]. The swarms driven by fluid diffusion are only 
observed within tens of kilometers away from the CGF, but not inside the CGF (Fig. 1a). 
These fluid-driven swarms show a median hydraulic diffusivity of 0.5 m/s2 (Fig. 1b), 
which is the expected value for crustal diffusivity [Shapiro et al., 2002]. Four swarms are 
found at the edge of the CGF but without a clear migration pattern. The absence of fluid-
driven swarms inside the CGF suggests the lack of significant differential pore pressure.  
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Figure	  1.	  Spatial	  distribution	  and	  migration	  patterns	  of	  swarms.	  (a)	  Map	  of	  three	  types	  of	  earthquake	  
swarms	  analyzed	  from	  the	  1981–2011	  relocation	  catalog.	  Each	  swarm	  contains	  more	  than	  20	  events.	  
The	  swarms	  showing	  migration	  with	  hydraulic	  diffusion	  are	  denoted	  by	  blue	  circles.	  Squares	  and	  
crosses	  denote	  swarms	  with	  linear	  migration	  and	  no	  obvious	  migration,	  respectively.	  The	  red	  and	  blue	  
background	  colors	  are	  the	  same	  as	  in	  Figure	  .	  (b)	  Stacked	  time-‐distance	  plot	  of	  14	  swarms	  fitting	  to	  
diffusion	  migration	  (blue	  circles	  in	  Figure	  a).	  The	  events	  in	  one	  swarm	  are	  denoted	  by	  the	  same	  color.	  
The	  time	  is	  normalized	  by	  ti,	  the	  maximum	  time	  for	  each	  swarm.	  The	  distance	  is	  normalized	  by	  	  
	  (Di	  is	  the	  hydraulic	  diffusivity	  for	  each	  swarm).	  The	  dashed	  line	  shows	  the	  migration	  front	  with	  the	  
median	  diffusivity	  of	  0.5	  m2/s.	  

 Undergraduate student Abraham Wallace at OU participated in this project in the 
summer, he performed analysis of clustering using a single-link method proposed by a 
previous graduate student Yifang Cheng [Cheng and Chen, 2015]. The comparison 
shows some difference in the completeness of the cluster identified. With a more 
complete cluster catalog, he was able to demonstrate the physical meanings of the 
“skewness” value, and link this with the magnitude difference between the maximum 
magnitude and second largest earthquake (i.e., linked with the Bath’s Law). The result is 
in preparation for a short-note on the usage of different parameters for cluster 
classifications. 
 
Dynamic triggering analysis:  

Previous observations suggest that the geothermal fields are prone to dynamic 
triggering, which is likely due to enhanced fluid flow. However, the observation of lack 
of fluid-drive swarms suggests a potential disagreement. To further understand the 
mechanism of dynamic triggering, and the roles of fluid in the triggering process, we 
conduct finer scale analysis to investigate the dynamic triggering behavior inside and 
outside the geothermal field.  

Before analyzing the spatiotemporal distribution of the seismicity remotely 
triggered by the Landers earthquake, we first apply a Mc of 1.3 based on b-value 
analysis, and then decluster the full catalog to remove local aftershock sequences 
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following Reasenberg, [1985]. We then calculate the seismicity rate change for 30 days 
after the Landers earthquake relative to the background seismicity from 1987 to 1993 
using the β-statistic. β values larger than 2 or smaller than -2 indicate significantly higher 
or lower seismicity rates than the background 

Figure 2 shows that the areas outside the geothermal field show high β-values (up 
to 6), indicating wide-spreading triggering within 30 days (Fig. 2a). However, we also 
observe an absence of seismicity rate change inside the geothermal field. During the time 
windows from 10 to 100 days after the Landers earthquake, the maximum and minimum 
β values in the CGF are 1.81 and -1, respectively, which fall in the typical statistical 
range of background seismicity and means that there is no significant increase or 
decrease of seismicity rate inside the geothermal field. This suggests that the active 
geothermal field is less susceptible to remote triggering than the surrounding areas. 
Student Yan Qin performed a systematic analysis for 23 mainshocks that have significant 
ground motion in the Coso area, and finds that the lack of dynamic triggering is robust.  

The correlation of remote triggering and fluid-driven swarms suggests that 
differential fluid pore pressure could be the primary factor of controlling remote 
triggering in geothermal areas. 

Figure	  2. (a)	  Spatial	  distribution	  of	  the	  declustered	  seismicity	  (green	  circles)	  within	  
30	  days	  following	  the	  Landers	  earthquake	  and	  the	  β-‐statistic	  of	  the	  seismicity	  rate	  
change	  (colored	  grids),	  calculated	  relative	  to	  the	  background	  period	  1987–1993.	  Based	  
on	  the	  distribution	  of	  the	  background	  seismicity	  between	  1981	  and	  2011	  (grey	  dots),	  we	  
assigned	  the	  Coso	  geothermal	  field	  (CGF)	  as	  subarea	  1	  and	  divided	  the	  adjacent	  area	  into	  
six	  subareas,	  including	  the	  Coso	  Range	  (CR),	  Rose	  Valley	  (RV),	  Centennial	  Flat	  (CF),	  
Wilson	  Canyon	  Fault	  (WCF),	  and	  Airport	  Lake	  Fault	  Zone	  (ALFZ).	  We	  masked	  out	  those	  
grid	  blocks	  with	  too	  sparse	  background	  seismicity	  between	  1987	  and	  1993.	  (b)	  Number	  
of	  events	  per	  day	  in	  the	  seven	  subareas	  between	  1991	  and	  1993.	  The	  3	  year	  time	  window	  
was	  chosen	  to	  keep	  the	  detection	  criteria	  identical	  before	  and	  after	  the	  Landers	  
earthquake.	  Red	  dots	  represent	  microearthquakes	  with	  1.3	  ≤	  Mw	  <	  4.0	  in	  the	  declustered	  
catalog	  and	  green	  dots	  for	  Mw	  ≥	  4.0.	  Blue	  vertical	  lines	  mark	  the	  onset	  of	  the	  1992	  
Landers	  earthquake. 
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Our analysis linked the clustering analysis with dynamic triggering analysis, and 
provided insights on the role of fluid in earthquake triggering processes. The full detail of 
the analysis has been included in the publication Zhang et al., [2017].  

 
Spectral analysis:  

Coso geothermal field provides a unique tectonic setting for understanding the 
difference in stress drop for induced and tectonic earthquakes. Previous analysis uses 
short-period stations in this area, however, these stations may have suffered from severe 
clipping issues at M2 level. The PBO borehole network has four stations in the study 
area, which show high signal quality over surface network, however, this has not been 
utilized in the past. The spectral analysis is focused on using the borehole network 
stations and surface broadband (HH channels) stations.  

However, one limitation is the lack of azimuthal coverage from the borehole 
stations. So we adopt individual station stacking analysis that has been applied to a 
sequence in Oklahoma. This method uses the lowest magnitude bin (with at least five 
spectra) as the EGF for each station, and fit the spectrum for other magnitude bins. Only 
spectrum with signal-to-noise ratio greater than 5 between 1 and 20 Hz are included in 
the analysis. The averaged stress drops from individual stations are mostly stable at 
stations with high signal-to-noise ratio, and recorded a wide range of magnitudes. 
Application of this method to two clusters – the Coso geothermal field and a cluster 
within the Rose Valley area, shows that there is no significant order of magnitude 
difference between induced and nearly tectonic earthquakes. At a common borehole 
station, the RV cluster has an average stress drop of 0.8 MPa using Brune model, while 
events within CGF has an average stress drop of 0.5 MPa (Figure 3). However, these 
results are currently under preliminary analysis stage. Further analysis will include 
sensitivity test to examine the stability of the average stress drop (e.g., Chen et al., 2017, 
in prep). Due to the lack of good azimuthal coverage from the borehole stations, this 
method only applies to compact spatial clusters, therefore, we will focus on several 
spatially compact clusters from previous clustering analysis to compare the spectral 
characteristics inside and outside the geothermal field.  
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Figure	  3.	  Left:	  spectrum	  fitting	  for	  stacked	  magnitude	  bins	  for	  the	  cluster	  in	  Rose	  Valley.	  
Right:	  spectrum	  fitting	  for	  stacked	  magnitude	  bins	  for	  the	  cluster	  in	  Coso	  Geothermal	  
field.	  For	  both	  figures,	  the	  black	  solid	  lines	  are	  observed	  stacked	  spectrum	  for	  magnitude	  
bins	  included	  in	  analysis	  (i.e.,	  at	  least	  10	  events).	  The	  red	  dashed	  line	  are	  predicted	  
spectrum.	  The	  black	  dashed	  lines	  are	  observed	  stacked	  spectrum	  not	  included	  in	  the	  
analysis.	  	  
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Presentations and publications: 
Co-PI Qiong Zhang led a paper on the clustering analysis and dynamic triggering, 

PI Chen and her student Yan Qin are both co-authors. The paper is published on GRL in 
2017.  
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