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Geothermal power generation commonly induces seismicity. We have shown that the earthquakes
in the Salton Sea region are directly related to the net extraction of fluid in the field. We used an
ETAS model to decluster the catalog and then related the background rate to publically available
monthly injection and production data. The success of this project also shows that the induced
earthquakes have aftershocks, which can potentially occur on other faults in the region. Therefore,
it is possible that induced seismicity can trigger tectonic events. This project specifically addresses
SCEC4 problem 2f focusing on induced seismicity in the Salton Sea area.

The exploitation of geothermal resources is rapidly expanding as society increases its reliance on
renewable energy sources. Production of geothermal power induces seismicity as water is pumped both
into and out of a reservoir (Majer et al., 2007; Nicol et al., 2011). Fluid injection, a major component of
most geothermal operations, has been shown to induce seismicity in a variety of settings and the
earthquakes are often attributed to a decrease in the effective stress on faults due to increased pore
pressure (Evans et al., 2012; Frohlich et al., 2011; Keranen et al., 2013; Nicholson and Wesson, 1992;
Raleigh et al., 1976). Earthquakes can also be induced by fluid extraction through more complex
processes such as thermal contraction or subsidence-driven increases in shear stress (McGarr et al., 2002;
Mossop and Segall, 1999). Seismic consequences of geothermal production are of particular concern for
facilities neighboring large tectonic systems. Therefore, it is important to understand the controls on
geothermal production-related seismicity in a setting like the Salton Sea Geothermal Field, which borders
the diffuse terminus of the San Andreas Fault system in southern California.

Figure 1. Earthquake and geothermal facility locations and activity. (A) Regional map with
faults and location of the Salton Sea Geothermal Field. (B) Drill year of the wells in the field
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The Salton Trough is home to four operating geothermal fields (Salton Sea, Brawley, Heber, and
East Mesa) that generate a total of over 650 MW of electricity (Fig. 1). The Salton Sea Geothermal Field
exploits a hot, geothermal brine with temperatures in excess of 320° C at 2 km depth (Muffler and White,
1969; Younker et al., 1982). The field includes ten operating geothermal power plants with a total
capacity of approximately 330 MW. Plants use flash technologies that extract fluid from depth and flash a
portion to steam to power generators, while the remaining brine is either injected via separate wells back
into the reservoir, or subjected to further flashing. Steam condensate is also recaptured for injection. The
volume of fluid loss during operations depends on a variety of conditions including salinity in the flashing
chambers and air temperature. Since 1992, the average reported monthly injection volume is 81% of the
reported production volume with a standard deviation of 7%. Production at the plant cycles annually in
response to demand and local environmental conditions.

The first plant came online at the Salton Sea Geothermal Field in 1982. Operations expanded
steadily from 1991 with new wells regularly added and fluid volumes increasing through 2005 (Fig. 1B;
Fig. 2). For the highest production month in 2012, 11.2 x 10° kg (~10" cubic meters) of geothermal fluid
was extracted from the reservoir at depths of ~1 to 2.5 km, and 9.2 x 10’ kg was injected at similar depths.

We quantified the relationship between fluid volumes within the Salton Sea Geothermal Field and
the local rate of seismicity by combining publically available datasets. By law, in California the monthly
field-wide total production and injection volumes are released to the California Department of
Conservation. For earthquake locations and times, we used the largest high precision catalog available for
the region (Hauksson et al., 2012) for January 1981- June 2011 supplemented by the Southern California
Seismic Network catalog for July 2011-December 2012. Station configurations have changed over time
with a notable increase in data after the release of the geothermal field’s local seismic network in 2007.
Therefore, we restrict the data to the local magnitude of completeness of 1.75 to ensure that we only
analyze events that are large enough to have been detectable throughout the study period. For this study,
the Salton Sea Geothermal Field seismicity is defined as earthquakes shallower than 15 km in the region
bounded by 33.1-33.25° N and 115.7-115.45° W (Fig. 1).

The seismicity rate has mirrored overall activity in the field (Fig 1). As noted by earlier,
earthquakes clusters around injection wells both at the surface and at depth (Chen and Shearer, 2011),.
The seismicity rate was initially low during the period of low-level geothermal operations before 1986.
As operations expanded, so did the seismicity. The maximum net volume production rate occurred in July
2005, which is a month before the largest earthquake rate increase. This August 2005 swarm has been
linked to a creep transient, but had not been compared previously to the production data (Llenos et al.,
2009; Lohman and McGuire, 2007).

However, the relationship between seismicity and plant operations is not simple. Earthquakes are
highly clustered due to local aftershock sequences and so it is difficult to untangle the direct influence of
human activities from secondary earthquake triggering. In addition, seismicity rate varies over orders of
magnitude, whereas pumping conditions evolve more smoothly. Operations are continually changing at
the plants in response to both economic and natural factors. These issues complicate the data so that a
simple correlation between the raw seismicity rate and operational parameters is suggested, but unclear
and requires further analysis.

Because earthquakes commonly have aftershocks, any statistical method that assumes
independence of events is problematic. A better approach is to measure the background rate over time,
separate from the secondary triggering of aftershocks. In this context the term “background rate” means
the primary earthquakes directly related to the driving stress from both tectonic and anthropogenic
sources, and therefore the background rate can vary in time.

To separate background and aftershock seismicity, we used the Epidemic Type Aftershock
Sequence (ETAS) model in which background and aftershock rates are parameterized using standard
empirical relationships and the resulting parameter set is simultaneously fit from the observed catalog
(Ogata, 1992). This strategy builds on previous work on identifying fluid-modulated signals in natural
and induced seismicity (Bachmann et al., 2011; Hainzl and Ogata, 2005; Lei et al., 2008; Ogata, 1992).
The seismicity is modeled as a Poissonian process with history-dependent rate Rgrys at time ¢ that is a
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combination of the modified Omori's law, which describes the temporal decay of aftershocks, the
Gutenberg-Richter relationship, which describes the magnitude distribution, and the aftershock
productivity relationship, i.e.,
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where u is background seismicity rate and the term inside the summation describes the component of
seismicity due to aftershock sequences. In this formulation, Ky is the aftershock productivity of a
mainshock, o describes the efficiency of earthquakes of a given magnitude at generating aftershocks, ¢
and p are Omori's law decay parameters, M; and #; are the magnitude and time of the i" event in the
catalog, and M. is the magnitude completeness threshold of the catalog (Brodsky, 2011; Ogata, 1992).

We perform maximum likelihood fits on overlapping two-year windows and track background
seismicity rate over time (Fig. 2). We assume that the background rate is stationary for relatively short
times, i.e., over the two-year interval, but varies over the long duration of the full catalog. The two-year
interval allows sufficient events to have well-resolved parameters, while still capturing the high-
frequency fluctuations.
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Figure 2. Background seismicity rate (1) over time compared to operational fluid volumes at the
Salton Sea Geothermal Field. The seismicity rate curve is identical for each panel (right hand axis,
green curve) and the operational rate (left axis, blue curve) in each case is (A) Production rate, (B)
Injection rate and (C) Net Production rate. Seismicity rate estimation is on 2-year overlapping intervals
centered on each month for which there is operational data.

The increasing trend of the background rate ¢ in Fig. 2 imitates all the metrics of fluid volume
(injection, production, and net production, defined here as production minus injection), particularly in the
earlier years of injection (until ~1991). In later years (2006 to 2012), u tracks net production more
closely. In between, seismicity may track net production with a baseline shift (Fig. 2c), but the
correlations are much less clear. Both total and net production seem important.

The time variable behavior is captured by the best-fit coefficients of a linear model, i.e,
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where 7 and N are the injection and net production rate, respectively, and ¢; and ¢, are the coefficients.
Because the correlation between total injection and total production is extremely high, only one of those
variables is used in Eq. 2 to ensure a well-constrained solution. We measure time-variation by fitting Eq.
2 over a moving data window that is longer in duration than the window used to fit the ETAS model and
much shorter than the full study interval. A linear least-squares fit in a 6-year window with 0.5 year
increments (i.e., ~90% overlap) captures the essential features (Fig. 3).

The combined model of Eq. 2 results in well-constrained model parameters after the initial
growth of operations in the mid-1980’s. An F-test rejects the null hypothesis of insignificant fit at the
95% level for all time periods except during the rapid growth of the field in 1993. The early years have
substantial uncertainty in the fit coefficients, as might be expected during the highly non-steady initial
phase of operations. During the well-fit period, the seismicity rate generated per monthly volume of fluid
injected steadily decreases over time. Net production generates more earthquakes per fluid volume than
injection both early and late in the study period.

In addition to the difference in correlations over time, there is a difference in phase lags between
seismicity and the various operational parameters. The phase lag corresponding to the maximum
correlation of seismicity relative to net production is usually 0 months. However, the intervals with the
strongest correlations between injection or production and seismicity can have several month phase lags.
Over the full dataset, the maximum correlation between seismicity and injection has a lag of 8 months. In
intervals like 1991-2006, unphysical, large phase lags accompany low correlations and are another
indicator of the lack of predictive power of a single operational parameter during these periods.

We conclude from the observed correlations and the F-test that net production volume combined
with injection information is a good predictor of the seismic response in the short term for a fully
developed field. Much previous work (Evans et al., 2012; Frohlich et al., 2011; Keranen et al., 2013;
Raleigh et al., 1976; Shapiro et al., 2010) has focused on the increase in pore pressure (decrease in
effective stress) from injection as the primary driver of seismicity, and the importance of net production
(volume removed) suggests that seismicity is responding to a more complex process. Earthquakes
responding to net volume loss with no phase lag may imply that seismicity responds to elastic compaction
and subsidence, and not simply diffusion of high pore pressures at injection sites (McGarr et al., 2002;
Mossop and Segall, 1999).

An important issue for any induced seismicity study is the possibility of triggering a damaging
earthquake. Like most earthquake sequences, the Salton Sea Geothermal Field seismicity is dominated by
small earthquakes and the magnitude distribution follows the Gutenberg-Richter relationship, i.e., the
number of earthquakes of magnitude greater than or equal to M is proportional to 10" where b is nearly
1 (The maximum likelihood estimate of b for 1982-2012 is 0.99). Static and dynamic stresses have been
observed to trigger earthquakes on disconnected fault networks (King et al., 1994; van der Elst and
Brodsky, 2010) and the Gutenberg-Richter relationship generally holds for the aggregated sequences
(Ogata, 1992; Woessner et al., 2011). The major limitation in applying Gutenberg-Richter in a particular
region is estimating the maximum size of an earthquake that can be hosted by the local faults. The largest
earthquake in the Salton Sea Geothermal field region during the study period was an M5.1 and the
neighboring, highly strained San Andreas fault can have earthquakes of magnitude at least 8.
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Figure 3. Results of linear model of seismicity based on a combination of injection and net
production. (A) Sample seismicity rate and model prediction of seismicity rate using the observed fluid
data and the best-fit linear model of Eq. 2. (B) Number of earthquakes per day triggered per rate of net
volume of fluid extracted or total fluid injection. Symbols are best-fit coefficients for Eq. 2. The
“Injection” values are coefficient c¢; in Eq. 2 and “Net Production” values are c,. Error bars are 2 standard
deviations of model estimates based on the linear regression.



Exemplary Figure

0.2 ‘
—Data
—Prediction
0.15¢ 1
qr 1
0.05r

2006 2007 2008 2009 2010 2011 2012

Results of linear model of seismicity based on a combination of injection and net production.
Observed seismicity rate and model prediction of seismicity rate using the observed fluid data and the
best-fit linear model.

INTELLECTUAL MERITS

The intellecutal merits of this work is in developing fundamental observations of earthquake rates in
response to known stressing. In particular, fluid pressures are often evoked as a mechanism for triggering
earthquakes, yet direct observations of the phenomenon under controlled conditions are limited. In
addition, establishing that induced earthquakes have similar aftershock behavior to ordinary earthquakes
constrains the mechanisms for interactions between faults.

BROADER IMPACT
Human-impacted earthquakes are a large and growing concern for society. Empirical methods, like that
developed in this work, are desperately needed in order to guide policy.
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