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Introduction

Crustal thinning caused by the transtensional tectonics in the Salton Trough enables upward migration of mantle-derived magma, which heats geothermal brine in permeable sedimentary formations between roughly 2 and 4 km depth beneath the Salton Sea Geothermal Field (SSGF).
Commercial plants began harnessing clean geothermal energy from the SSGF in 1982 and 11 plants operate today. Geothermal brine in the SSGF also contains significant levels of dissolved lithium—an increasingly valuable energy store. Brodsky and Lajoie (2013) and Trugman et al. (2016)
previously investigated the relationship between energy production and earthquake occurrence rates in the SSGF. We seek to facilitate safe and responsible extraction of valuable commodities from this resource rich-target by expanding on their work to further clarify these relationships.

Data

Figure 1: We use M >1.75 events in our study area from the Hauksson et al. (2012) waveform-relocated
catalog. We obtain geothermal well Production and Injection data, Pt and It, respectively, from the California
Department of Conservation (Figure 2).

Background Seismicity Rate

Figure 2: We invert the earthquake catalog to determine the time-dependent background seismicity rate µt using
two methods (left column) for comparison with Production Pt and Injection It rate data (right column). First,
we invert for parameters µETASt , K, and c of the ETAS model following Brodsky and Lajoie (2013):

λθ(t|H) = µETASt +
∑
i|ti<t

Keα(Mi−Mc)

(t− ti + c)p

Second, we measure the temporal event density µηt in a sliding-window after declustering the catalog using the
normalized nearest-neighbor proximity ηij presented by Zaliapin and Ben-Zion (2020). Finally, we decompose
µETASt , µηt , Pt, and It into Seasonal, Trend, and Residual components using Locally Estimated Scatterplot
Smoothing (Cleveland et al., 1990).

Recursive Regression Analysis

Figure 3: We use recursive regression with an expanding window and the cumulative sum (CUSUM) test
(Brown et al., 1975) at the 5 % significance level to assess parameter stability in linear models for µt
of the form µt = βtxTt + εt in which µt is the background seismicity rate, βt = [β1,t, β2,t, β3,t] are
regression coefficients determined via ordinary least-squares regression on {(xr, µr) |r ≤ t}, xt = [1, Pt, It]
are regressors (constant, Production rate, and Injection rate, respectively), and εt is a residual term. The
εt are assumed to be independent random variables drawn from N (0, σ2

t ). The null hypothesis, H0 given
below, states that the regression coefficients and residual variances are constant through time:

H0 :

{
β1 = β2 = · · · = βT = β

σ2
1 = σ2

2 = · · · = σ2
T = σ2,

We fail to reject the null hypothesis at the 5 % significance level for t <1996-02-01, and we reject the null
hypothesis at t =1996-02-01. We reject the null hypothesis at the 5 % significance level within 5 years for
all subsequent recursive regression analyses initialized after 1996-02-01, which implies that no stable linear
relationship exists after 1996-02-01.

Concluding that a simple linear model as in the section above lacks sufficient expressiveness
to faithfully model µt after 1996-02-01, we begin more detailed investigation of the interplay
between energy production and seismicity rates in the subsequent panels.

Nearest-Neighbor Proximity

Figure 4: Joint distributions of rescaled time and distance reveal evolving spatiotemporal clustering behavior in
the SSGF. The most productive seismic sequence occurred during the summer of 2021. Peaks in background
seismicity rate occurred between 1994 and 2002 (compare with the bottom panel in Figure 3).

June 2021 Sequence Analysis

Figure 5: We augment the 1475 events in the Hauksson et al. (2012) catalog between 5 and 10 June 2021 (top
left) using FastMapSVM (White et al., In review) trained on waveforms from ∼2000 events (top right) recorded
by a single station (CI.RXH). The augmented catalog (bottom left) increases the event count by a factor of 3
(bottom right).

Figure 6: Seismicity from the augmented catalog projected onto vertical plane A-A‘ (bottom left of Fig. 5)
exhibits spatiotemporal migration patterns indicative of structural complexity (left panel) and possible fluid
diffusion (right panel). p0 represents a potential fluid source and D represents diffusivity in r =

√
4πDt.

Vertical extent of lines representing Production and Injection wells do not reflect actual well depth.

Conclusions

1 The secular trend in µt can be modeled by a simple linear model µt = α0 +α1Pt +α2It
during the first 14 years of geothermal energy production in the SSGF.

2 Such a simple model lacks sufficient expressiveness to model µt after 1996-02-01.
3 Augmenting the standard catalog with FastMapSVM facilitates a more comprehensive
understanding of physical processes linking energy production and earthquake
occurrences.


