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ABSTRACT

The Coso geothermal field of southern California hosts one of the major geothermal power plants and was launched with energy
production in 1986. Through looking at the relocated seismicity data from SCEC, we observed that low-magnitude seismic events
(magnitude < 4) are unevenly distributed across three distinct zones: the nearfield (less than 3 km), midfield (3-6 km), and far-field (greater
than 6 km) from the Coso geothermal plant. These zones demonstrate noticeable changes in earthquake locations before and during
geothermal production. Since the production was launched, the midfield region of the main flank has shown a significant drop in seismicity
rate compared to surrounding areas before production. Between 1986 and 2019, far-field earthquakes clustered in the eastern and western
parts of the greater Coso area, while pre-production events during 1981-1986 were more evenly distributed along the NW-SE and SW-
NW trending structures within the geothermal field. InSAR time series data reveal surface subsidence (rate up to 14 mm/year) over the
field since 2014, which is then reconciled with finite-element-based poroelastic simulations. The simulations estimate stress evolution
and illustrate how the spatiotemporal distribution of seismicity is linked to stress changes perturbed by fluid migration during geothermal
operations. Before the 2019 Ridgecrest earthquake (2014-2019), approximately 70% of co-production earthquake events from 2014 to
2019 occurs in zones of increased Coulomb stress with greater than 99% confidence. Meanwhile, the midfield zone, characterized by
reduced seismicity, coincides with a region of decreasing pore-fluid pressure. This is also consistent with aftershock distributions and
surface subsidence (rate up to 10 mm/year) that are continuously observed after the Ridgecrest earthquake. These findings provide a
physical explanation for how decades of geothermal operations at Coso have altered the stress field and contributed to the evolving seismic
patterns, offering valuable insights for assessing seismic hazards in other geothermal regions.

1. INTRODUCTION

The Coso area in Southern California, the third-largest geothermal field in the U.S., has produced up to 270 MWe of electricity for nearly
four decades. With net fluid production of around 1.3 x 10° kg per month (Figure 1), it hosts high-temperature geothermal reservoirs
where thermal destressing prohibits seismicity (Im et al., 2021) and micro-seismic events might be triggered by regional tectonic loading
and remote earthquakes (Hauksson and Unruh, 2007; Zhang et al., 2017). This study analyzes seismicity near Coso since 1981, examining
how distribution patterns have changed before and during industrial energy production operations. We identify seismic zoning patterns,
identify potential anthropogenic earthquake triggering, and use numerical simulations to model fluid-crust interactions. Comparing model
predictions with spatiotemporal seismicity changes and surface displacement rates obtained from satellite radar images, we investigate if
Coulomb stress changes perturbed by energy production facilitate seismic zoning.

2. SEISMICITY REDISTRIBUTION BEFORE AND DURING GEOTHERMAL ENERGY PRODUCTION

Based on the relocated earthquake catalog (between 2014 and 2019) provided by the Southern California Seismic Network (SCSN)
(Hauksson et al., 2020), three distinct seismic zones are identified within the Coso area according to the spatiotemporal distribution of
seismicity rate during 1981-2019, measured as the number of events per year per km? (Figure 2 and Figure 3). Zone 1, located within 3
km of the main production flank, is termed the "nearfield"; Zone 2, the elliptical area in Figure 3, is called the "midfield" (3 - 6 km from
the production flank); and Zone 3 is the "farfield" (> 6 km from the production flank (Figure 3). These seismic zones, which do not
overlap, occurred after power production launched in May 1986 (CDC, 2022) (Figure 2). Zone 1 covers most of the geothermal wells
(Figure 2), where the seismicity is very shallow there (depth <4 km) and associated with a shallow low-velocity heat source (Davatzes
and Hickman, 2010). These shallow events are likely related to geothermal operations (Schoenball et al., 2015; Zhang and Lin, 2014), as
being very close (< 1 km) to the wellbore locations (Figure 2 and Figure 3b) (Kaven et al., 2011). Such proximity between seismicity and
wellbores has also been observed at other geothermal power plants (e.g., Bachmann et al., 2012; Cardiff et al., 2018; Ellsworth et al.,
2019; Feigl et al., 2022; Juncu et al., 2020; Li et al., 2021; Yeo et al., 2020). Similarly, Zone 3 showed a 50% increase in seismicity rate
during the production period compared to the pre-production period (Figure 2 and Figure 3). On the contrary, Zone 2 experienced
significantly fewer seismic events (Figure 2 and Figure 3) after geothermal production began in 1986. Its seismicity rate decreased by
~90% from ~70 events per year during the pre-production period (1981-1986) to <10 events per year during the co-production period
(2014-2019) (Figure 2 and Figure 3). Within 6 months after the 2019 July 4 Ridgecrest earthquakes (RE), the aftershocks were located
along the NW-SE trending fashion propagating from the RE epicenter but appeared to “jump” over the Coso field and reappeared in the
Owen Valley fault zone (Figure 2). This is a very intriguing phenomenon that might be related to the thermal distressing process at the
Coso geothermal field (Im et al., 2021). The aftershock activity slowly retreated from the geothermal field (Figure 2¢), with clustering at
the Owen Valley fault zone to the north and Ridgecrest faults to the south. While our previous work focuses on the pre-Ridgecrest seismic
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sequence (Tung et al., 2024), our current plan is to extend the study to investigate how the Ridgecrest aftershock pattern over the Coso
field could be relevant to the energy production activities there.

3. POROELASTIC SIMULATION OF FLUID-ROCK COUPLING

Poroelastic finite element models (FEMs) are built to simulate the hydromechanical coupling between the pore-fluid migration and rock
deformation during geothermal production (Figure 4). Such simulation is initialized by the fluid production and injection rates reported
monthly by the Department of Conservation, California (https://www.conservation.ca.gov) since 1986. The mean production and injection
rates are respectively 3.2 x 107 and 1.6 x 107 m%/year, giving rise to the mean net production of 1.6 x 107 m?/year, assuming the pore liquid
water medium. The spatiotemporal evolution of surface displacement (Figure 5), and Coulomb stress change (Figure 5) are simulated, as
the crustal medium is driven by pore-fluid migration (Figure 4e) since the energy production began. The modeling domain hosts a non-
uniform distribution of poroelastic materials (Table 1) (c.f. Im et al., 2021; Tung and Masterlark, 2018; Tung et al., 2018; Tung et al.,
2021), as compared to other analytical solutions assuming layered geological structures (Barbour et al., 2016; Barbour et al., 2017; Eneva
et al., 2018; Goebel et al., 2017; Goebel and Brodsky, 2018; Li et al., 2021; Tung et al., 2021). The elastic moduli (Figure 4a and Figure
4b) are compiled from the SCEC community seismic velocity model (Plesch et al., 2011) and CRUST2.0 (Bassin et al., 2000), while the
poroelastic parameters including the intrinsic rock permeability k and porosity ¢ are described by a simplified geological model (Figure
3fand Table 1).

4. SURFACE SUBSIDENCE OVER THE COSO PRODUCTION FLANKS

We employed Interferometric Synthetic Aperture Radar (InSAR) data from the Sentinel-1A/B satellites, following ascending path 64
(dA64) and descending path 71 (dD71) (Figure 5), to map the surface displacement rate across the greater Coso area. The Sentinel-1 data
was processed using GAMMA (Werner et al., 2000) and PYGMTSAR. Atmospheric delay correction and time-series extraction were
implemented using an array of filters (Lee and Shirzaei, 2023; Shirzaei et al., 2013) to separate deformation signals from nuisance effects
such as orbital, topographic, and atmospheric disturbances. Cross-correlation analysis was then applied to identify and down-weight the
effect of atmospheric delay (Shirzaei and Biirgmann, 2012). The interferograms captured ground displacement history in two periods
during geothermal production namely, (1) 2014 to 2019 (Figure 5) and (2) 2020 — 2022 (Figure 6 and Figure 7). Up to 14 mm/year and
10mm/year of subsidence are mapped respectively in periods (1) and (2) along the satellite line-of-sight (LOS) direction. For the period
(1), we use the poroelastic model and thermal cooling model to recover the subsidence amplitude (Figure 5g and Figure 5h). Future work
will be conducted the similar analysis in the period (1).

5. TRANSIENT STRESS TRIGGERING/SHADOWING AND SEISMIC DISTRIBUTION

Based on the 3D stress tensor evolution and 100 poroelastic scenarios simulated by the poroelastic model, we calculate the Coulomb stress
changes over the greater Coso area from 1986 — to 2021. We then compare the results to the seismicity patterns observed during the
production activities (Figure 8). Generally, the spatial patterns of ACFS and co-production seismic density both exhibit a similar
“butterfly” pattern (Figure 3 and Figure 8). Approximately 70% of seismic locations (Figure 3a) experience ACFS>0 during production,
while only 33% of pre-production seismic locations (Figure 3b) fall within the zone of ACFS>0 (Figure 8). Those seismic events of the
former attain a mean ACFS of 14 kPa and a maximum of 35 kPa per year, exceeding the commonly accepted triggering threshold of 10
kPa (King et al., 1994; Stein, 1999; Yeo et al., 2020). Notably, the Coso area experienced fewer seismic events within Zone 2 after 1986,
as do the northern and southern parts of Zone 3 (Figure 3b). These regions fall into the zone of ACFS<0 (Figure 8) calculated using the
poroelastic model. In contrast, areas of positive ACFS rates overlap well with the two lobes of relatively high seismic density east and
west of the Coso field since 1986 (Figure 8). This suggests that power production activities might have maintained or even enhanced the
seismic activity east and west of the Coso area along the Coso Range and Rose Valley within Zone 3 (Figure 8).

6. DISCUSSION & CONCLUSIONS

As detailed above, Zone 2 and the northern and southern parts of Zone 3 have seen a notable decrease in seismic activity since the onset
of production (Figure 3b), even though these areas were seismically active before the production period (Figure 3a). The overlap of
negative seismicity rate and stress change indicates that reduced Coulomb stress stabilizes faults in the northern and southern parts of
Zone 3 (Figure 8). Local positive anomalies ACFS explain the increased seismicity rate near the geothermal wells in Zone 1 (Figure 8).

However, the seismic paucity within Zone 2 appears to correlate with the pore pressure components (Tung et al., 2024). Instead,
diminished seismic activity in Zone 2 consistently aligns with negative AP (up to 20 MPa) accumulated within the reservoir boundary
since 1986 (Figure 4 and Figure 8). The western reservoir boundary (Figure 4f) and its hydrological disconnection from the Coso field
are supported by asynchronous pressure variations over time with the main flank (Sabin et al., 2016; Siler et al., 2016). Interestingly, the
modeled east-west extent of negative AP and thus ACFS is bounded by the lateral boundary of the permeable reservoir (Figure 8), aligning
with the observed low seismicity rate in Zone 2 (Figure 1b). Figure 8 shows that Zone 2's seismic paucity is associated with a large
negative ACFS (~25 MPa) accumulated since 1986 due to pore-fluid migration. Our simulation results indicate that pore-fluid migration
is a viable mechanism for clamping/stabilizing faults within Zone 2.

To sum up, faults at varying distances from the geothermal reservoir (Zones 1, 2, and 3) experience different degrees of stress triggering,
interacting with the reservoir's permeability structure. Our study suggests that long-term geothermal production at Coso has influenced
nearby fault stability and contributed to the spatiotemporal distribution of seismic zoning. This provides valuable insights for assessing
seismic hazards in other geothermal areas. Physics-based models and a deeper understanding of reservoir geological/permeability
structures will further enhance the hazard assessment accuracy and potentially inform strategies for reducing seismic risk during
geothermal energy exploitation.
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Figure 1. Historical rate of production injection and net production at the Coso geothermal power plant.
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Figure 2. (a) The Coso geothermal field is divided into three distinct seismic zones. Epicenters from the SCEC community catalog are
depicted as brown dots. Seismic activity density is shown as events per year per square kilometer, with a minimum magnitude of -1.02.
(Hauksson et al., 2012) during (b) 1981/1/1 — 2019/1/4, (c) 2019/1/4-2019/7/4, (d) 2019/7/4 — 2020/1/4 and (e) 2020/1/4 — 2022/1/19.
Please note that Zone 1°s seismicity is not included in Zone 2 or Zone 3. Likewise, Zone 2’s seismicity is not included in Zone 3 (after
Tung et al., 2024).
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Figure 4. Finite Element Model for Elastic and Poroelastic Simulation. (a) The spatial variation in Young's modulus defines rock
heterogeneity. (b) The spatial variation in Poisson's ratio also contributes to rock heterogeneity within (c) the numerical domain, which
simulates the greater Coso region. (d) A fine-mesh region is created near the top center to accommodate the injection and production
wells. (e) A flow vector map at 2 km depth during the injection/production operation through wells, shown as red dots. (f) A simplified
3D permeability distribution hydrological model (refer to Table 1) is incorporated into the poroelastic domain to simulate surface-
subsurface fluid exchange through geothermal wells, indicated by red dots (after Tung et al., 2024).
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Figure 5. LOS ground displacement rate at the Coso field from 2014 to 2019 (Period (1)) before the 2019 July 4 Ridgecrest earthquake.
(a, b) show the observed displacement rates along the ascending and descending paths 64 and 71, respectively. (c, d) depict the modeled
displacement rates, combining poroelastic and thermoelastic effects, along the same paths. (e, f) illustrate the residual displacement rates.
A subsidence rate of up to 15 £ 0.4 mm/year is recorded over the main flank. (g, h) present the observed and modeled displacement
profiles along the cross-section AA' through the center of the Coso geothermal field. The Coso nearfield and proposed FORGE site are
marked in red and grey, respectively. The residuals have an average value of less than 1 mm/year, with the mean-residual-to-max-
displacement ratio ranging from 6.6% to 7.7% (after Tung et al., 2024).
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Figure 6. LOS ground displacement rate at the Coso field between 2020 — 2022 (Period (2)) after the 2019 July 4 Ridgecrest earthquake.
The Coso geothermal power plant is denoted by the red cross.

Baseline
2020-12-01

10042020110 2021-04.30 2021-07-11 2021-0729 50311102
E 2029 §31-01:24 2021-0313 2021-06-282021-08-19 210909 2022-05-25
=
© 0
o 2020-
_
©
S -50-
2
2
o —100
g
&

~150

2020-11 2021-01 2021-03 2021-05 2021-07 2021-09 2021-11 2022-01 2022-03 2022-05 2022-07
Timeline

Figure 7. Temporal and perpendicular baseline network of the InSAR pairs between 2020 — 2022 (Period (2)) after the 2019 July 4
Ridgecrest earthquake.



Northing (km}

4006

3986 §

3967

Tung et al.

Mean Coulombs stress changes since 1986 May
based cn 100 poroelastic scenarios {kPa)

100

F50

-100

e 2: low EQ density

Figure 8. Average Coulomb stress variations from 1986 to 2021, based on 100 poroelastic scenario simulations. Grey dots represent the

seismic events recorded during this timeframe (after Tung et al., 2024).

Layer Depth | logio(k) | @ a ® Description | References

ID (km) | (m%) (%) (%)

1 0-2.5 -16 5 0.7 | 100 | Clay-rich (Davatzes and Hickman, 2010; Im et al., 2021; Lees, 2002; Rose,
caprock 2013; Siler et al., 2016; Wamalwa et al., 2013; Wang, 2000)

2 2.5- -13 10 0.5 | 100 | Geothermal (Davatzes and Hickman, 2010; Im et al., 2021; Monastero et al.,

4.5 reservoir 2005; Rose, 2013; Sabin et al., 2016; Siler et al., 2016; Wang,
2000)

3 4.5-6 -16 5 0.5 | 100 | Basement (Davatzes and Hickman, 2010; Hauksson and Unruh, 2007; Im
rock et al., 2021; Siler et al., 2016; Wang et al., 2022; Wang, 2000)

Qutside | 0-15 -17 5 0.5 | 100 | Country rock | (Davatzes and Hickman, 2010; Im et al., 2021; Siler et al., 2016;

Coso Wang et al., 2022; Wang, 2000; Zhang and Lin, 2014)

Table 1. Simplified layered structure and its surroundings of the Coso field (c.f. Figure 4f), given intrinsic rock permeability, k, porosity,
¢, and the degree of saturation, 0 (after Tung et al., 2024).
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