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Abstract Geothermal energy is an important source of renewable energy, yet its production is known to
induce seismicity. Here we analyze seismicity at the three largest geothermal fields in California: The Geysers,
Salton Sea, and Coso. We focus on resolving the temporal evolution of seismicity rates, which provides
important observational constraints on how geothermal fields respond to natural and anthropogenic
loading. We develop an iterative, regularized inversion procedure to partition the observed seismicity
rate into two components: (1) the interaction rate due to earthquake-earthquake triggering and (2) the
smoothly varying background rate controlled by other time-dependent stresses, including anthropogenic
forcing. We apply our methodology to compare long-term changes in seismicity to monthly records of fluid
injection and withdrawal. At The Geysers, we find that the background seismicity rate is highly correlated
with fluid injection, with the mean rate increasing by approximately 50% and exhibiting strong seasonal
fluctuations following construction of the Santa Rosa pipeline in 2003. In contrast, at both Salton Sea and
Coso, the background seismicity rate has remained relatively stable since 1990, though both experience
short-term rate fluctuations that are not obviously modulated by geothermal plant operation. We also
observe significant temporal variations in Gutenberg-Richter b value, earthquake magnitude distribution,
and earthquake depth distribution, providing further evidence for the dynamic evolution of stresses
within these fields. The differing field-wide responses to fluid injection and withdrawal may reflect
differences in in situ reservoir conditions and local tectonics, suggesting that a complex interplay of natural
and anthropogenic stressing controls seismicity within California’s geothermal fields.

1. Introduction

Recent technological developments have vastly expanded our capacity to exploit new sources of energy from
beneath Earth’s surface. At the same time, there is a rising level of public and scientific concern over seismicity
induced by the anthropogenic stresses from energy production [National Resource Council, 2013; Ellsworth,
2013; Weingarten et al., 2015]. In recent years, fluid injection and withdrawal at oil and gas production facil-
ities are thought to have triggered earthquakes in a number of states within the central and eastern United
States, including Oklahoma [Keranen et al., 2013, 2014], Texas [Frohlich et al., 2011; Frohlich and Brunt, 2013],
Ohio [Kim, 2013], Colorado [Ake et al., 2005], Arkansas [Horton, 2012], and New Mexico [Rubinstein et al., 2014].
Two primary physical mechanisms related to fluid injection and withdrawal can account for this induced seis-
micity. Fluid fluxes from injection and withdrawal can directly increase the local pore pressure, which reduces
the effective normal stress on nearby faults and hence pushes them closer to failure [Hubbert and Rubey,
1959; Healy et al., 1968; Raleigh et al., 1976]. Fluid injection and withdrawal can also modify the local stress
state in the solid host rock through poroelastic coupling [Biot, 1941], which under certain conditions can
trigger earthquakes [Segall, 1989; Suckale, 2009; Segall and Lu, 2015], and more generally can create poroelas-
tic stresses at considerable distances from production and injection wells [Segall et al., 1994]. Through these
mechanisms—direct pore pressure increase and poroelastic stressing—both fluid injection and withdrawal
can lead to induced seismicity in regions subject to intense oil and gas production, such as the central and
eastern United States.

California has a high ambient rate of natural (tectonic) earthquakes, which makes distinguishing between nat-
ural and induced seismicity a less straightforward task than in the central and eastern United States, where
the natural seismicity rate is low [Goebel, 2015]. In addition to hosting the extensive conventional oil and
gas production fields of California’s Kern County, San Joaquin Valley, and Los Angeles Basin, the state also
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accounts for more than 80% of geothermal energy production within the United States [Geothermal Energy
Association, 2013]. Geothermal fields like The Geysers, Salton Sea, and Coso are among the world’s largest
[Matek and Gawell, 2014]. As in conventional oil and gas production, geothermal energy production requires
the extraction of fluids from the subsurface, and the resulting local changes in pore pressure and poroelas-
tic stresses can trigger earthquakes [Deichmann and Giardini, 2009; Brodsky and Lajoie, 2013]. In geothermal
fields, however, a third mechanism—thermoelastic stresses from fluid fluxes within hot geothermal reservoirs
[Segall and Fitzgerald, 1998; Majer and Peterson, 2007]—can also induce seismicity. And while it is common
practice to replenish overexploited geothermal reservoirs through fluid injection, failure to maintain a net
fluid balance between injection and withdrawal can result in volumetric contraction within the reservoir, caus-
ing the surface to subside locally [Mossop and Segall, 1997; Fialko and Simons, 2000] and generating substantial
poroelastic stresses at remote distances [Trugman et al., 2014]. These differences make it uncertain whether
insights gained from studies of induced seismicity within the central and eastern United States will generalize
to the geothermal fields of California.

This study focuses on long-term changes in seismicity within the three largest geothermal fields in California:
(1) The Geysers, located in Sonoma and Lake Counties to the north of San Francisco, (2) Salton Sea Geother-
mal Field, located in Imperial county in southeastern California, and (3) Coso Geothermal Field, located in Inyo
county in eastern California. Induced seismicity has been previously studied at The Geysers [Mossop and Segall,
1997; Majer and Peterson, 2007; Martinez-Garzon et al., 2014], Salton Sea [Brodsky and Lajoie, 2013], and Coso
[Feng and Lees, 1998; Fialko and Simons, 2000; Schoenball et al., 2015] geothermal fields, each in isolation. Our
aim in this study is to provide a quantitative comparison of the temporal evolution of seismicity within these
three prominent California geothermal fields, each with distinct local tectonics, reservoir conditions, and his-
tories of energy production. In so doing, we hope to better understand the extent to which the production
of geothermal energy, a nominally renewable energy source with tremendous potential for expansion in Cal-
ifornia [Monastero, 2002; Adams, 2011; Matek and Gawell, 2014], influences local seismicity, and by extension,
local seismic hazard.

This manuscript is organized as follows. We begin by describing our methodology for estimating the
time-varying background seismicity rate in each geothermal field. This is an essential step in our analyses, as
the total observed seismicity rate is highly sensitive to coseismic stress changes from earthquake-earthquake
interactions (most notably, aftershock sequences) that are unrelated to energy production. In brief, we use
an Epidemic Type Aftershock Sequence (ETAS) framework [Ogata, 1988] to separate the total seismicity rate
into two components: (1) the expected seismicity rate due to earthquake interaction and coseismic stresses
(parameterized using the ETAS model) and (2) the time-varying background seismicity rate driven by fluc-
tuations in anthropogenic and tectonic stresses. The generality of the method allows for its application to
study seismicity rate changes in a variety of contexts and hence is described in some detail. We next apply
our methodology to each of the three geothermal fields in turn, comparing the temporal evolution of seis-
micity rates, as well as earthquake magnitude and depth distributions, to monthly records of fluid injection
and withdrawal. At The Geysers, we find that the background seismicity rate is strongly correlated with the
monthly rate of fluid injection, and we observe significant temporal changes in Gutenberg-Richter b value,
magnitude distribution, and depth distribution of earthquakes within the field. At both the Salton Sea and
Coso geothermal fields, however, we find that the background seismicity rate is strongly correlated with fluid
injection and withdrawal only during the early years of field operation (before 1990). We further observe tem-
poral variations in b value and in the magnitude and depth distributions of earthquakes at the Salton Sea
and Coso that may in part be the consequence of geothermal field operation but are also likely controlled by
natural tectonic processes. We conclude our study with a comparison of the temporal evolution of seismicity
in each field and discuss how our results contribute to the current understanding of induced seismicity in a
broader context.

2. Methods and Description of Seismicity Rate Model
2.1. Background on ETAS Modeling
Our methodology for computing time variations in seismicity rate is based upon the Epidemic Type Aftershock
Sequence (ETAS) model [Ogata, 1988]. In the ETAS model, earthquake occurrence within a region is modeled
as a nonhomogeneous Poisson process with a total seismicity rate function, 𝜆(t), that is the sum of two terms:
the background seismicity rate 𝜇, assumed constant in time, and an interaction term 𝜈(t) that represents the
expected seismicity rate increase and subsequent decay characteristic of aftershock sequences [Omori, 1894;
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Utsu, 1961]. The latter term is typically defined using a point process model [Daley and Vere-Jones, 2003] in
which each observed earthquake generates a step increase in seismicity rate that decays with time following
a modified Omori law [Utsu et al., 1995]. With this parameterization, the ETAS model for seismicity rate then
takes the form:

𝜆(t) = 𝜇 + 𝜈(t) = 𝜇 +
∑

i; t > ti

K 10𝛼(Mi−Mc)

(t − ti + c)p
, (1)

where ti and Mi are the occurrence time and magnitude of the ith earthquake, K and 𝛼 are aftershock produc-
tivity parameters, p and c are Omori decay parameters, and Mc is the magnitude of completion (above which
the seismicity rate is computed). Thus, for an observed catalog of earthquakes (ti,Mi) and assumed magni-
tude of completion Mc, the standard ETAS model of seismicity rate is fully parameterized by five constants: 𝜇,
K , 𝛼, p, and c. Alternative forms of the ETAS model include additional free parameters related to the expected
spatial dependence of aftershock earthquake clustering [Ogata, 2004]. We use the space-independent formu-
lation presented above because it is more appropriate for studying field-wide changes in seismicity, especially
in the absence of reliable estimates for the spatial anisotropy in the coseismic stresses that trigger aftershock
activity based on earthquake catalog information alone [Marsan and Lengliné, 2010].

The optimal set of ETAS parameters 𝜃 = {𝜇, K , 𝛼, p, c} is region specific, and the parameter values are typically
estimated by maximizing the likelihood of the observed earthquake data [Ogata, 1983, 1992]. This is equiva-
lent to minimizing the negative log likelihood [Daley and Vere-Jones, 2003], which for the ETAS model can be
written as

NLL(𝜃) = −

[ ∑
i; T0<ti<T1

log 𝜆(ti | 𝜃)
]
+ ∫

T1

T0

𝜆(t | 𝜃)dt, (2)

where T0 and T1 denote the temporal limits of the observation interval for the earthquake catalog. In practice,
the minimization of (2) can be implemented by any of a number of numerical optimization routines [Press,
2007]. However, since the rate function 𝜆(t) at time t is conditionally dependent on the history of earthquake
occurrence (all events with ti < t), the starting time of the observation interval T0 should be chosen to be
some time well after the first observed events in order to obtain unbiased parameter estimates [Ogata, 1992].

2.2. Temporal Variations in the Background Seismicity Rate
In the standard form of the ETAS model (described in the preceding subsection), the background seismic-
ity rate 𝜇 is a constant that is independent of time. Thus, in this model the entire time dependence in the
seismicity rate function 𝜆(t) (equation (1)) is due to earthquake-earthquake triggering, or equivalently, coseis-
mic stress changes. However, transient stresses from processes unrelated to earthquake interaction, including
anthropogenic forcing [Nicholson and Wesson, 1992; Keranen et al., 2014; Weingarten et al., 2015] and aseis-
mic fault slip [Toda et al., 2002; Lohman and McGuire, 2007; Llenos et al., 2009], can cause time-dependent
changes in seismicity rate. These changes in seismicity can be encompassed in a generalized ETAS framework
by allowing the background rate to vary with time: 𝜇 = 𝜇(t) [Marsan et al., 2013; Kumazawa and Ogata, 2013].

One problem with this more generalized formulation of ETAS is that there is no straightforward way to esti-
mate 𝜇(t)without making additional assumptions. Recall that for 𝜇 constant, the best fitting ETAS parameters
can be estimated by minimizing the negative log likelihood of the observed data (ti,Mi), as in equation (2).
While the negative log likelihood (2) is a highly nonlinear function of (ti,Mi), given enough data (N ≫ 5), the
five ETAS parameters can be stably estimated. However, if 𝜇 is allowed to vary with time, the estimation pro-
cedure becomes highly unstable, as a truly continuous 𝜇(t) has an infinite number of free parameters [Snyder
and Miller, 1991]. In essence, the data can be overfit by allowing 𝜇(t) to become an arbitrarily rough function
of time.

Our algorithm for computing the time-varying background seismicity rate 𝜇(t) makes the physically plausible
assumption that rate changes due to aseismic stresses and field-wide, anthropogenic forcing occur smoothly
with time compared to the intense, step-like changes in seismicity rate characteristic of aftershock sequences.
We thus impose a smoothness criterion, or regularization, on the background rate term𝜇(t) and seek to obtain
the smoothest estimate of the time-varying background rate 𝜇(t) that fits the data acceptably well. In doing
so, we may lose resolution on very rough (short-term) fluctuations in background rate, but we ensure that any
fluctuations that do appear in our inferred background rate are truly required by the observed data.
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2.3. Regularized Inversion Algorithm
The seismicity rate model we employ is parameterized in terms of a background rate function 𝜇(t) (nominally
a continuous function of time) and a set 𝜃ETAS of ETAS parameters [K , 𝛼, p, c]. To estimate the model parameters
for a given catalog of events (ti,Mi), we proceed as follows. We discretize𝜇(t) into N𝜇 entries, uniformly spaced
in time with spacing Δt. Denoting this discretized rate function 𝝁, we now wish to infer parameter values for
the N𝜇 + 4 entries in the parameter vector 𝜽 = [𝝁, K , 𝛼, p, c ]. To do so, rather than minimize the negative
log likelihood function as in (2), we minimize a penalized negative log likelihood function [Good and Gaskins,
1971; Kumazawa and Ogata, 2013] of the form:

Ψ(𝜽) = NLL(𝜽) + 𝛾 ⋅Φ(𝝁), (3)

where NLL(𝜽) refers to the negative log likelihood defined in (2), Φ(𝝁) is a roughness penalty function,
and 𝛾 is a regularization parameter that weights the relative importance between minimizing data misfit
(NLL) and model roughness (Φ). The regularization stabilizes the parameter estimation procedure and pre-
vents the inferred background rate 𝝁 from becoming overly rough. For the purposes of this study, we use a
first-derivative roughness norm as our penalty function:

Φ(𝝁) =
N𝜇−1∑

j=1

(
𝜇j+1 − 𝜇j

Δt

)2

Δt. (4)

We choose the regularization parameter 𝛾 by finding the value of 𝛾 that minimizes the effective Akaike
Information Criteria (AIC) [Akaike, 1974] of the model:

AIC(𝜽) = 2 𝜅(𝜽) + 2 NLL(𝜽), (5)
where the effective model degrees of freedom 𝜅 is estimated from the model roughness Φ (equation (4)).
Conceptually, the AIC criterion provides a quantitative assessment of model fit, with the minimum value cor-
responding to a theoretically optimal balance between effective model degrees of freedom (𝜅) and data misfit
(NLL) [Akaike, 1974]. However, the results presented here are not highly sensitive to the exact choice of 𝛾 ,
which can be chosen by a number of other standard approaches in inverse theory, including L-curve optimiza-
tion or application of the discrepancy principle [Snyder and Miller, 1991; Parker, 1994; Aster and Thurber, 2013].
Alternatively, the penalized negative log likelihood can be interpreted in a fully Bayesian framework [Akaike,
1980] with a smooth prior distribution for 𝝁, and 𝛾 can be chosen by maximizing the posterior probability of
the model parameters 𝜽, given the observed data (ti,Mi) [Tarantola, 2005].

In our implementation of the regularized inversion algorithm, we minimize (3) using an iterative procedure.
For a given data set, we first minimize the unpenalized negative log likelihood function (2) to obtain an ini-
tial guess at the mean background rate (𝜇) and the four other ETAS parameters (𝜃ETAS = [K , 𝛼, p, c ]). We
then form an initial estimate for the time-varying background rate 𝝁 by minimizing (3) with the four ETAS
parameters held fixed. We then reestimate the 𝜃ETAS by minimizing (3), now with 𝝁 held fixed. We repeat this
procedure—alternately reestimating and fixing 𝝁 and 𝜃ETAS, respectively—until convergence (i.e., negligible
change in estimated parameter values by additional iteration). We adopt this iterative approach rather than
minimize (3) directly in order to mitigate the effect of strong parameter tradeoffs between 𝝁 and 𝜃ETAS [Hainzl
et al., 2013], which can bias numerical optimization algorithms. For the data sets used in this study, we find
that the iterative algorithm converges rapidly (approximately three iterations).

2.4. Uncertainty Estimates for Model Parameters
The nonlinearity in the inversion process precludes a straightforward mapping between data and model
uncertainties. We therefore use a form of Monte Carlo error propagation [Ogilvie, 1984] to compute uncer-
tainty estimates in the model parameters. For a given set of earthquake catalog data, we first apply the
methods described above to obtain a seismicity rate model for that data set. We then create an ensemble of
50 synthetic earthquake catalogs through stochastic simulation of an ETAS-like Poisson process [Daley and
Vere-Jones, 2003] with the time-varying background rate function and ETAS parameters derived from the seis-
micity rate model. Finally, by treating each synthetic earthquake catalog as “data” and applying the seismicity
rate inversion scheme described in the previous subsections, we obtain a distribution of seismicity rate mod-
els (i.e., one for each synthetic catalog) that approximate the uncertainty and covariance structure of the
seismicity rate model of the true (i.e., observed) earthquake catalog data.

2.5. Testing for Changes in b Value and Magnitude Distribution
We use two distinct methods to examine temporal changes in the magnitude distributions of earthquakes
within each geothermal field. For the first method, we assume that the cumulative magnitude distribution of

TRUGMAN ET AL. CA GEOTHERMAL FIELD SEISMICITY CHANGES 4



Journal of Geophysical Research: Solid Earth 10.1002/2015JB012510

earthquakes in each field can be approximated by a Gutenberg-Richter distribution [Gutenberg and Richter,
1944] of the form N ≥ M = 10a−bM. We then compute the maximum likelihood estimate for the b value, bml

[Bender, 1983; Marzocchi and Sandri, 2009]:

bml(ti) =
1

log(10)
[
< M>i −(Mc − ΔM∕2)

] , (6)

at each earthquake occurrence time ti by selecting all events with M ≥ Mc within a moving window of 401
total events, centered on event i. Here < M>i denotes the mean magnitude of all events within the win-
dow centered on event i, while ΔM denotes the magnitude increment within the earthquake catalog. This
first approach has the advantage of being able to resolve the timing of significant changes in the first-order
features of the magnitude distribution, but its efficacy depends strongly on the validity of the underlying
assumption that the magnitude distribution does in fact follow a Gutenberg-Richter power law.

To mitigate this concern, our second method examines the full frequency-magnitude distributions of earth-
quakes within each field and allows for deviations from the standard power law at high magnitudes. For this
method, we first divide the earthquake catalogs in each field into four 7 year, nonoverlapping time intervals.
We then use a maximum likelihood technique to fit the magnitude distributions in each time interval with
both standard Gutenberg-Richter (GR) and tapered Gutenberg-Richter model distributions [Utsu, 1999; Kagan,
2002]. The standard GR model is characterized by a single scalar parameter (the b value), while the tapered
GR model is characterized both by a b value and upper corner magnitude Mx above which the magnitude
distribution tapers to zero. We compare the fit of the two models to the observed earthquake data using an
AIC test (equation (5)) that accounts both for the relative likelihood of the models and the difference in the
number of free parameters (one for the standard GR model, and two for the tapered GR model). This second
method is more powerful in resolving changes in the magnitude distribution at high magnitudes but lacks
the finer temporal resolution of the first method (which uses a moving window approach).

3. Data and Resources
3.1. Earthquake Catalog Data
In this study, we use earthquake catalog data from two sources. For The Geysers, we use the
waveform-relocated catalog of Waldhauser and Schaff [2008], which contains events in northern California
from 1984 to 2011. For the Salton Sea and Coso geothermal fields, we use the waveform-relocated catalog of
Hauksson et al. [2012], which contains events in southern California from 1981 to 2013. We first select all events
within a rectangular box surrounding each geothermal field (Figure 1). We then estimate the minimum mag-
nitude of completion Mc within each field for the years 1981–2013 (for Salton Sea and Coso) and 1984–2011
(for The Geysers) by applying the method of maximum curvature [Woessner, 2005] to 5 year, nonoverlap-
ping windows of catalog data. Using this approach, we conservatively estimate that the catalog data for The
Geysers, Salton Sea, and Coso are complete above magnitude 2.0, 2.0, and 1.5, respectively (Table 1), over their
entire duration. As an additional test, we used a moving window approach to search for short-term transients
in Mc. We found that Mc increases during swarms and other active earthquake sequences but does not exceed
our cutoff values. While Mc for each field is typically lower than these thresholds in more recent years, we use
the more conservative Mc values listed above to avoid introducing temporal biases into our seismicity analy-
ses. Thus, we can interpret the seismicity rates we estimate as the rate of earthquakes of magnitude M ≥ Mc

within the geothermal field boundary. We note here that the magnitudes from the Waldhouser-Schaff catalog
for The Geysers are local magnitudes (ML) as listed by the Northern California Seismic Network (NCSN) cata-
log, while the magnitudes from the Haukkson-Shearer relocated catalog for the Salton Sea and Coso are the
Southern California Seismic Network (SCSN) preferred magnitudes. These are typically moment magnitude
Mw when available, and local or helicorder magnitude otherwise.

In choosing to model seismicity only within the rectangular boundaries surrounding each geothermal field,
we make the implicit assumption that aftershock triggering from earthquakes located outside each boundary
has a relatively small impact on seismicity rates within the boundary itself. In cases where this assumption is
violated, the inferred background seismicity rate will increase within the field [Sornette, 2005], so it is important
to consider the influence of tectonic stresses from regional seismicity when interpreting transient increases
in field-wide seismicity rates. As we will show below, regional seismicity near The Geysers is predominantly
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Figure 1. Map view of seismicity at The Geysers, Coso, and Salton Sea geothermal fields. Earthquake locations are from
the catalogs of Waldhauser and Schaff [2008] and Hauksson et al. [2012], with each event color coded by its occurrence
time (years). The study area boundaries for The Geysers (GGF), Coso (CGF), and Salton Sea (SSGF) geothermal fields are
outlined in white, with well locations from the Department of Oil, Gas, and Geothermal Resources (DOGGR) database
(http://www.conservation.ca.gov/dog/geothermal) denoted with white triangles. Quaternary faults
(http://earthquake.usgs.gov/hazards/qfaults) are outlined in black. Focal mechanisms for M ≥ 4 earthquakes within
GGF are color coded by year.

composed of events within the geothermal field boundary, while there is evidence at both Salton Sea and
Coso that regional seismicity influences local seismicity within the fields themselves.

3.2. Geothermal Operational Data
California state law requires geothermal fields within the state to release field-wide production (i.e., extracted
fluid) volume and injection volume data to the California Department of Conservation’s Department of Oil,
Gas, and Geothermal Resources (DOGGR) on a monthly basis. We use the monthly production and injec-
tion data from the DOGGR online database (available at http://www.conservation.ca.gov/dog/geothermal)
for comparison with our seismicity rate models. For The Geysers, production and injection data extend back
to year 1969, well before the start of the northern California relocated earthquake catalog (1984). For the
Salton Sea and Coso geothermal fields, production and injection data extend back to years 1982 and 1986,
respectively, both of which are after the start of the southern California relocated earthquake catalog (1981).
Production and injection data are available for each field through 2015, after the cessation of both relocated
earthquake catalogs.
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Table 1. Earthquake Catalog Data for The Geysers, Salton Sea, and Coso

Catalog Duration Longitude Bounds Latitude Bounds
Field Name (years) (∘E) (∘N) Mc Nevents

The Geysers 1984–2011 [−122.85, −122.68] [38.73, 38.87] 2.0 8857

Salton Sea 1981–2013 [−115.70, −115.50] [32.12, 33.25] 2.0 1992

Coso 1981–2013 [−117.85, −117.75] [35.99, 36.05] 1.5 1201

4. Results
4.1. The Geysers
4.1.1. Background
The Geysers, located approximately 120 km north of San Francisco (Figure 1), is California’s largest geother-
mal field [Geothermal Energy Association, 2013; Matek and Gawell, 2014]. Producing an average of 666 MW
of electric power in 2014 [Calpine, 2014; Boyd et al., 2015], The Geysers generates enough energy to supply
nearly 1 million residents in northern California. Energy production at The Geysers began in 1960s and peaked
in 1987 [Adams, 2011], after which production declined during the 1990s due to fluid depletion within the
geothermal reservoir. Initially, the only form of fluid injection to take place was the disposal of wastewater
from steam production at the field itself [Adams, 2011]. In 1997, however, a pipeline was constructed to trans-
port treated water from the Lake County Sanitation Plant for the purpose of fluid injection in the southeast
sector of The Geysers [Adams, 2011; Calpine, 2014]. This new pipeline both removed excess wastewater from
the Lake County sewage system (which was over capacity in the wet winter months) while simultaneously
helping to replenish reservoir volumes at The Geysers through increased fluid injection. In 2003, a second
pipeline to the northwest sector of The Geysers was created as part of the Santa Rosa Recharge Project [Majer
and Peterson, 2007; Vasco et al., 2013; Martinez-Garzon et al., 2014], and the Santa Rosa pipeline now accounts
for most of the injected wastewater volume at The Geysers [Calpine, 2014].

The geothermal reservoir at The Geysers is vapor dominated (i.e., gas is the dominant phase within the
reservoir), rather than liquid dominated (as at Salton Sea and Coso), making The Geysers unique among
California geothermal fields [Matek and Gawell, 2014]. Electric power is produced from hot steam that is
extracted from wells within the reservoir at depths of 1–3 km [Calpine, 2014]. The 14 producing plants at The
Geysers are concentrated within its northwest and southeast sectors. While the Northwest Geysers in partic-
ular has seen increased development in the years since the completion of the Santa Rosa pipeline [Majer and
Peterson, 2007], total power production at The Geysers as a whole has declined since its peak in the late 1980s
due to more concerted efforts to achieve a net fluid balance within the reservoir [Boyd et al., 2015].
4.1.2. Changes in Background Seismicity Rate
It is well established that seismicity within The Geysers is modulated by geothermal plant operation [Majer,
1978; Stark, 1992; Gomberg and Davis, 1996; Mossop and Segall, 1999], and there was little historical seismic-
ity in the region prior to the start of energy production in 1960 [Oppenheimer, 1986]. Previous studies have
suggested that the total seismicity rate within the field has remained nearly constant since the 1980s, despite
declining production volumes and changes to injection patterns [Majer and Peterson, 2007]. More recently,
changes in injection patterns after the completion of the Santa Rosa pipeline have motivated a number of
studies to investigate the effects of isolated injection events using microseismic [Martinez-Garzon et al., 2014]
and surface deformation [Vasco et al., 2013] data. Here we apply the methodology developed in section 2 to
analyze field-wide changes in seismicity from 1984 to 2011. Our seismicity rate model partitions the total seis-
micity rate 𝜆(t) into a time-varying background seismicity rate 𝜇(t), and an interaction seismicity rate 𝜈(t) that
captures expected seismicity due to aftershock activity. The latter is parameterized in terms of a set of ETAS
parameters 𝜃ETAS = [K , 𝛼, p, c] that describe the intensity and temporal decay of typical aftershock sequences
within the field.

The results of our seismicity rate inversion for The Geysers are summarized in Figure 2 and Table 2. The
inferred background seismicity rate 𝜇(t) in particular exhibits a number of interesting features. When aver-
aged over timescales greater than a year or so, the background rate stays approximately constant at ∼ 0.7
earthquakes/day from 1984 to 2003, which is consistent with the widely held notion of a steady seismicity
rate at The Geysers since the 1980s [Majer and Peterson, 2007]. However, using our methodology we find that
the background seismicity rate increases notably to an average of ∼ 1.0 earthquakes/day after 2003, when
injection volumes increased due to the installation of the Santa Rosa pipeline. Furthermore, we find that the
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Figure 2. Seismicity rate model for The Geysers. (a) Magnitude versus time for earthquakes within the field. Magnitudes
are of local type, as listed by the NCSN. (b) Total seismicity rate, 𝜆(t) = 𝜇(t) + 𝜈(t). (c) Background seismicity rate 𝜇(t),
with 2 sigma error bars (shaded) and mean rate (dotted line) plotted for reference. (d) Monthly rate of fluid production
(blue), injection (red), and net production (production minus injection, yellow) at The Geysers (data available at
http://www.conservation.ca.gov/dog/geothermal).

background rate exhibits seasonal oscillations, with peaks in seismicity that are aligned with peaks in the
monthly fluid injection volumes of the field (Figure 2d). Fluid injection at The Geysers is itself highly sea-
sonal [Majer et al., 2007; Adams, 2011], with higher injection volumes during the winter months when more
wastewater is available. Seismicity follows this same seasonal pattern, with higher background seismicity rates
during the winter than during the summer. These seasonal peaks in seismicity are particularly pronounced
in 1997–1998 (after the Lake County pipeline installation) and in the years since 2003 (after the Santa Rosa
pipeline installation).

We quantify these observations more formally using stepwise linear regression analysis [Mendenhall and
Sincich, 2007]. Applying this technique to The Geysers over the full catalog duration (1984–2011), we find that
the correlation coefficient between monthly injection and background seismicity rate is 0.61, with a vanish-
ingly small p value for the regression model (1.5×10−34, a value which represents the inferred probability that
the correlation could be zero, given the data). These statistical tests strongly corroborate the visual correlation
apparent in Figure 2. Notice that while production rates at The Geysers followed the same seasonal pattern
as injection during the 1980s and 1990s, in more recent years production has been nearly constant, with only
injection following a seasonal pattern (Figure 2d). Seasonality in background seismicity rate becomes even
more pronounced in these more recent years, indicating that stresses from injection, and not production,
drive the observed seasonal patterns in seismicity at The Geysers.
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Table 2. ETAS Parameter Estimates (and 95% Confidence Intervals)a

K 𝛼 p c (days) Rb
Field Name (95% CI) (95% CI) (95% CI) (95% CI) (95% CI)

The Geysers 0.0005 0.77 1.56 0.0010 0.10

(0.0002, 0.0011) (0.71, 0.84) (1.41, 1.77) (0.0007, 0.0015) (0.09, 0.11)

Salton Sea 0.026 0.41 1.21 0.0018 0.74

(0.021, 0.028) (0.37, 0.47) (1.19, 1.27) (0.0016, 0.0026) (0.69, 0.79)

Coso 0.016 0.50 1.12 0.0008 0.48

(0.011, 0.017) (0.41, 0.56) (1.10, 1.23) (0.0005, 0.0017) (0.42, 0.53)
aCI, confidence interval.

4.1.3. Changes in b Value, Magnitude Distribution, and Depth Distribution
Temporal changes in the magnitude and depth distributions of earthquakes can provide additional informa-
tion about the evolution of stresses within The Geysers beyond that provided by analysis of seismicity rate
changes alone. As a preliminary test for changes in magnitude distribution at The Geysers, we apply the first
method detailed in section 2.5 to compute maximum likelihood b value estimates over 401-event moving
windows. We observe an increase in b value beginning in late 2003 (Figure 3a), coinciding with the construc-
tion of the Santa Rosa pipeline. It is important to note, however, that this approach maps any potential change
in the overall magnitude distribution into a change in a single scalar parameter, b. As such, if one looks only
for changes in b value, one may miss more subtle changes in the magnitude distribution as a whole. Indeed,
when we divide the 28 year catalog for The Geysers into four 7 year intervals and directly compare the mag-
nitude distributions of each interval, the most obvious visual change is not a change in b value but rather a
noticeable increase in large (M ≥ 3.5) events in recent years (Figure 3b).

To quantify the significance of this observation, we use the second method described in section 2.5 to fit the
full magnitude distributions in each time interval with both standard Gutenberg-Richter (GR) and tapered
Gutenberg-Richter model distributions [Utsu, 1999; Kagan, 2002]. The standard GR model is characterized by
one parameter: the b value, while the tapered GR model is characterized by two: the b value and a upper corner
magnitude Mx above which the magnitude distribution tapers to zero. At The Geysers, we find that the b value
is relatively constant during the first three time intervals but increases from 1.13 (2𝜎 confidence interval of
1.08–1.18) during the third interval (1998–2004) to 1.26 (1.21–1.31) during the fourth interval (2005–2011).
We also find that the corner magnitude of the tapered GR model increases with time, from 3.64 (3.50–3.78)
during 1984–1991 to 4.63 (4.00–5.26) during 2005–2011. This latter estimate should be interpreted with
some caution, however, as the tapered GR distribution provides a better model fit (lower AIC) only during

Figure 3. Magnitude distribution of earthquakes at The Geysers. (a, top) Maximum likelihood estimates for the
Gutenberg-Richter b value (equation (6)) plotted as a function of time using a 401-event moving window. The 2 sigma
error bars are shaded. (bottom) Magnitude versus time for earthquakes within the field, plotted for reference.
Magnitudes are of local type, as listed by the NCSN. (b) Magnitude distributions for earthquakes at The Geysers during
four, nonoverlapping time intervals (1984–1990, 1991–1997, 1998–2004, and 2005–2011).
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Figure 4. Depth distribution of earthquakes at The Geysers. (a) Probability density functions and (b) cumulative density
functions for the depth distributions of earthquakes at The Geysers during the same four time intervals shown in
Figure 3. Confidence intervals (95%) for the depth distributions are shaded.

the first three time intervals. Nevertheless, it appears that while the aforementioned increase in b value is
significant, it is an incomplete description of the change in the magnitude distribution within The Geysers.
Indeed, from a seismic hazard perspective, the increased frequency of large earthquakes in The Geysers is the
more important temporal change to consider. We explore possible mechanisms responsible for these changes
in section 5.

Like the magnitude distribution, the depth distribution of earthquakes at The Geysers also changes signifi-
cantly with time. To show this, we divide the catalog into the same four equal time intervals as before and
compare the probability density and cumulative density functions of earthquake depths during each interval
(Figure 4). Since the error distribution for absolute hypocentral depth is not well constrained in the relo-
cated earthquake catalogs and may evolve with time, we use a bootstrap technique [Efron and Tibshirani,
1994] to compute 95% confidence intervals for each depth distribution and analyze only the most robust fea-
tures of the depth distributions. During all time intervals, the earthquake depth distribution at The Geysers is
bimodal, with seismicity clustered around both shallower (1–3 km) and deeper (3–5 km) peaks in the depth
distribution. The shallower peak corresponds to seismicity within and around the geothermal reservoir itself.
The deeper cluster in seismicity consists almost exclusively of events within the Northwest Geysers. Previ-
ous studies [Stark, 2003] have suggested that these deeper events may correspond to earthquakes induced
by thermoelastic stresses from injected fluid that has diffused from the geothermal reservoir (which is com-
posed predominantly of greywacke rocks) into the metamorphosed, hornfelsic metagreywacke rocks in the
high-temperature zone (HTZ) beneath the reservoir [Jeanne et al., 2014; Boyle and Zoback, 2014].

While earthquakes at The Geysers exhibit this characteristic bimodal depth distribution during all time
periods, the overall shape of the distribution (i.e., the location, width, and intensity of the peaks in the dis-
tribution) has evolved over time. Most notably, the shallow peak in seismicity has become both sharper and
deeper with time (Figure 4), with the shallow peak shifting from its initial position of 1.45 ± 0.3 km depth
(1984–1990) to 2.45±0.1 km depth in the most recent years (2005–2011). This transformation may be caused
by changes in geothermal plant operation at The Geysers. In particular, the increase in injection volumes in the
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Northwest Geysers from the Santa Rosa pipeline likely caused the shallower seismicity to cluster around the
mean injection well depth of 2.5 km in that sector. Moreover, while the deeper cluster in seismicity (3–5 km)
does not exhibit a shift in peak location with time, it is most prominent in these later years, when injection at
the Northwest Geysers was at its most prevalent.

4.2. Salton Sea Geothermal Field
4.2.1. Background
The Salton Sea Geothermal Field (SSGF) is located in southeastern California, on the southern shore of the
Salton Sea. The surrounding region, known as the Salton Trough, is tectonically active and encompasses the
Pacific-North America plate boundary as it transitions from an extensional spreading center in the Gulf of
California to a predominantly strike-slip boundary in central and northern California. The SSGF itself lies within
the extensional stepover between the Imperial and Southern San Andreas Faults [Muffler and White, 1969;
Younker et al., 1982; Crowell et al., 2013], with the San Jacinto and Superstition Hills Fault Zones located to the
west of the SSGF (Figure 1). Earthquake swarms—spatially and temporally clustered earthquake sequences
with no clear main shock—are relatively common occurrences in the region, with the 1981 Westmorland
Swarm, 2005 Obsidian Buttes Swarm, and 2012 Brawley Swarm (each with multiple M5+ events) being the
most notable examples [Vidale and Shearer, 2006; Lohman and McGuire, 2007; Hauksson et al., 2013]. Regional
fault systems also produce large earthquakes that follow more typical main shock-aftershock sequences, such
as the 1987 M6.6 Superstition Hills [Hudnut et al., 1989] and the 2010 M7.2 El Mayor-Cucapah [Wei et al., 2011]
earthquakes. The El Mayor-Cucapah event ruptured a set of faults within the Cucapah Mountains in Baja
California [Fletcher et al., 2014; Gonzalez-Ortega et al., 2014], but its extensive aftershock sequence extended
northward into the Salton Trough [Hauksson et al., 2011].

The SSGF reservoir is liquid dominated, and the hot brine that exists in situ in the reservoir must therefore be
flashed to steam to produce electricity. Energy production at the SSGF did not begin until the 1980s (more
than 20 years after the initial development of The Geysers), in part due to the highly saline nature of the
geothermal brine in the SSGF reservoir [Adams, 2011], which rapidly corroded much of the initial produc-
tion well and pipeline infrastructure. Technological advances helped mitigate these early problems, making
energy production more cost efficient and allowing for further development of the field. Construction of the
geothermal plant was mostly complete by the early 1990s, though additional wells have been regularly con-
structed in the years since. The current energy production capacity of the SSGF is 437 MW [Matek and Gawell,
2014], but there is still significant potential for future growth [Adams, 2011], as the SSGF’s vast geothermal
reservoir is estimated to be capable of producing up to 1800 MW of power [Matek and Gawell, 2014].
However, the high upfront costs associated with energy production in the Salton Trough, along with the inher-
ent difficulties of energy transport to more populous regions of California, may prevent further expansion of
the SSGF.
4.2.2. Changes in Background Seismicity Rate
In Figure 5, we show the results of applying our method to compute seismicity rate changes (section 2)
within the SSGF. We use the relocated earthquake catalog of Hauksson et al. [2012], which runs from 1981 to
2013 and thus contains events that occurred both before and during geothermal plant operation. We find
that the background seismicity rate increases from a mean value of 0.01 earthquakes/day in 1981–1985,
prior to geothermal plant operation, to a mean value of ∼0.04 earthquakes/day in 1987, roughly a year after
production began (Figure 5c). From year 1990 onward, the background seismicity rate remains relatively
steady about this mean value, with occasional, but transient, increases or decreases in seismicity rate. These
short-term fluctuations do not appear to be correlated with changes in operation at the SSGF field (Figure 5d).
Instead, these fluctuations (such as the short-term rate increase observed in 2000–2001), seem more con-
sistent with swarm-like earthquake sequences [Lohman and McGuire, 2007] driven by transient, but natural,
tectonic stresses [Llenos et al., 2009]. We discuss this hypothesis further in section 5.

We confirmed the apparent lack of correlation in the later years more formally by performing stepwise linear
regression analysis [Mendenhall and Sincich, 2007]. In so doing, we found no evidence for any systematic rela-
tionship between background seismicity rate and any linear combination of monthly production or injection
volumes at the SSGF in the years since 1990. Applying this same technique to the years preceding 1990,
however, we find that the background seismicity rate is correlated with a linear model composed of both injec-
tion and net production (production minus injection) volumes, with a model correlation coefficient of 0.74
(and p value for the regression model of 1.27 × 10−18). This correlation in these early years of plant operation
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Figure 5. Seismicity rate model for Salton Sea. (a) Magnitude versus time for earthquakes within the field. Listed
magnitudes are the SCSN preferred estimate. (b) Total seismicity rate, 𝜆(t) = 𝜇(t) + 𝜈(t). (c) Background seismicity rate
𝜇(t), with 2 sigma error bars (shaded) and mean rate (dotted line) plotted for reference. (d) Monthly rate of fluid
production (blue), injection (red), and net production (production minus injection, yellow) at Salton Sea (data available
at http://www.conservation.ca.gov/dog/geothermal).

is consistent with our previous observation of a coincident rise in background rate and energy production
during the late 1980s, but it is important to note that the relationship between the two may well be nonlinear.

Brodsky and Lajoie [2013] used a similar approach based on the ETAS model to compare temporal changes
in seismicity rate to geothermal production and injection data from the SSGF. Although their methodology
differs somewhat from ours, their background seismicity rate model also exhibits a robust rate increase that
begins shortly after initial energy production at the Salton Sea. Moreover, Brodsky and Lajoie [2013] show
that both net production and injection data, rather injection data alone, are necessary to explain changes in
seismicity rate during this time. Brodsky and Lajoie [2013] also find that the relationship between seismicity
rate and geothermal production and injection is less straightforward after 1990, although they proceed to
construct a linear model of injection, net production, and seismicity rates by allowing for time variations in
the regression coefficients. We do not attempt to recreate a complex model of this type here because of the
inherent instabilities in fitting a large number of free parameters.
4.2.3. Changes in b Value, Magnitude Distribution, and Depth Distribution
We also find evidence for significant time variations in the magnitude and depth distributions of earthquakes
within the SSGF. Using the approach detailed in section 2.5, we first test for temporal changes in b value by
computing maximum likelihood estimates over 401-event moving windows. The b value appears to slowly
increase after production ramps up in the late 1980s, before experiencing a sharp decline in 2000–2001
(Figure 6a). This decline in b value coincides with the earthquakes swarms that occur within the field
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Figure 6. Magnitude distribution of earthquakes at Salton Sea. (a, top) Maximum likelihood estimates for the
Gutenberg-Richter b value (equation (6)) plotted as a function of time using a 401-event moving window. Error bars
(2 sigma) are shaded. (bottom) Magnitude versus time for earthquakes within the field, plotted for reference. Listed
magnitudes are the SCSN-preferred estimate. (b) Magnitude distributions for earthquakes at Salton Sea during four,
nonoverlapping time intervals (1986–1992, 1993–1999, 2000–2006, and 2007–2013).

during 2000 and 2001, with another sharp drop in b value occurring during the prominent 2005 Obsidian
Buttes Swarm. The slow increase and subsequent sharp decrease in b value are also apparent when one exam-
ines the overall magnitude distributions for different time intervals (Figure 6b). In fitting both standard and
tapered GR model distributions to each of the four intervals (section 4.1.3), we observe a decline in b value
from 1.06 (2𝜎 confidence interval of 0.97–1.14) during the third interval (2000–2006) to 0.91 (0.79–1.03)
during the fourth (2007–2013). Interestingly, the standard GR model outperforms the tapered GR model (as
measured by model AIC values) in all but the latest interval, which has an apparent corner magnitude Mx of
3.67 (3.42–3.92) that is significantly lower than any previous interval.

Changes in the depth distribution of earthquakes likewise suggest that both tectonic and anthropogenic
stresses cause time-dependent changes in seismicity within the SSGF. In Figure 7, we compare earthquake
depths in the SSGF over the same four time intervals. The depth distribution transitions from unimodal with
a median value of 5.38 ± 0.13 km during the first interval (1986–1992), to bimodal, centered around that
same depth, during the second interval (1993–1999). It is notable that the dominant fraction of these events
occurs at depths greater than 4 km, which is far beneath typical reservoir depths of 1.0–2.5 km [Younker et al.,
1982]. During the third interval (2000–2006), the depth distribution includes a greater proportion of deep
events (6–8 km) than in prior years, possibly a result of tectonic stresses associated with the 2000–2001 and
2005 swarms. During the final interval (2007–2013), however, the depth distribution both becomes notably
shallower (median depth of 3.52 ± 0.15 km) and is strongly bimodal. These most recent years correspond to
the highest levels of production and injection at the SSGF, and much of the seismicity is concentrated just
beneath the reservoir.

4.3. Coso Geothermal Field
4.3.1. Background
Coso Geothermal Field (CGF) is located in eastern California, between the Southern Sierra Nevada and the
Argus Range (Figure 1). This region is part of a broad transition zone between the strike-slip tectonics of
the San Andreas Fault and the extensional tectonics of the Basin and Range province [Duffield et al., 1980].
The CGF itself lies within an extensional step over between the Little Lake Fault to the southwest and a
set of unnamed faults to the northeast, with the Airport Lake Fault striking northward through the field
[Monastero et al., 2005]. These faults, while active, accommodate only 6.5 mm/yr of dextral offset between the
Argus Range and the Sierra Nevada [McClusky et al., 2001]. Despite this relatively low tectonic deformation
rate, the CGF and surrounding region are seismically active and, like the Salton Trough, prone to earthquake
swarms [Bhattacharyya and Lees, 2002]. The most notable swarm in recent times occurred during the summer
of 2001, culminating in a magnitude 5.2 earthquake just west of the geothermal field.

Coso Geothermal Field is California’s third largest, with an installed capacity of 302 MW in 2014 and potential
for more than 200 MW of expansion [Matek and Gawell, 2014]. A shallow magmatic chamber (5–8 km depth)
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Figure 7. Depth distribution of earthquakes at Salton Sea. (a) Probability density functions and (b) cumulative density
functions for the depth distributions of earthquakes at Salton Sea during the same four time intervals shown in Figure 6.
Confidence intervals (95%) for the depth distributions are shaded.

acts as a heat source for the CGF’s fluid-dominated geothermal reservoir, which ranges in depth from 0.5
to 3.5 km [Duffield et al., 1980; Manley, 2000]. While privately owned, the CGF is located on the premises of
the Naval Air Weapons Station at China Lake and is collaboratively managed by the Navy’s Geothermal Pro-
gram Office. Energy production at the CGF began in 1987 after a thorough review of the Coso area’s potential
as a geothermal resource [Combs, 1980], with further plant construction taking place until 1990 [Monastero,
2002]. Fluid production and injection volumes peaked in 1990 and have slowly declined in the years since,
although technological improvements have allowed for consistent levels of energy production [Matek and
Gawell, 2014]. Net fluid extraction at the CGF causes the surface to subside locally, creating poroelastic stresses
within and near the reservoir [Fialko and Simons, 2000] and depleting the total fluid volume available for future
energy production.
4.3.2. Changes in Background Seismicity Rate
Both tectonic and anthropogenic stresses are thought to contribute to observed seismicity at the CGF in the
years since the plant’s initial construction in 1987 [Feng and Lees, 1998; Monastero et al., 2005; Schoenball et al.,
2015]. We use the relocated earthquake catalog of Hauksson et al. [2012] from 1981 to 2013 and the methods
described in section 2 to construct a seismicity rate model for the CGF (Figure 8). As was observed at the
Salton Sea Geothermal Field, the background seismicity rate within the CGF increases during the initial phase
of energy production, with the background rate rising from a mean value of 0.02 earthquakes/day prior to
1987 to 0.05 earthquakes/day by 1990. After this time, the background seismicity rate fluctuates about this
mean value, with short-term rate transients that do not appear to be modulated by geothermal injection or
production (Figure 8d).

Application of a stepwise linear regression procedure [Mendenhall and Sincich, 2007] supports these obser-
vations. For 1987–1989, the optimal linear regression model obtained from this technique suggests that
the background seismicity rate depends strongly on injection and production volumes during these years
(correlation coefficient: 0.64, regression model p value: 2.9 ×10−6). This result is consistent with our obser-
vation of a persistent increase in background rate starting during this time period. From 1990 on, however,
the correlation is much weaker (correlation coefficient: 0.18), though not entirely insignificant, at least from
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Figure 8. Seismicity rate model for Coso. (a) Magnitude versus time for earthquakes within the field. Listed magnitudes
are the SCSN preferred estimate. (b) Total seismicity rate, 𝜆(t) = 𝜇(t) + 𝜈(t). (c) Background seismicity rate 𝜇(t), with
2 sigma error bars (shaded) and mean rate (dotted line) plotted for reference. (d) Monthly rate of fluid production (blue),
injection (red), and net production (production minus injection, yellow) at Coso (data available at
http://www.conservation.ca.gov/dog/geothermal).

a statistical perspective (regression model p value = 1.7 ×10−3). Note that because injection and production
volumes track each other so closely at the CGF (Figure 8d), it is impossible to statistically distinguish whether
one variable contributes more significantly than the other to potentially induced seismicity at the CGF.

While energy production does appear to have elevated the mean background seismicity rate at the CGF, the
most prominent transient peaks in seismicity (e.g., during late 1994, 1999, and 2001) correspond to earth-
quake swarms and contain events both inside and far outside the field boundaries. The most prominent of
these swarms took place during the summer of 2001, with a extended sequence of M ≥ 3 earthquakes that
occurred within and to the west of the CGF [Hauksson and Unruh, 2007]. The largest event in this swarm was
a M5.2 earthquake that took place on 17 July 2001 and was located to the west of the field. The presence of
these and other similar, far-reaching earthquake sequences are a reminder that the Coso area was seismically
active long before the construction of the CGF [Walter and Weaver, 1980].
4.3.3. Changes in b Value, Magnitude Distribution, and Depth Distribution
The 2001 swarm also coincides with a fundamental change in the magnitude distribution of earthquakes
within the CGF. Applying the moving window approach detailed in section 2.5, we find that the b value for
earthquakes at the CGF has declined significantly since 2001 (Figure 9a). This change is also apparent in com-
paring the overall magnitude distributions of 7 year, nonoverlapping time intervals (Figure 9b). If we proceed
as before and fit both standard and tapered GR model magnitude distributions to each of the four time inter-
vals (section 4.1.3), the inferred b value of 0.79 (and 2𝜎 confidence interval of 0.69–0.89) during 2007–2013
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Figure 9. Magnitude distribution of earthquakes at Coso. (a, top) Maximum likelihood estimates for the
Gutenberg-Richter b value (equation (6)) plotted as a function of time using a 401-event moving window. Error bars
(2 sigma) are shaded. (bottom) Magnitude versus time for earthquakes within the field, plotted for reference. Listed
magnitudes are the SCSN preferred estimate. (b) Magnitude distributions for earthquakes at Coso during four,
nonoverlapping time intervals (1986–1992, 1993–1999, 2000–2006, and 2007–2013).

is much less than any of the previous intervals, which have b values in the range of 1.2–1.3. Further, during
the most recent interval (2007–2013), larger earthquakes (M ≥ 3) become more frequent both in relative and
absolute terms, despite no appreciable change in seismicity rate since 1990. Both of the two recorded M ≥ 4
earthquakes to occur within the field also took place during this time interval (a M4.1 event in 2007 and a
M4.4 event in 2010) and are the only two M ≥ 4 events to occur within the field boundary in the past 30 years
[Kaven et al., 2013]. These observations can also be quantified in terms of an increase in apparent upper cor-
ner magnitude Mx , which rises from 2.71 (2.41–3.00) during the first interval to 4.37 (3.71–5.04) during the
final interval. We emphasize, however, that these corner magnitude estimates do not necessarily indicate a
true deviation of the magnitude distribution from a standard Gutenberg-Richter power law, as AIC tests sug-
gest that the data are actually better explained by the standard GR model (which has no corner magnitude)
than the tapered GR model (which does).

The depth distribution of earthquakes within CGF also changes systematically with time. The median earth-
quake depth increases during each successive time interval (Figure 10), from a low of 1.09±0.10 km during the
early years of energy production (1986–1992) to a high of 2.31±0.08 km during the final interval (2007–2013).
This progressive shift in earthquake depth is puzzling and may in part be related to changes in production and
injection volumes, both of which have been steadily declining since 1990 (Figure 8d). However, the deeper
seismicity in recent years is composed predominantly of the earthquake sequences that are spatially clustered
around the locations of the 2007 M4.1 and 2010 M4.4 events. Changes to the depth distribution may there-
fore reflect an altered stress state within the field in the aftermath of the 2001 swarm and the subsequent M4
events, though anthropogenic forcing may play a secondary role.

5. Discussion and Comparison of Geothermal Fields
5.1. Changes in Seismicity Rate
In the preceding section, we presented the results of our analysis of changes in background seismicity rates at
The Geysers, Salton Sea, and Coso geothermal fields. The background seismicity rate at The Geysers is strongly
correlated with fluid injection volume, and we observe significant rate increases associated with the installa-
tion of the Lake County and Santa Rosa pipelines. On shorter timescales, the seismicity rate exhibits a seasonal
pattern that tracks the seasonality in available injection volumes. At the Salton Sea and Coso geothermal
fields, the start of the earthquake catalog we use for our analyses predates initial plant operation, and we
observe a significant increase in the background seismicity rate as operation commences. In later years, both
the Salton Sea and Coso fields exhibit short-term fluctuations in background rate, as at The Geysers. However,
in contrast to The Geysers, these fluctuations at Salton Sea and Coso are not strongly correlated with any dis-
cernible feature in monthly fluid injection or production volumes. We explore possible explanations for these
differences below.
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Figure 10. Depth distribution of earthquakes at Coso. (a) Probability density functions and (b) cumulative density
functions for the depth distributions of earthquakes at Coso during the same four time intervals shown in Figure 9.
Confidence intervals (95%) for the depth distributions are shaded.

Analyses of focal mechanisms [Oppenheimer, 1986; Boyle and Zoback, 2014] indicate that earthquakes within
The Geysers occur on preexisting structures that are well aligned with the regional stress field. This suggests
that regional tectonic stresses help supply much of the necessary background stress (as well as the in situ
fault structures) for earthquakes to occur within The Geysers. However, as noted by Oppenheimer [1986] and
others, there was little seismicity in and around The Geysers prior to the operation of the geothermal field.
The intense cyclical pattern of fluid injection at The Geysers (which can exceed production during the winter
months) may therefore provide the necessary stress perturbation to directly induce shear slip on faults that
are near critically stressed by regional tectonics. Further, the extensive and transient fluid injection volumes,
when combined with high in situ reservoir temperatures [Stark, 2003; Jeanne et al., 2014] create localized
thermoelastic stresses that greatly exceed tectonic stresses [Altmann et al., 2013]. Indeed, Martinez-Garzon
et al. [2013] observed a local temporal correlation between stress tensor orientation and injection rate for
clusters of seismicity around selected injection wells in the northwest sector of The Geysers. Our results further
demonstrate that at The Geysers, these transient anthropogenic stresses can plausibly modulate seismicity,
even on a field-wide basis.

Nearly all of the seismicity in the region surrounding The Geysers is concentrated within the field itself
(Figure 1). There is little observational evidence therefore that tectonic stress transients could account for the
observed temporal changes in seismicity at The Geysers, though regional tectonic stresses undoubted con-
tribute to slow, steady state loading of the in situ fault structures. In contrast, both Salton Sea and Coso are
located in dynamic tectonic regions with active fault systems that surround the geothermal fields [Younker
et al., 1982; Walter and Weaver, 1980]. As a result, seismicity within the two geothermal fields is strongly influ-
enced by natural processes of time-dependent tectonic stress transfer from regional earthquake activity,
including the aseismic stress transients associated with the earthquake swarms characteristic of the Salton
Trough and Coso Range. The elevated background seismicity rates observed at the Salton Sea (e.g., during
2000–2001) and Coso (e.g., during 1999 and 2001) correspond to earthquake swarms that are regional in scale
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and extend well beyond the boundaries of the geothermal field. These fluctuations in seismicity rate due to
natural (tectonic) stress transients tend to mask subtle changes in seismicity rate caused by anthropogenic
stresses, especially since fluid injection and production volumes have remained relatively stable at both fields
since their initial construction (unlike at The Geysers).

While our study has focused primarily on the background seismicity rate, it is also instructive to compare
the set of inferred ETAS parameters (Table 2) that describe typical aftershock activity within each field. The
Geysers in particular is notable for its anomalously low aftershock productivity parameter K , indicating that
most earthquakes within The Geysers do not appear to trigger extensive aftershock sequences. We can for-
malize this observation by computing the branching ratio Rb, defined as the ratio of the expected number of
triggered events (aftershocks) to total events, for each field. The inferred branching ratio of 0.09–0.11 at the
Geysers is well below the 95% confidence interval for typical California seismicity [Field et al., 2013]. The low
aftershock productivity may indicate that most earthquakes at The Geysers are directly triggered by highly
localized, anthropogenic stresses, rather than the more broadly distributed coseismic stresses from other
earthquakes within the field. It has also been noted previously that earthquakes in northern California tend to
have lower aftershock productivity than earthquakes in southern California [Llenos, 2014; Brocher et al., 2015],
so the very low aftershock productivity at The Geysers may be the consequence of both regional and local
(i.e., energy production-related) factors. The inferred aftershock productivity (and hence, branching ratio) is
higher at both the Salton Sea (Rb = 0.69–0.79) and Coso (Rb = 0.42–0.52) and is more typical of California seis-
micity. Both the Salton Sea and Coso have low inferred ETAS 𝛼 parameters, as is common in regions prone to
earthquake swarms [Hainzl, 2002; Kumazawa et al., 2010; Hainzl et al., 2013].

5.2. Changes in b Value, Magnitude Distribution, and Depth Distribution
At The Geysers, we observed a fundamental change in the earthquake magnitude distribution that coincided
with the installation of the Santa Rosa pipeline in 2003. The significant increase in b value at this time is con-
sistent with observational [Shapiro et al., 2011; Bachmann et al., 2011] and theoretical [Bachmann et al., 2012;
Segall and Lu, 2015] studies that suggest that induced earthquakes tend to have higher b values than natu-
ral earthquakes. However, the change in the magnitude distribution is more subtle than a simple change in
b value, as the rate of large (M ≥ 4) earthquakes also increases during this time. This latter phenomenon may
be explained in part by the increased concentration of events in the deeper northwest sector of The Geysers
after 2003, which appears to be characterized by a different magnitude distribution than the southeast sector
[Convertito et al., 2012]. Kwiatek et al. [2015] observed no significant variation in b value from 2007 to 2014
within certain clusters of seismicity within the northwest sector of The Geysers, which suggests that any
field-wide changes in b value that may occur during these years are primarily due to an increased frequency
of events occurring in the northwest sector, relative to the southeast sector, rather than changes within the
northwest sector itself. We note, however, that most of the observed field-wide increase in b value occurs from
2003 to 2006 (Figure 3a), prior to the study of Kwiatek et al. [2015]. In addition to these longer-term trends,
there is some evidence (Figure 3a) that the b value of earthquakes at The Geysers evolves on shorter timescales
(perhaps even seasonally), a topic examined in more detail by Convertito et al. [2012] and Martinez-Garzon
et al. [2014].

Earthquakes at the Salton Sea Geothermal Field, in contrast, appear to exhibit a slow increase in b value
before year 2000, followed by steep declines in b value following earthquake swarms in 2000–2001 and 2005.
Although the initial increase in b value following the beginning of energy production is consistent with pre-
vious studies of induced seismicity within geothermal fields [Bachmann et al., 2011], the subsequent decline
coincident with earthquake swarm activity suggests that natural tectonic processes (like those underlying
swarm activity) strongly influence seismicity at the SSGF. Indeed, one would expect just such a decrease in b
value during the earthquake swarms that characterize the Salton Trough, which tend to consist of multiple
large earthquakes (with no clear main shock) and a relative deficiency of smaller earthquakes [Lohman and
McGuire, 2007; Chen and Shearer, 2011].

Similarly, at Coso Geothermal Field, the b value remained relatively steady until 2001, when a prominent earth-
quake swarm occurred within and surrounding the field. The 2001 swarm included a M5.2 earthquake located
to the west of the field, as well as a number of other M ≥ 3 events both within and around the field. The appar-
ent change in the magnitude distribution following this sequence is striking (Figures 9) and suggests that the
swarm fundamentally altered the local stress state. It is notable that the largest earthquakes to occur within
the field (including the only two M ≥ 4 events) occurred either during or after the 2001 sequence.
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Temporal changes to the depth distribution of earthquakes must be treated with some caution, as abso-
lute errors in the hypocentral depths of the smaller earthquakes can be substantial. Nevertheless, while the
overall depth distributions of each field are likely controlled by local geology and tectonics, the more robust
features of the temporal changes in the depth distribution may reflect many of the same physical processes
that control temporal changes in seismicity rates or magnitude distributions. For example, the deepening of
the shallow peak of the bimodal distribution that characterizes The Geysers (Figure 4) is likely related to the
increased concentration of events in the deeper northwest sector of The Geysers following the construction
of Santa Rosa pipeline. The changes to the depth distributions at Salton Sea and Coso geothermal fields are
more complex and undoubtedly modulated by both tectonic and anthropogenic stresses.

6. Concluding Remarks

The results we have presented here for The Geysers, Salton Sea, and Coso geothermal fields are concerned
with long-term and field-wide changes in seismicity. It is well established that individual episodes of fluid
injection or production can trigger microseismicity over short spatial and temporal scales [Ellsworth, 2013].
Here our central focus is not microseismicity, but rather the changing patterns of seismicity that can be
observed over larger spatial scales (tens of kilometers) and longer time periods (months to decades). In seek-
ing the smoothest model of background seismicity rate that adequately explains the observed earthquake
catalog, our method is tailored to study robust changes in seismicity that occur over these same spatial and
temporal scales. While we lack the resolution to explore highly transient or spatially isolated changes in seis-
micity, a uniform application of our methodology allows us to quantitatively compare temporal changes in
seismicity at each geothermal field. In so doing, we can better assess the range of plausible mechanisms that
may account for the differing responses of each field to tectonic and anthropogenic stressing.

At The Geysers, field-wide seismicity appears to be strongly controlled by anthropogenic stressing due to fluid
injection and production. The mean background seismicity rate at The Geysers increased by 50% following
the construction of the Santa Rosa pipeline in 2003 (and the associated increase in injection volume). Likewise,
background seismicity rate increased after the installation of the Lake County pipeline in 1997, though this
rate increase decayed with time as injection volumes returned to pre-1997 levels. Seasonal injection patterns
at The Geysers—a consequence of more available fluid volume during the winter months—result in seasonal
fluctuations in seismicity rate, which have become more intense in the years since the installation of the Santa
Rosa pipeline. Fluid injection patterns also seem to influence the b value, magnitude distribution, and depth
distribution of earthquakes within The Geysers, all of which show significant temporal changes that coincide
with installation of the Santa Rosa pipeline.

The relationship between observed seismicity and geothermal energy production is less straightforward at
the Salton Sea and Coso geothermal fields. At both the Salton Sea and Coso, the mean background seismicity
rate increases during the initial phase of geothermal energy production, indicating anthropogenic stresses
have an observable influence on field-wide seismicity. However, the most notable rate increases at both the
Salton Sea and Coso are related to earthquake swarms that are regional in scale and extend far beyond the
boundaries of the geothermal fields themselves. Earthquake swarms were prevalent in the Salton Sea and
Coso regions before energy production began [Lohman and McGuire, 2007; Bhattacharyya and Lees, 2002],
which suggests that the current swarms, which are not temporally correlated with changes to fluid injection
or production, are caused by natural, rather than anthropogenic, stress transients. In any case, the presence of
these swarms influences not only the seismicity rate but also the inferred b values, magnitude distributions,
and depth distributions of earthquakes at both the Salton Sea and Coso geothermal fields.

Viewed holistically, our observations indicate that anthropogenic stresses are the primary control on tran-
sient changes in seismicity at The Geysers, while they play a less prominent role in modulating seismicity at
Salton Sea and Coso. This is not to suggest that induced seismicity is of negligible concern at Salton Sea and
Coso. Indeed, the proximity of the Salton Sea and Coso geothermal fields to active faults that are capable of
producing large, damaging earthquakes amplifies the importance of even small changes in seismicity due to
anthropogenic stresses [Convertito et al., 2012; Brodsky and Lajoie, 2013]. Rather, these observations highlight
the complicated process of differentiating induced from natural seismicity in California’s geothermal fields,
and demonstrate that differences in tectonic setting, reservoir conditions, and history of energy production
all likely contribute to the differing patterns of seismicity observed within each geothermal field.
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