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I. Project Overview 
A. Abstract 
In the box below, describe the project objectives, methodology, and results obtained and their significance. 
If this work is a continuation of a multi-year SCEC-funded project, please include major research findings 
for all previous years in the abstract. (Maximum 250 words.) 
 

In this study, we develop a statistical method for identifying induced seismicity from large datasets and 
apply the method to decades of injection and seismicity data in California and Oklahoma. The method 
is designed to be robust against a variety of statistical challenges. For example, injection and seismicity 
are nonrandomly located and spatially and temporally clustered, complicating the quantification of sta-
tistical significance and creating the potential for confounding factors to induce spurious relationship. 
The study regions are divided into gridblocks. A longitudinal study design is used, seeking associations 
between seismicity and wastewater injection along time-series within each gridblock. A statistical rela-
tionship is used that is flexible enough to describe the seismicity, which have high kurtosis and temporal 
correlation. In each gridblock, the maximum likelihood estimate is found for a model parameter that 
relates induced seismicity hazard to total volume of wastewater injected each year. A Gibbs sampler is 
used to infer the joint probability distribution of nuisance model parameters and marginalize them in 
order to calculate the likelihood values. Likelihood ratio tests are used to assess statistical significance 
in each gridblock and each state. In California, the analysis does not find a statistically significant rela-
tionship between wastewater disposal and seismicity. In Oklahoma, the analysis finds with very high 
confidence that the recent increase in seismicity is associated with wastewater injection. Our method 
could be applied to other datasets, extended to identify risk factors that increase induced seismic haz-
ard, or modified to test alternative statistical models for natural and induced seismicity. 
 

B. SCEC Annual Science Highlights 
Each year, the Science Planning Committee reviews and summarizes SCEC research accomplishments, 
and presents the results to the SCEC community and funding agencies. Rank (in order of preference) the 
sections in which you would like your project results to appear. Choose up to 3 working groups from below 
and re-order them according to your preference ranking. 
 

1. Earthquake Forecasting and Predictability (EFP) 
2. Computational Science 
3. Collaboratory for the Study of Earthquake Predictability 
 

C. Exemplary Figure 
Select one figure from your project report that best exemplifies the significance of the results. The figure 
may be used in the SCEC Annual Science Highlights and chosen for the cover of the Annual Meeting 
Proceedings Volume. In the box below, enter the figure number from the project report, figure caption and 
figure credits. 
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Figure 2: Left panel: cumulative number of earthquakes (bright red representing > 50); middle panel: 
cumulative water injected (bright red representing >108 bbl); right panel: p-value for test model including 
induced seismicity (bright red representing near zero; blue representing 0.2 or higher). Maps are con-
structed using the Mercator projection. Oklahoma City is shown with a green star.  

D. SCEC Science Priorities 
In the box below, please list (in rank order) the SCEC priorities this project has achieved. See 
https://www.scec.org/research/priorities for list of SCEC research priorities. For example: 6a, 6b, 6c 
 

2f, 2b, 2d 
 
E. Intellectual Merit 
How does the project contribute to the overall intellectual merit of SCEC? For example: How does the 
research contribute to advancing knowledge and understanding in the field and, more specifically, SCEC 
research objectives? To what extent has the activity developed creative and original concepts?  
 

So far, the statistical approaches that have been applied to understanding induced seismicity from large datasets 
have been lacking in rigor. Statistical approaches to induced seismicity are still having to fight for respect among 
geoscientists, who prefer more conventional approaches, or simpler (but non-rigorous) statistical techniques. 
Geophysicists can’t take on induced seismicity alone- they need to bring together a broader cross-section of 
experts, including engineers and statisticians! 
 
In this project, we developed a new method for study induced seismicity that overcomes many of the difficulties 
that make induced seismicity so challenging to describe statistically. We applied to 14 years of Oklahoma data 
and 34 years of California data, rigorously quantifying statistical confidence in whether induced seismicity (due 
to wastewater disposal) has taken place, both on the state and local level. This method could be extended to 
apply to other regions or to look for risk factors that increase the probability of induced seismicity. 

F. Broader Impacts 
How does the project contribute to the broader impacts of SCEC as a whole? For example: How well has 
the activity promoted or supported teaching, training, and learning at your institution or across SCEC? If 
your project included a SCEC intern, what was his/her contribution? How has your project broadened the 
participation of underrepresented groups? To what extent has the project enhanced the infrastructure for 
research and education (e.g., facilities, instrumentation, networks, and partnerships)? What are some pos-
sible benefits of the activity to society? 
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In 2015, Hornbach et al. wrote a paper identifying a clear correlation between injection and seismicity in Azle, TX. 
In response the Texas Railroad commission held a hearing to study whether the injection wells should be shut down. 
They concluded that the seismicity correlation with injection was suspicious, but it might be a coincidence. 
 
This experience makes clear the danger of merely inspecting the data and drawing conclusions. It is subjective. 
Methods that rigorously quantify statistical significance could go a long way towards shooting down skepticism from 
regulators, businesses, and the public. Furthermore, we hope that our method could be built-upon in the future to seek 
risk factors that increase the probability of induced seismicity, which would enable injection practices to be modified 
to limit hazard. 

G. Project Publications 
All publications and presentations of the work funded must be entered in the SCEC Publications database. 
Log in at http://www.scec.org/user/login and select the Publications button to enter the SCEC Pubications 
System. Please either (a) update a publication record you previously submitted or (b) add new publication 
record(s) as needed. If you have any problems, please email web@scec.org for assistance. 
 
 
Paper will soon be submitted to Computers and Geosciences.
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II. Technical Report 
 
A. Introduction 
 
In recent years, large increases in seismicity have occurred in states that have not historically been seis-
mically active. This increase in seismicity has been primarily linked to underground wastewater disposal 
wells, which are associated with oil and gas production. In this study, we develop a statistical method for 
identifying induced seismicity from large datasets and apply the method to decades of injection and seis-
micity data in California and Oklahoma. 
 
B. Methodology 
 
B.1 Statistical model 
We have developed a statistical approach designed to identify induced seismicity in large datasets. The 
method is designed to be robust against difficult statistical challenges (omitted from this report for brevity). 
The algorithm is applied to seek evidence of induced seismicity associated with wastewater disposal in two 
states: Oklahoma (2000-2013) and California (1980-2013).  
 
The ANSS Comprehensive Catalog is used for California and filtered to include only events greater than or 
equal to magnitude 3.0, approximately the magnitude of completeness during the study period, and events 
with depth of 7.0 km or less. Well injection volumes include only wells classified as “WD” (for water disposal) 
and are taken from the Division of Oil, Gas & Geothermal Resources of the California Department of Con-
servation. The seismic catalog for Oklahoma is obtained from The Oklahoma Geological Survey’s Seismic 
Monitoring Program and screened to include events above 2.9, the magnitude of completeness during the 
study period. The injection data is taken from the database assembled by Weingarten et al. (2015), which 
was assembled from data provided by the Oklahoma Corporation Commission Oil and Gas Division. The 
reason for using only events greater than the magnitude of completeness over the entire study region and 
duration is to avoid the potential for biasing of results due to the changing of the seismic array over time or 
due to spatially uneven detection coverage. 
 
The data is restricted to focus solely on wastewater injection wells, not wells classified for improved oil 
recovery or geothermal energy extraction. Induced seismicity is extremely common in exploitation of geo-
thermal energy, and so this should be treated as separate category. Injection wells for improved oil recovery 
tend to inject into depleted formations and are probably less likely to induce seismicity, though this may still 
occur, and so should also be considered a separate category.  
 
Each study region is divided into gridblocks of 0.2° latitude and longitude on each side (roughly 14×11 mi2). 
The study design is longitudinal, comparing injection and seismicity along time series within each gridblock, 
rather than comparing between gridblocks, as in a cross-sectional study design. A longitudinal study design 
is advantageous because there is unlikely to be a confounding factor that causes wastewater injection 
volumes to be high during periods of high or low natural seismicity, which reduces the risk of detecting a 
spurious relationship.  
 
A flexible and nonlinear relation is used to describe natural and induced seismicity. The relation is param-
eterized in each grid block by three variables: σi, expressing the variability of seismicity from year to year, 
μi, related to the rate of natural seismicity, and βi, expressing the relationship between injection volume and 
induced seismicity: 
 

= (exp (0, ) + + , exp( (0, ))),     (1) 
 
where yij is the number of earthquakes occurring in block i in year j, ,  is the number of earthquakes that 
occurred the previous year, xij is the cumulative volume of fluid injected, a is a parameter expressing the 
degree of temporal correlation for y,  is a parameter expressing the variability of temporal correlation for 
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y, Poi draws a random number from the Poisson distribution, and N(0, σi) draws a random number from the 
normal distribution with mean of zero and standard deviation of σi.   
We choose not to apply a declustering algorithm to the earthquake catalog. Different declustering algo-
rithms have relative advantages and disadvantages, and there are certain phenomena, such as earthquake 
swarms, that are not well-described by the declustering paradigm of mainshock-aftershock sequences. 
Applying Equation 1 directly on the raw data minimizes embedded (and potentially subjective) assumptions 
and avoids reduction of statistical power due to removal of data. 
 
B.2 Likelihood ratio test 
Two models are constructed: a null model with likelihood L0, which assumes there is no relationship be-
tween injection and seismicity (βi = 0), and an alternative model with likelihood L1, which assumes βi > 0.  
 
For each block, the maximum likelihood estimator for βi is calculated. The calculation of the model likeli-
hoods is discussed in Section 2.3. The likelihoods of the two models are compared with a likelihood ratio 
test to assess statistical significance. A test statistic D is defined: 
 

= 2ln ( ).           (2) 
 
The test statistic D is approximately distributed according to a chi-squared distribution with degrees of free-
dom equal to the difference in free parameters between the two models (Wilks, 1938). The value of the test 
statistic is used to calculate p-values by comparing with the chi-squared distribution. When estimating p-
value for individual blocks, the distribution has one degree of freedom. When estimating p-value for each 
state, the degrees of freedom is equal to the number of blocks used in the state. 
 
The analysis is only performed in blocks in which both wastewater disposal and seismicity occurred during 
the study period (52 in Oklahoma and 56 in California). The analysis cannot be performed in blocks without 
injection or without seismicity because the analysis depends on seeking temporal correlation between in-
jection and seismicity within each block, not on comparing between seismicity rates in different blocks. 
Without both injection and seismicity in a block, no statements about temporal correlation are possible.  
 
The number of blocks with injection but no seismicity is relevant to the question: “how likely is injection to 
induce seismicity?” But our likelihood ratio test analysis is designed to answer slightly different questions: 
“is there statistically significant evidence that induced seismicity has occurred anywhere in the state?” and 
if so, “where does it appear likely or possible that induced seismicity has occurred?”  
 
B.3 Calculating the likelihood 
In order to estimate the likelihood value for a particular value of βi, ( | , , , ), it is necessary to 
integrate out the nuisance parameters  and : 
 ( | , , , ) = ( | , , , , , ) ( , | , , , , )     (3) 
 
Evaluation of this integral requires estimation of ( | , , , , , ) and ( , | , , , , ).  
The value of ( | , , , , , ) can be calculated by numerically integrating over the normal distribu-
tions in Equation 1 to calculate the likelihood of the observations in each year j, and then taking the product 
of the observations from each year: 
 

( | , , , , , ) = ∏ , , , , , = ∏ , + exp( ) +
, exp( ) ( , 0, ) ( , 0, )      (4) 

 
A Gibbs sampler can be used to draw values from ( , | , , , , ). Gibbs samplers draw equiproba-
ble samples from the posterior distribution as given by Bayes’ theorem: 
 

( | ) = ( | ) ( )
( ) ,          (5) 
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where Y generically represents the data and θ generically represents the model parameters. ( | ) is 
called the posterior distribution, the probability distribution of model parameters conditioned on the data (in 
our case,  and  are the model parameters to be inferred). ( | ) is the likelihood of the data, given the 
model parameters (in our case, given by Equation 4).  ( ) is the prior distribution, which represents our 
beliefs about the model parameters prior to observing the data. In this study, the prior distribution for μi is 
assumed to be log-uniformly distributed between 10-8 and 10. The prior distribution of σi is assumed to be 
uniformly distributed between 0.01 and 5. These prior distributions are chosen to cover a large range, so 
that they include all plausible values. ( ) is the marginal likelihood. Because the marginal likelihood is a 
constant, it does not need to be explicitly calculated. 
 
The Gibbs sampler is used to draw a large number of samples from the posterior distribution. The average 
of the likelihood of these samples is equal to the overall likelihood, with the nuisance parameters marginal-
ized out: 
 

( | , , , , , ) ( , | , , , , ) ≈ ∑ | , , , , , , , , (6) 
 
where the summation is performed over the Nsamp samples drawn from ( , | , , , , ) by the Gibbs 
sampler. 
 
The overall likelihood in each state is the product of the block likelihoods given in Equation 5. The maximum 
likelihood estimator for  in each block is found with a one-dimensional line search algorithm between the 
bounds 10-17 and 10-3. The line search is performed by calculating the likelihood at logarithmically spaced 
sample points within the search region. Based on the values at the sample points, the search region is 
refined, and the process is repeated until convergence. For every evaluation of the likelihood in Equation 
7, 150 samples are drawn using the Gibbs sampler. In the line search, the Gibbs sampler is rerun for each 
candidate value of . 
 
C. Results and discussion 
 C.1 Posterior predictive checks 
In order for the likelihood ratio test to be meaningful, a statistical model must be used that is capable of 
reasonably describing the observations. Posterior predictive checks are used to test the ability of Equation 
1 to represent the data. Posterior predictive checks are performed by using the model to forward simulate 
the data, using model parameters yielded from the analysis. A large number of forward simulations are 
performed, and then the predictions are compared to the real data to test whether they are qualitatively and 
quantitatively similar. 
 
In each block with both injection and seismicity, the maximum likelihood estimate for  is used. 150 equi-
probable samples of μi and σi are drawn using the Gibbs sampler, and ten forward simulations of the data 
are performed for each. The results are aggregated to calculate the frequency of different yij values in the 
simulated data and compared to the real data. For brevity, the figures are not reproduced here. The figures 
show that the yij frequency distribution is very similar in the real data and in the aggregated simulation data 
from the posterior predictive simulations.  
 
Forward simulations of the data are performed for qualitative comparison between the simulations and the 
data. The simulated datasets appear qualitatively similar to the actual data (omitted from this report for 
brevity). 
 
C.2 California 
Figure 1 shows maps of cumulative wastewater injection volume, cumulative number of earthquakes, and 
the p-value for statistical significance of induced seismicity in blocks with both injection and seismicity. The 
complete results are given in Table 1. The overall state-wide p-value is 0.46, indicating that overall, the 
analysis does not find statistical evidence of wastewater-induced seismicity. 
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  Figure 1: Left panel: cumulative number of earthquakes (bright red representing > 50); middle panel: cu-
mulative water injected (bright red representing >108 bbl); right panel: p-value for test model including in-
duced seismicity (bright red representing near zero; blue representing 0.2 or higher). Maps are constructed 
using the Mercator projection. 
 
The concept of the false discovery rate can be used to interpret p-values from an analysis performed on a 
large number of hypotheses tested. The false discovery rate can be estimated using the approach of Ben-
jamini and Hochberg (1995). First, the p-values are ordered from smallest to largest, P1 … Pm, where m is 
the total number of hypotheses being tested. For a given value of α (false discovery rate), find the largest 
k such that: 
 

.           (7) 
 
Then the null hypothesis is rejected (with a false discovery rate α) for all Pi such that . 
 
One block (centered at 33.8,-118.4 in Rancho Palos Verdes, CA) has a particularly low p-value, 0.0031. 
There were only four earthquakes in this block over the entire 34 year study period, all with magnitude 
below 4.0 and occurring between 1986 and 1991 (Figure S1). The analysis finds a low p-value because the 
only wastewater disposal in this block occurred from 1986 to 1992, a period of time coinciding with the 
observed seismicity. 
  
The null hypothesis can be discarded for this block with a false discovery rate of 0.0031×52 = 16% (there 
are 52 blocks in California with both injection and seismicity).  Therefore, we cannot say with extremely 
high confidence that the events were induced by the wastewater injection (or associated activities such as 
reservoir depletion). However, the analysis suggests that induced seismicity is a plausible hypothesis, and 
a detailed site-specific study would be justified. A detailed look at the data indicates that the well pads were 
located in Hermosa Beach and the earthquakes were a few miles to the northwest, about a mile off the 
coast of Manhattan Beach. 
 
The lack of a statistically significant p-value for the state of California does not necessarily indicate that 
there has not been any wastewater disposal induced seismicity. Instead, the results indicate that at the 
coarse scale of the analysis performed, and according to the model assumptions specified (most im-
portantly that induced seismicity hazard is proportional to wastewater disposal volume and that this constant 
of proportionality is constant within each block over time), that there is not enough evidence to conclude 
induced seismicity has occurred.  
 
C.3 Oklahoma 
There has been a huge increase in seismicity in Oklahoma in recent years. Injection volumes increased in 
the state throughout the 2000s, but the increase in seismicity did not begin until 2008. Complete injection 
volume data is not available prior to the late 1990s.  
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Figure 3 shows cumulative water injection, cumulative number of earthquakes, and p-value for induced 
seismicity across the state. The raw data is given in Table 22. Wastewater injection is broadly distributed 
across the state. The largest injection volumes have occurred in a crescent-shaped around Oklahoma City. 
Seismicity is primarily located in a north-south strip in the central part of the state, with the most significant 
seismicity occurring to the east of Oklahoma City. The figure shows that a large percentage of blocks with 
injection and seismicity have p-values close to zero. These blocks are located to the north and east of 
Oklahoma City. South of Oklahoma City, there does not appear to be a correlation between injection volume 
and seismicity in most blocks. 
 

 Figure 2: Left panel: cumulative number of earthquakes (bright red representing > 50); middle panel: cu-
mulative water injected (bright red representing >108 bbl); right panel: p-value for test model including in-
duced seismicity (bright red representing near zero; blue representing 0.2 or higher). Maps are constructed 
using the Mercator projection. Oklahoma City is shown with a green star. 
 
Of the 56 blocks with both water injection and seismicity, 30 have a p-value below 0.2, far more than would 
be expected by chance. The overall p-value for induced seismicity in Oklahoma is 1.9×10-6. This indicates 
very high statistical confidence that there is a relationship between wastewater disposal and seismicity.  
 
Even though the statewide p-value is exceptionally low, the p-values of individual blocks are all 0.01 or 
greater, which is not a particularly strong result considering the number of blocks in the sample (56). Using 
the algorithm of Benjamini and Hochberg (1995), the lowest false discovery rate that can be guaranteed is 
25% in the 13 blocks with p-values 0.059 or smaller (0.059×54/13 = 25%). Evidently, the individual block 
p-values are weakened because there are only a few years of data available since significant seismicity 
began to occur, and also blocks had significant injection volumes without observed seismicity prior to 2009. 
Therefore, considering each block in isolation, the analysis cannot state with high confidence that seismicity 
has been induced, but considering all blocks in aggregate, the relationship is very strong. 
 
The lowest p-value block is centered at (35.6,-97.2), on the north-eastern outskirts of Oklahoma City, and 
has a p-value of 0.010 (data shown in Figure 4). There have been 66 earthquakes in the block, all since 
2009, which has coincided with large increases in wastewater disposal volumes. 
 
D. Conclusions 
 
A longitudinal analysis is performed on years of wastewater disposal and seismicity data from Oklahoma 
and California. The method uses a Gibbs sampler to infer distributions of model parameters in each grid-
block and estimates the maximum likelihood estimator for a parameter that expresses a relationship be-
tween injection and seismicity. A likelihood ratio test is used to assess statistical significance of induced 
seismicity in each block and across each state. Temporal correlation between observations is considered 
using a term with two global parameters. The temporal correlation parameter values are chosen as maxi-
mum likelihood estimators conditioned on blocks in California with seismicity but with no wastewater dis-
posal. 
 
The analysis finds virtually certain statistical evidence of induced seismicity in Oklahoma associated with 
wastewater injection. Induced seismicity is most likely east and north of Oklahoma City. The analysis does 
not find significant evidence of induced seismicity in California associated with wastewater injection, though 
it does identify an area where additional study would be justified. Our result does not imply that there has 
not been any wastewater induced seismicity in California, only that it is not apparent at the coarse scale of 
our analysis. 
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