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Abstract Tectonic activity, geothermal fluids, and microseismic events (MSEs) tend to occur in similar
locations as a result of spatiotemporal changes in the subsurface stress state. To quantify this association, we
analyze data from a dense seismic array deployed at the San Emidio geothermal field, Nevada for 1 week in
December 2016 to coincide with a 19.45-hr shutdown of all injection and production pumping operations. 123
MSEs were detected, of which 101 occurred during the shutdown. The spatial association of the MSEs with
the production wells suggests a causal relationship between the production cessation and the MSEs. Here we
performed a detailed analysis to investigate reservoir material properties, distribution of seismically activated
faults, and local stress state. We determined the hypocenters, magnitudes, and focal mechanisms for the MSEs,
P-wave tomographic velocity model, and local stress tensor. The results show that most MSEs occurred near
the production wells. Magnitudes fall between —2.2 and 0.0 with larger events located closer to the production
wells. Most MSEs occurred within a westward-dipping normal fault zone in the reservoir associated with
anomalously low P-wave velocity values. The focal mechanism and stress inversion results show predominantly
normal faulting with the maximum horizontal stress oriented north-south. We suggest that the MSEs during
shutdown were triggered on pre-existing, small-scale, critically stressed fault patches in the reservoir as the pore
pressure increased around the production wells when the production pumping ceased. We interpret the larger
MSE magnitudes closer to the production wells as a result of higher pore pressure increase.

Plain Language Summary Microseismic events (MSEs) associated with production and injection
of oil, gas, and water have been observed in many locations. In December 2016, a seismic array with 1,302
instruments was deployed at the geothermal field at San Emidio, Nevada, USA to coincide with a 19.45-hr time
interval when all pumping operations were temporarily shut down. The seismic network detected 123 MSEs,
of which 101 occurred during the shutdown. To understand the physical mechanism driving these MSEs, we
perform a detailed seismic and stress analysis with the seismic data collected at San Emidio in 2016. Our
analysis includes estimating the hypocentral locations, magnitudes, and focal mechanisms of the microseismic
events, forming 3-dimensional images of P-wave velocity via seismic tomography, and calculating the
orientations of the principal axes of the local stress tensor. Our results show that most MSEs occurred within a
normal fault zone in a fluid-filled reservoir near the production wells. We suggest that the temporary cessation
of production pumping increased the pore pressure, decreased the effective stress on the pre-existing, critically
stressed fault patches and fractures, and thereby enhanced the microseismicity.

1. Introduction

Seismicity over a range of small to moderate size (magnitude 3 to 6) associated with industrial operations has
been observed in oil and gas exploitation sites, wastewater injection operations, and geothermal fields. The
primary mechanism is inferred to be stress changes due to active fluid injection and resource production (e.g.,
Ellsworth, 2013; Keranen & Weingarten, 2018; Segall, 1989; Segall & Fitzgerald, 1998; Zang et al., 2014).

Increases in microseismicity (magnitude less than 3) have also been associated with the temporary cessation
of pumping at production wells in geothermal fields. This phenomenon was recently reported at the Brady Hot
Springs geothermal field, Nevada, USA (Cardiff et al., 2018). The basic hypothesis is that fluid extraction during
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normal power plant operation inhibits fault slip by reducing pore pressure (P,) and thereby increasing the effec-
tive normal stress on faults, whereas short-term cessations of production promote fault slip by increasing P, and
decreasing the effective stress. Similar correlations between microseismicity and production pumping cessation
during planned power plant shutdowns have also been observed at the Kakkonda geothermal field, Japan (Tosha
et al., 1998), the Blue Mountain geothermal field, Nevada, USA (Gonzalez et al., 2022; Templeton et al., 2017),
and the San Emidio geothermal field, Nevada, USA (Feigl et al., 2022, 2023; Warren et al., 2018).

In December 2016, a dense seismic array was deployed at the San Emidio geothermal field for about 1 week and
123 microseismic events (MSEs) were detected by Warren et al. (2018) (Figure 1). Temporal evolution of the
MSESs shows a substantial increase in microseismicity during a 19.45-hr-long shutdown of pumping at all produc-
tion and injection wells (Figures 1 and 2). A majority of the MSEs during shutdown occurred adjacent to two
production wells in the northeastern part of the seismic array (Figure 1), suggesting a direct connection between
the MSEs and the cessation of pumping at the production wells.

To understand the spatial distribution and temporal evolution of the stress field at San Emidio, the WHOLES-
CALE project began in 2020 (Feigl et al., 2022). As a part of the WHOLESCALE project, we have performed a
detailed analysis of the 2016 December seismic data set, including: (a) determining high-precision hypocentral
locations, magnitudes, and focal mechanisms for observed MSEs; (b) developing a P-wave tomographic velocity
model; (c) inferring a local stress tensor for the site with focal mechanisms. In this study, we present our seismic
and stress analysis results that advance the characterization of material properties, distribution of seismically
active faults/fractures, and stress state in the reservoir. In the following sections, we first briefly introduce the
geologic setting and operation history at San Emidio, the 2016 seismic data set, and the methodology of our
analysis, and then present and discuss our results.

2. Basic Background of the San Emidio Geothermal Field

The San Emidio geothermal field is located in the southeastern part of the San Emidio Desert, which is located
within the East-West extensional Basin and Range Province of northwestern Nevada, ~100 km north of Reno. It
hosts a hidden, forced-convection geothermal system (Rhodes, 2011; Rhodes et al., 2011). It is located near the
southernmost expression of the San Emidio Fault (SEF), a north-striking, west-dipping Holocene scarp hosting
zones of intense hydrothermal alteration, surrounded by many closely spaced minor faults (Figure 1) (Folsom
et al., 2020; Rhodes, 2011; Rhodes et al., 2011). The geologic cross-section shows that the deeper and hotter part
of the reservoir consists of low-porosity Mesozoic metasedimentary and metavolcanic rocks, which are overlain
by tertiary volcanic and sedimentary rocks at shallower depths (Rhodes, 2011; Rhodes et al., 2011). Due to the
low permeability in the deeper and hotter reservoir, fluid transport is concentrated in the permeable fault zones
(Folsom et al., 2020).

Production started in 1987 from shallow depths (~30-90 m below surface). Following the cooling of the shallow
reservoir, deeper production wells were drilled to the north along the SEF and the initial, shallow production wells
were converted to injection wells. More details about the field history are introduced by Folsom et al. (2020).
The production is primarily from fractures hosted by mechanically strong, silicified tuff and lavas at depths of
~520-700 m below surface at temperatures of ~162°C, which are overlain by mechanically weak, clay-altered
volcaniclastic rocks (Warren et al., 2018).

Several geophysical surveys have been performed in the field to investigate the subsurface structure (e.g., Folsom
et al., 2020; Warren et al., 2018). Warren et al. (2018) mapped geothermal permeability using a passive seismic
emission tomography method. Folsom et al. (2020) performed a 3-D inversion of magnetotelluric (MT) data.
They also forward-modeled gravity data informed by geology, drilling, MT, and other results. Their results helped
them to construct a conceptual block model of the subsurface including the 3-D distribution of fault surfaces and
inferred stratigraphic contacts.

3. 2016 December Plant Shutdown and Seismic Data Set

From 2016-12-08 19:33 to 2016-12-09 15:00 UTC, the San Emidio power plant was shut down for 19.45 hr for
maintenance (dark gray shading in Figure 2a). There are three vertical production wells and three vertical injec-
tion wells (red and blue triangles in Figure 1), which all stopped operating during the shutdown, except for a short
resumption (Figure 2b).

GUOET AL.

20f 18

85U8017 SUOWWOD 8AIERID 3|dedlidde ayp Aq pausenob afe sappie YO ‘SN JOSs|n. 10y Areiq)aUl|UO /8|1 UO (SUONIPUOD-pUR-SWSH D" A3 1M ARIq 1 U1 |UO//STIY) SUORIPUOD PUe SWiB | U1 88S *[£202/2T/90] Uo AreiqT aulluo A8l ‘de ABieuz ajqemausy feuoieN Ag 8002208rE202/620T OT/10p/Loo A3 im Arigijeutjuosqndnbe//sdny wo.y pspeojumoq ‘TT ‘€202 ‘95€669T2



Aru g
AUV
ADVANCING EARTH

AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/2023JB027008

San Emidio

4474
Production wells

Injection wells
Seismic stations
MSEs (during)

x  MSEs (before)
+ MSEs (after)

*  String shot

1 2

4473]

44721

4471+

UTM Northing (km)

44701 000 e

44691 Caagdanaont

A

294 295 296
UTM Easting (km)

Figure 1. Map view of microseismicity and seismic station deployment in December 2016 at San Emidio. Blue crosses,
orange dots, and red pluses represent catalog microseismic events (MSEs) before shutdown, during shutdown, and after
restart, respectively. The Easting and Westing coordinates are in the Universal Transverse Mercator (UTM) coordinate system
(zone 11 T). Black dots, seismic stations; red dot, string shot event; lines, fault traces at surface. Red and blue triangles
represent active production and injection wells in 2016, respectively. The background gray image shows topography. RFF,
Range front Fault; NF, Nightingale Fault; FF, Fan Fault; AF, Antithetic Fault; SEF, San Emidio Fault; BBF, Basin Bounding
Fault; PF, Piedmont Fault; NWF, NW Fault. All the other faults in the southern part are shown as white lines. Tick marks on
fault traces represent dip directions. The fault model has been updated from Folsom et al. (2020). The insert map on the top
right shows the geographic location of San Emidio (red star).

A dense passive seismic array with 1,302 vertical-component seismographs, spaced approximately 80 m
apart, was deployed at San Emidio during 5-11 December 2016 (Figure 1) (Lord et al., 2016a, 2016b; Warren
etal., 2018). The primary aim was to advance the characterization of permeability using passive seismic emission
tomography (PSET), a back-projection type technique (Sicking et al., 2012; Warren et al., 2018). In addition, 123
MSEs were detected, most of which were located within the northeastern part of the seismic array (Figure 1)
(Warren et al., 2018). In addition to the MSEs, one string shot on 8 December 2016 was also recorded by the
seismic array (Figure 1).

We cut event waveforms for the MSEs in the catalog of Warren et al. (2018) and the string shot. The waveforms
were then processed by removing the mean and trend. We then performed bandpass filtering between 5 and 50 Hz
based on the visual inspection of signal-to-noise ratio (SNR) from the spectra of several events. We picked P-wave
arrivals for the catalog events and the string shot using an automatic arrival picking code (Guo et al., 2018),
which is based on Akaike Information Criteria (Maeda, 1985). Figure S1 in Supporting Information S1 shows
example waveforms and our P-wave arrival picks for one event. The arrivals were picked within preset time
windows, which are 0.6 s before and 0.6 s after the theoretical arrival times calculated with the catalog locations
and an existing velocity model from Warren et al. (2018). For each arrival pick, we scored its quality based on
the SNR (the ratio of the root-mean-square amplitudes of the phase and noise windows). After picking arrivals,
we removed the MSEs that had few or bad picks or had picks with large azimuth gaps, leaving 110 MSEs and
one string shot to be used for the following analyses. S-wave signals are generally weak on vertical-component
seismograms and therefore were not analyzed.
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Figure 2. Temporal evolution of seismicity and pumping rates of production and injection. (a) Seismicity. The plant shutdown period (r = 0-19.45 hr) is shaded. The
plant shutdown began at 2016-12-08 19:33 UTC. The number of MSEs per hour is shown as black and orange bars with the vertical axis shown on the left. The black
bars are for all the events in the catalog. The orange bars are for the relocated events above magnitude —1.1. Note that some black bars are completely covered by orange
bars. Crosses, dots, and pluses show magnitudes (vertical axis on the right) of the relocated events before shutdown, during shutdown, and after restart, respectively.
These symbols are colored in red and blue for the events above and below magnitude —1.1, respectively. (b) Pumping rate (positive, production; negative, injection).
The red, purple, and orange lines show the pumping rate evolution for the three production wells. The blue, cyan, and green lines are for the three injection wells. There
is no pumping at all the wells during shutdown except for a short resumption within the 3-6 hr time window.

4. Methods and Results
4.1. Coda Duration Magnitude

To estimate the magnitudes of the seismic events, we calculated the coda duration magnitude (M ), a common
approach for small seismic events (e.g., Herrmann, 1975; Lee et al., 1972). We followed the approach used by the
University of Utah Seismograph Stations (Koper et al., 2020; Pechmann et al., 2006). We first took the envelope
for each successfully picked waveform. The logarithm of the waveform envelope was used for coda windowing,
starting near the maximum amplitude after the theoretical S-wave arrival and ending at twice the pre-P noise
level. We then linearly fit the windowed coda and defined the duration as the time of the end of coda when the
best-fit line fell below a fixed cutoff value minus P-wave arrival time. Defining coda duration relative to a fixed
cutoff value, instead of relative to the pre-P noise level, can mitigate the influence of temporal variations in
ambient seismic noise (Koper et al., 2020), for example, day versus night and during shutdown versus before and
after shutdown. The fixed cutoff value we used is the median value of the pre-event noise levels during shutdown
(Figure S2 in Supporting Information S1), which were calculated as the mean of the log10 envelope of the noise
window within 1 s before P-wave arrival on each station for each event. The station M_ was then calculated based
on the empirical M -duration 7 formula:

M, = 2.65log,,(7) = 1.7, (1)

which is used by the Nevada Seismological Laboratory for the Nevada region. The final event magnitude was
defined by taking the median of the M_ values from at least three stations. We successfully calculated magnitudes
for 91 of our relocated events, which are all very small ranging from —2.2 to 0, as shown in Figures 2a, 3a, and 3b.
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Figure 3. Event magnitude. (a) Map view and (b) cross-section of event magnitudes. 91 of our relocated events with magnitude estimates are shown as dots colored by

magnitudes. Red and blue triangles, production and injection wells, respectively; Lines, fault traces at the surface (gray: BBF; purple: SEF; blue: PF; green: NWF; cyan:
AF). Note all the wells are vertical. On the cross-section, the two vertical lines are the depth trajectories of production wells 75B-16 and 76-16, and the red segments of
the lines are the perforated sections. (c) Magnitude versus the distance from hypocenter to the middle of the perforated section of the nearest production well (75B-16 or
76-16) for the events during shutdown. (d) Same as (c) except that the southern production well 61-21 is also used for calculating distances.

4.2. Triple-Difference Seismic Location and Tomography

We relocated catalog events and determined a 3-D model of P-wave velocity (Vp) using the triple-difference
seismic location and tomography algorithm tomoID (Guo et al., 2021; Guo & Zhang, 2017). tomoID is an
arrival-time based tomography technique that was modified from the double-difference tomography algorithm
tomoDD (Zhang & Thurber, 2003, 2006). tomoID is able to combine absolute arrival times and station-pair,
event-pair, and double-pair differential arrival times to invert for event locations and a 3-D velocity model simul-
taneously. The three types of differential time data have their respective advantages in determining event loca-
tions and velocity model (Guo et al., 2021; Guo & Zhang, 2017). The station-pair differential time data from
an event to pairs of stations are more sensitive to absolute event locations and the velocity model beneath the
stations. The event-pair differential time data from pairs of events at a station are more sensitive to relative event
locations and the velocity model of the source region. The double-pair differential time data from pairs of events
at pairs of stations have similar benefits as the event-pair data but can further remove the effect of origin time
errors. tomoI'D solves a linearized inversion system, which is stabilized by damping and smoothing constraints.

We constructed event-pair, station-pair, and double-pair catalog differential time data from our picked absolute
arrival times (note that our picked arrival time data are called catalog data). Constructing event-pair and double-
pair catalog differential time data relies on relative locations between events. Since the relative event locations
are not well constrained in the original catalog, we first conducted a preliminary inversion to improve the event
locations and then used the event relocations to reconstruct the differential time data. We also measured P-wave
waveform cross-correlation (WCC) differential times from pairs of events separated by 1 km or less, following
the time-domain WCC method of Schaff et al. (2004). The measurements with WCC coefficients below 0.7 were
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discarded. The event-pair WCC differential time data were used to construct the double-pair WCC differential
time data. In total, our final input P-wave data set includes 34,008 absolute arrivals, 1,092,974 station-pair catalog
differential times, 247,856 event-pair catalog differential times, 554,912 double-pair catalog differential times,
103,847 event-pair WCC differential times, and 382,107 double-pair WCC differential times.

Our tomographic inversion uses the Universal Transverse Mercator (UTM) coordinate system and has a velocity
model grid spacing of ~0.2-0.3 km in the Easting, Northing, and vertical directions in the regions with event and
station coverage (Figure S3 in Supporting Information S1). We started from the catalog event locations and the
Vp model from Warren et al. (2018) (Figures S4 and S5 in Supporting Information S1). As mentioned in Section
3, the catalog events were detected and located using PSET, a beamforming type technique (Warren et al., 2018).
The Vp model of Warren et al. (2018) was guided by one seismic imaging profile along an active-source line at a
Northing of ~4471.7 km and modified to fit the arrivals of downhole string shot data.

We selected the optimal smoothing by testing a range of smoothing values and chose the one that balanced the
model smoothness and data residual reduction. We selected the damping value to constrain the condition number
of the inversion within a reasonable range of around 100-200. After the inversion, the root-mean-square (RMS)
data residual decreased from 0.128 to 0.079 s for the catalog data and from 0.096 to 0.031 s for the WCC dt
data. We performed bootstrap analysis, a statistical method (Efron & Gong, 1983; Efron & Tibshirani, 1991;
Waldhauser and Ellsworth, 2000), to estimate event location uncertainties following Guo and Zhang (2017) (Text
S1 in Supporting Information S1). To assess model resolution, we conducted noise-free and noise-added check-
erboard tests with varying checkerboard sizes and used the method of Zelt (1998) to quantitatively calculate
checkerboard model resolvability (Text S2 in Supporting Information S1). Figures S6-S9 in Supporting Infor-
mation S1 show that at shallow depths (above 0.8 km elevation), the model is well resolved in the northern and
central parts of the study area, whereas at greater depths (below 0.8 km elevation) only the seismically active
region in the northeastern part is well resolved.

After the inversion, 106 of 110 events were relocated successfully. Figure 4b shows the horizontal and
cross-section views of our relocations, which are much more concentrated compared to the catalog locations
shown in Figure 4a. Most events are within 600 m to the northwest of the two northern production wells. On
the E-W cross-section, event relocations generally dip to the west and the majority are between 0.4 and 0.85 km
elevation. The main seismicity cluster at ~296 km Easting, ~4,473 km Northing, and ~0.4-0.6 km elevation
forms a westward dipping lineation with ~60° dip angle, which we consider to be reliable given the small location
uncertainty estimates as shown in Figure 4b. There are only 2 events located near the injection wells.

Figures 5 and 6 and Figure S10 in Supporting Information S1 show the depth slices and cross-section of our
new Vp model. Note that in Figures 5 and 6¢ and Figure S10c in Supporting Information S1 we show the Vp
model perturbation in percentage relative to the 1D model calculated by averaging velocities at each depth. The
well-resolved parts of the model as estimated by the resolution tests are outlined. It is noteworthy that the initial
model embodies some large-scale structure features, including the velocity contrast on the two sides of the Range
Front Fault at an Easting of ~297.5 km and the stair-step structure going from east to west (Figures S4 and S5 in
Supporting Information S1). Compared to the initial model, our new model refines the shallow structure beneath
the seismic array and the structure of the seismically active parts of the reservoir (Figures 5 and 6b; Figure S10 in
Supporting Information S1), as suggested by the resolution tests (Figures S6—S9 in Supporting Information S1).
The velocity contrast characterizing the range front at an Easting of ~297 km becomes sharper and more contin-
uous from north to south (Figure 5).

The SEF, Piedmont Fault (PF), and Basin Bounding Fault (BBF), along which the geothermal reservoir is devel-
oped, are associated with low-velocity anomalies at 0.3—-0.8 km elevation (Figures 6b and 6c; Figure S10 in
Supporting Information S1). The SEF and PF are delineated by a strong velocity contrast from high velocity on
their eastern side to low velocity on their western side (Figure 6b). To the west of the PF and SEF, there is a zone
from ~1.8 to ~3.3 km distance along profile AA" at 0.3-0.8 km elevation, as outlined in Figure 6¢, with negative
velocity perturbations as low as —25%, much lower than the zone just above. The BBF cuts through this extremely
low-velocity zone. It is also located to the west of the production wells 75B-16 and 76-16 (note the perforated
sections of the wells are in contact with PF and SEF) (Figures 6b and 6c). All the events to the northwest of wells
75B-16 and 76-16 occurred on the BBF and in the area between the PF and BBF, which are contained within
this low-velocity zone (Figures 6a—6c¢). The other MSEs are distributed in the low-velocity zone bounded and/
or crossed by the BBF, SEF, PF, and NW Fault (NWF) and tapped by the nearby production wells (Figure S10
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Figure 4. Comparison of (a) catalog event locations and (b) our relocations in map view and cross-section. Lines, fault traces
at the surface (gray: BBF; purple: SEF; blue: PF; green: NWF; cyan: AF); red and blue triangles, production and injection
wells, respectively. In (b), the error bars represent the event location uncertainty estimates using bootstrap analysis.

in Supporting Information S1), except for a few deeper events (Figures 6b and 6¢; Figure S10 in Supporting
Information S1).

Figure 7 zooms in our MSE relocations and Vp model in the region where the main seismicity cluster and all
the MSEs before plant shutdown and after plant restart occurred. Most MSEs before shutdown and after restart
occurred in a very localized zone at the top of the main seismicity cluster, which is associated with the lowest
velocity values (2.8-3.0 km/s).

4.3. Focal Mechanism Inversion

We computed first-motion focal mechanisms for catalog MSEs using the HASH algorithm (Hardebeck &
Shearer, 2002). P-wave first-motion polarities were automatically identified for our arrival picks using a method
similar to Chen and Holland (2016), which is designed to simulate how an analyst determines the phase polar-
ity by comparing the phase amplitude to the pre-phase noise level. This was done by first searching for a local
maximum or minimum after the arrival pick and then calculating the ratio between the amplitude of the pick and
pre-pick noise amplitude, that is, the signal-to-noise ratio (SNR). The SNR values were then used to decide which
polarity picks to be used. Example polarity picks and the corresponding SNR values are shown in Figure S1 in
Supporting Information S1. In general, higher SNR thresholds eliminate more wrong polarity picks at the cost
of losing more correct polarity picks, whereas smaller SNR thresholds provide more polarities but include more
incorrect decisions. After testing a set of SNR thresholds, we set the threshold value to SNR = 5. This value
yields the most high-quality focal mechanisms while providing relatively small fault plane uncertainties.

HASH searches for a set of acceptable focal mechanisms for each event while accounting for possible errors in
earthquake locations, velocity model, and polarity observations. We input azimuth and takeoff angle for each
event-station pair computed with our final event relocations and 3-D Vp model. For each event, the average of the
set of acceptable mechanisms is the preferred mechanism and the uncertainty is calculated based on the distribu-
tion of acceptable mechanisms. Kilb and Hardebeck (2006) found that the average of the fault plane uncertainty
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Figure 5. Depth slices of the inverted Vp model. Each panel shows the Vp model perturbation in percentage relative to the 1-D depth-averaged model at each depth.
The depth-averaged Vp value at each depth is given in the title. Black dots represent the MSEs within 0.1 km of each slice. Gray lines represent the fault traces at
each depth (fault model updated from Folsom et al., 2020). The red and blue triangles in (a) represent production and injection wells, respectively. The white lines
represent the model resolvability contour of 0.7, estimated from the 3-by-3-by-3 checkerboard resolution test (Figures S6 in Supporting Information S1), outlining the
well-resolved regions.

and auxiliary plane uncertainty was the best indicator of mechanism quality, with values less than 35° indicating

the best mechanisms. We defined quality A and B mechanisms such that the average fault plane uncertainty is

less than 25° and 35°, respectively.
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Figure 6. Cross-sections of the MSE relocations, Vp model, resistivity model, temperature model, geology model, and well
trajectories along profile AA’ shown in (a). (a) Map view of MSE relocations (dots) and fault trace at the surface (colored
lines), and production (red triangles) and injection (blue triangles) wells. Note that all the wells are vertical. The white line
shows the profile AA'. (b) Vp model. The depth trajectories of wells 75B-16 and 76-16 (white-to-red lines with the red
segments representing the perforated sections) and fault traces at depth (colored dipping lines) are projected. The dashed gray
lines represent the model resolvability contour of 0.7, estimated from the 3-by-3-by-3 checkerboard resolution test (Figure
S6 in Supporting Information S1), outlining the well-resolved region (but note the small gray circle is likely an artifact

of the resolvability estimation). (c) Vp model perturbation in percentage relative to the 1-D depth-averaged model. The
low-resolution regions are masked. (d) Resistivity model from Folsom et al. (2020). The region where there is no MT station
at the surface is cut. (e) Geologic and temperature models. Iso-temperature curves (80—150°C) are shown. QTas, silicified
sediments; QTa, Alluvium is further subdivided by grain size and clay content; Ts, Late Miocene siltstones, tilted and
indurated; Tpb', Upper basaltic andesite; Tpts, Lower tuffs; Tpts', Upper tuffs and tuffaceous sediments; TrJn, Nightingale.
The temperature model is from Folsom et al. (2020). The geologic model has been updated from Rhodes (2011) and Folsom
et al. (2020). In (b—e), the MSEs within 0.2 km of the cross-section are shown as black dots.

One concern regarding focal mechanism inversion is whether the station polarities sample the focal sphere well,
depending on the event depth and station distribution. In Figure S11 in Supporting Information S1, we show polar-
ities on the focal sphere for three example events in different clusters. In general, the polarities are well distributed
on the focal sphere for the high-quality mechanisms. Owing to the wide distribution of stations compared to the
very shallow depths of events, P waves recorded on the stations near event epicenters leave sources in the upward

GUOET AL.

9of 18

85US0| T SUOWILUOD A eSO 3|edi[dde By Ag peuenoh a1 Sapie YO ‘BSN JO S9N 10} AreiqIT BUIUO AB]IM UO (SUORIPUOD-PUR-SWIR}W0D" A Im AReq 1 u1uo//SdnY) SUORIPUOD Pue Wi L 8u3 885 *[£202/2T/90] uo AriqiTauliuo Ao|im ‘qe1 ABeu3 sjgemeusy UoleN Ad 800,20ECEZ0Z/620T OT/10p/wod"Aa|im Areiqiieutjuosandnbe//sdny woiy pepeojumod ‘TT ‘€202 ‘95E669T2



~u |
Agu Journal of Geophysical Research: Solid Earth 10.1029/20231B027008
AND SPACE SCIENCES
(a) Easting (km) direction whereas for the ones recorded on the stations far from the event
295.6 295-0 29?-4 epicenters they leave sources downward. Thus, the upgoing and down-going
4473.2 ray paths sample the focal spheres well (Figure S11 in Supporting Informa-
C ot 1 tion S1). Most of the polarities are located in the expected quadrants although
_g 4473.0 +— — — Q%_ e T there are some misfits. The misfits are likely due to a combination of error
§ x ¥ sources: (a) incorrect polarity picks; (b) the assumption of pure double
'.E 4472.8 A . - couple mechanism, which may not be appropriate for all the events; and (c)
o ) errors in the inverted focal mechanisms. We tried higher SNR thresholds to
Pz * During shutdown

4472.6 - x Before shutdown
+ After restart

L exclude more wrong polarity data at the cost of losing more correct data but

the inverted focal mechanisms are not significantly changed.

1.0

o
(6]
|

Elevation (km)

0.0

0.0

Figure 7. Cross-section of MSEs and the Vp model enlarged around the
main cluster of seismicity. (a) Map view of MSE relocations (crosses, before
shutdown; dots, during shutdown; pluses, after restart) and fault trace at the

0.5
Distance along CC’ (km) Bohnhoff, 2014), which is a MATLAB software package redesigned from
the SATSI algorithm (Hardebeck & Michael, 2006). MSATSI is a robust,
linearized method that uses damped least-squares optimization to invert for
the orientations of the principal axes of stress and the ratio R of their relative

Figures 8a and 8b show our high-quality focal mechanism results for 36 events

BBF PF SEF

(3 quality A and 33 quality B), from which we identified two clusters (C1 and
C2) with at least 10 mechanisms. Most events are dominated by normal slip
but also show strike-slip components except for the events in C2, many of
5 which are dominated by strike slip (Figure 8b). No event is dominated by
reverse slip. The fault/fracture orientations seen from the focal mechanisms
have a large variability, but appear more similar among each individual clus-
4 ter, especially C1 and C2. Figures 8c—8e enlarge C1 and C2. The events in C1
are dominated by normal slip with strike and dip angles generally consistent
with the seismicity lineation (Figures 8c and 8d). The events in C2 form an

Vp (km/s)

3 elongated zone striking NNE and one of the nodal planes for each strike-slip
event is generally aligned in a similar direction (Figure 8e).

4.4. Stress Inversion

We estimated the stress-field orientation from the MSE focal mechanisms
1.0 using the MSATSI algorithm (Martinez-Garzén, Kwiatek, Ickrath, &

surface (gray line, BBF; blue line, PF; purple line, SEF), and production wells magnitude:
(red triangles). (b) The Vp model cross-section along profile CC' shown in

(a). The depth trajectories of the two production wells (white-to-red lines R=
with the red segments representing the perforated sections) and fault traces at

o] — 02

@)

5
0] — 03

depth (colored dipping lines) are projected. The dashed gray line outlines the

well-resolved region.

where o, 6,, and o, represent the maximum, intermediate, and minimum

principal stresses, respectively. The bootstrap resampling method is applied

to the input focal mechanism data for estimating uncertainties. Figure 9
shows the stress inversion results, including the final stress tensors (Figures 9b, 9d, and 9f) and 1,000 bootstrap
solutions (Figures 9a, 9c, and 9e), using all high-quality (quality A and B) focal mechanisms (Figures 9a and 9b)
and the mechanisms in C1 (Figures 9c and 9d) and C2 (Figures 9e and 9f) only. The other clusters are not
analyzed separately due to their limited mechanisms available.

The entire northeastern part of the seismic array where the focal mechanisms are located (Figure 8a) shows a
normal faulting dominated stress regime (Figure 9b). The fairly concentrated solutions from the bootstrap inver-
sions for each principal stress direction indicate the robustness of the final solution (Figure 9a). The stress tensor
is generally aligned with the geometry of the normal faults SEF, BBF, and PF in the northeastern part of the
seismic array (Figures 8a, 9a, and 9b): o, is essentially vertical, o, is close to horizontal and trends north-south,
parallel to the strike of those faults, and o, is close to horizontal and trends east-west, normal to the strike of
those faults. The R value is 0.44. As noted by Jahnke et al. (2023), this overall reservoir stress state is consistent
with other stress indicators, including the World Stress Map (Heidbach et al., 2018), slickenlines, wellbore stress
indicators from nearby geothermal fields, and secular strain rate measurements.

However, the local stress states in C1 and C2 are markedly different (Figures 9c—9f), indicating stress heteroge-
neity in the reservoir. C1 has a normal faulting environment with ¢, close to vertical, o, close to horizontal and
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Figure 8. MSE focal mechanisms. (a) Map view of all the inverted focal mechanisms (lower hemisphere beach balls).
Dashed rectangles outline the two clusters C1 and C2 that are zoomed in (c) and (e). (b) The same focal mechanisms as in
(a). All the mechanisms are plotted separately from each other and connected with event epicenters. (c, d) Zoom-in map view
and cross-section of C1. Note that in (d) the mechanisms are rotated to the E-W cross-section view. () Zoomed-in map view
of C2. Black dots in (c—e) show the events that do not have focal mechanism results. The focal mechanism quality (A or B) is
labeled above each beach ball.
trending SSW, and o, close to horizontal and trending WNW (Figure 9d). Given this stress state, the ideal orien-
tation of the failure plane is the one striking to NNE and dipping ~60°, consistent with the geometry of the BBF
and the seismicity observations (Figures 8a, 8c, and 8d). C2 has a trans-tensional stress regime dominated by
strike slip with a normal slip component (Figure 9f), consistent with the resolved focal mechanisms (Figures 8b
and 8e). The R values for C1 and C2 are 0.62 and 0.45, respectively.
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Figure 9. Stress inversion results. (a, ¢, ) 1000 bootstrap solutions (dots) and (b, d, f) the best solution (pluses) using high-quality focal mechanisms (a, b) in the whole
study area and in the clusters (c, d) C1 and (e, f) C2 only. In the top panels, red, green, and blue dots represent the maximum (o,), intermediate (c,), and minimum ()
principal stresses, respectively; black pluses represent the best solution, the same as that shown in the bottom panels. The relative stress magnitude R values for (b, d,
and f) are 0.44, 0.62, and 0.45, respectively.

Using a preliminary set of our focal mechanisms determined with preliminary event locations and a 1-D velocity
model, Jahnke et al. (2023) conducted stress inversions using the method of Vavrycuk (2014) and calculated slip
tendency for each inferred fault plane given a set of potential initial stress models. In general, we have better
constraints on the stress tensor orientation and relative stress magnitude due to more and higher-quality focal
mechanisms available owing to more accurate predictions of azimuth and take-off angle for each event-station
pair with the finalized event locations and 3-D velocity model.

5. Discussion

In this section, we first discuss the effect of varying noise on detected seismicity during different periods, reser-
voir material properties, and the distribution of seismically active faults/fractures and then discuss the mechanism
for inducing MSEs during plant shutdown.

5.1. The Effect of Varying Noise on Detected Seismicity Before, During, and After Shutdown

The catalog of Warren et al. (2018) shows enhanced seismicity during plant shutdown (Figure 2a). However,
changes in the rate of the detected seismicity may be caused by the varying ambient noise during different
periods. We compared the pre-event noise levels before, during, and after shutdown (see Section 4.1 for how
we calculated the pre-event noise) and the result shows that the noise level is lower during shutdown (Figure S2
in Supporting Information S1). As shown in Figure 2a, almost all of the smaller events below magnitude —1.1
were detected during shutdown (blue dots), which is likely due to the lower noise level. Above magnitude —1.1,
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the detection capability is likely comparable during all periods. There are 9 events of magnitude —1.1 and above
during the 80 hr before shutdown (0.11 events per hour), 34 during the 19.45 hr of shutdown (1.75 events per
hour), and 7 events in the 40 hr after restart (0.18 events per hour) (Figure 2a). This indicates the enhanced micro-
seismicity during shutdown is a reliable observation.

5.2. Reservoir Material Properties and Distribution of Faults and Fractures

The broad distribution of seismicity clusters in the map view and the very small event magnitudes suggest that
the MSEs in different clusters happened on small, isolated fault patches and fractures (Figures 3—7). MSE relo-
cations and focal mechanisms suggest that the main cluster C1 to the northwest of the production wells 75B-16
and 76-16 occurred on a small patch of the BBF at an elevation of 0.4-0.7 km (Figures 6a, 6b, 7, 8c, and 8d).
This cluster forms a linear structure on the fault surface, striking to the northwest, as seen from the horizontal
and cross-section views (Figures 6a, 6b, and 7). Such microseismic lineations, that is, streaks, aligned in the
slip direction have been observed in tectonic fault zones and are interpreted to be structural or compositional in
origin (e.g., Rubin et al., 1999; Waldhauser et al., 2004). The seismicity lineation and the nodal planes of the
strike-slip mechanisms in cluster C2 suggest a previously unmapped strike-slip fault, striking approximately NNE
(Figure 8e). The other MSEs between the BBF, PF, SEF, and NWF probably occurred on small-scale fractures
within the damage zones associated with the individual faults (Figures 6a, 6b, 8a, and 8b; Figure S10 in Support-
ing Information S1).

Our Vp model and event relocations show that the BBF and the area between the BBF, PF, SEF, and NWF,
where most MSEs occurred, are within a low-velocity body with a length of ~1 km at 0.3-0.8 km elevation
(Figure 6¢; Figure S10 in Supporting Information S1). This zone has negative velocity perturbation values as low
as —25%, much lower than that in the zone just above, which indicates that the extremely low-velocity values in
this zone are not due only to varying lithology from west to east (Figure 6¢). In comparison, the overlying zone
at 0.8—1.2 km elevation that has lower velocities compared to the eastern region (Figures 6b and 6¢) may simply
reflect a change in lithology from west to east.

According to theoretical and experimental studies, Vp is related to the bulk modulus, shear modulus, and bulk
density of the rock, as well as its pore properties (e.g., Hutchings et al., 2019; Winkler & Nur, 1979). For a
liquid-dominated geothermal reservoir, the main mechanism for decreasing its Vp is likely due to decreased
bulk and shear modulus caused by increased rock damage (i.e., more cracks and fractures) and high fluid-filled
porosity (e.g., Hutchings et al., 2019). The extremely low-velocity body is also characterized by high tempera-
ture and low resistivity (Folsom et al., 2020) and is in contact with the perforated sections of the nearby active
production wells (Figure 6; Figure S10 in Supporting Information S1). Note that the production wells were perfo-
rated at these depths due to the geology (permeable fractures). The spatial coincidence of the high-temperature,
low-velocity, low-resistivity zones with the fault patches and fractures delineated by the MSEs indicates this part
of the geothermal reservoir around the production wells is fractured and presumably permeable such that fluids
can flow through the BBF, PF, SEF, and NWF, and the fractures in between them. The stress regime at San
Emidio is dominated by normal faulting (Figures 9a and 9b). However, local variations in fracture orientations
and stress distribution can be expected for such a fractured, fluid-filled reservoir, as is evident by the diverse focal
mechanisms with a wide range of orientations (Figure 8b) and the spatial variation in local stress state between
different clusters (Figures 9¢—9f).

5.3. Proposed Mechanism for Inducing MSEs Due To Production Pumping Cessation

During plant shutdown, most of the MSEs occurred on the BBF and the fractures between BBF, PF, and SEF near
the perforated sections of the production wells (Figure 7; Figure S10 in Supporting Information S1). To explain a
similar observation at the Brady Hot Springs geothermal field in Nevada, Cardiff et al. (2018) proposed that such
enhanced microseismicity during a production cessation was caused by the pore pressure P, recovery, decreasing
effective normal stress and favoring MSEs. Pressure changes within the San Emidio reservoir were not monitored
during the 2016 December shutdown. However, pumping tests performed in October 2016 with flow rate changes
comparable to those during the December shutdown produced maximum measured pressure changes of 30 kPa
(Cardiff et al., 2023b). The hydrologic modeling result also suggests P, increases of the order of a few tens of kPa
during the December shutdown around the production wells 75B-16 and 76-16 where most MSEs occurred (see
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time
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Figure 10. Schematic diagram of mechanism for inducing microseismicity during the production pumping cessation at San
Emidio, which is described in terms of how the pore pressure P (blue curve) and critical pore pressure P_ . (red curve) evolve
over time. The shutdown at San Emidio in December 2016 (gray shaded area) continued for 19.45 hr.

crit

Figure 16 of Feigl et al. (2022)). Thus, both the hydrologic observations and modeling support the hypothesis that
the MSEs during shutdown are a result of the P, recovery due to the cessation of production pumping. However,
the recovery of P, provides only a necessary, not a sufficient, condition for rock failure and inducing MSEs. The
reservoir must reach a critical stress state before shutdown so that P increases of the order of a few tens of kPa
during shutdown could trigger fault slip.

Pumping at the injection wells also stopped during plant shutdown (Figures 1 and 2). The microseismicity is
not likely to be caused by the cessation of injection pumping for two reasons. First, the MSEs observed during
shutdown are much closer to the production wells than to the injection wells (Figure 4b). Second, the hydrologic
modeling indicated P, decreases around the injection wells during shutdown (see Figure 16 of Feigl et al. (2022)),
which would inhibit fault slip.

We propose a conceptual model for the microseisms associated with the cycle of plant operations. As sketched in

Figure 10, this model describes how the pore pressure P, (blue curve) and critical pore pressure P_; (red curve)

crit

evolve over time due to plant operations and reservoir stress changes. Critical pore pressure P_ . is the magni-

crit
tude of pore pressure above which faulting is induced which depends on the reservoir stress state and frictional

strengths of faults, commonly used in reservoir geomechanics (Zoback, 2007). Below we describe how P_. is

crit
related to the reservoir stress state and fault strength.

First, we clarify the mechanical setting and underlying assumptions. As constrained by this study (Figure 9) and
Jahnke et al. (2023), the faulting environment is either normal faulting (S, > S,
(S, = Symax > Spmin)>» Where S, S, and S, .
pal stresses, respectively. Thus, the maximum principal stress (o,) is either S or S, ..,
S

Hmax

max > Spmin) OF trans-tensional

max? are vertical, maximum horizontal, and minimum horizontal princi-

and the minimum principal

stress (o,) is always S, .. will either stay constant or decrease due to reservoir cooling and local tectonics

(secular strain rates from GPS show areal dilation at San Emidio according to Kreemer et al. (2012)), so we
consider S, to be o,. If we consider failure on optimally oriented fault planes, which is the case for the normal
faults in San Emidio, the relation between principal stress and pore pressure (P,) magnitudes at failure can be
described using the Coulomb criterion as:

1 + sin
Su_Pp = (Shmin_Pp)—.go (3)
1 —sing

where ¢ is the friction angle. From Equation 3, we can derive the expression for P,

crit

by solving for P,

1 + sin 1 — sin
Peiic = e hmin — P, 4)

2 sing 2 sing
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This equation provides the magnitude of P, required to induce slip, given knowledge about the principal stress
magnitudes. Because S, does not change due to reservoir cooling or local tectonics considered here, P
(AS,

it 1S only

influenced by the change in S, . min)-

1 + sing
APcri = 7AS min
' 2sing " )

If we consider a friction angle of 30°, typical of crustal materials, Equation 5 shows that the change in P,
is a factor of 1.5 greater than AS,

crit (APcril)
hmin*

Next, we discuss qualitatively how AS, . and AP, evolve over time during plant operation. A quantitative anal-
ysis requires cooling data and precise estimates of thermal expansion coefficient that are not currently available

to us and is also out of the scope of this study.

Before the beginning of production, we assume that the crust is critically stressed such that P, and P are at the

same level.

crit

During normal operations, pumping at production wells decreases pore pressure P,. At the same time, the normal
faults are slowly loaded due to a combination of thermoelastic contraction and tectonic loading. Reservoir cooling
and tectonic loading (secular strain rates in this region show areal dilation according to Kreemer et al. (2012))
would reduce the minimum horizontal principal stress (S,,,,,) and thus enhance the differential stress loaded on
the normal fault if the vertical principal stress stays constant in time. This reduces P,,, according to Equation 5.
The seismicity is inhibited (Figure 2), indicating that P, remains below P, (Figure 10).

crit

The only exception is in a small area to the southeast of the main seismicity cluster, where most of the MSEs during
normal operations occurred (Figure 7). This small area is associated with the lowest Vp values (2.8-3.0 km/s)
(Figure 7). This might be caused by locally higher P, and/or increased rock damage, which would result in P,

exceeding P__. there.

crit

During shutdown, P, recovers rapidly and exceeds P, inducing microseismicity (Figure 10, gray shaded area).

After production resumes, P_. decreases at a similar rate as before shutdown due to reduced S whereas Pp

crit hmin

decreases more quickly to a value less than P__, inhibiting microseismicity.

crit?

5.4. Possible Correlation Between Pore Pressure and Event Magnitude

As shown in Figures 3¢ and 3d, during shutdown the larger magnitude events tend to be located closer to the
production wells. The hydrologic modeling study also shows that the P, increase is higher near the production
wells during pumping cessation (Feigl et al., 2022). This suggests that there may be a positive correlation between
P, increase and event magnitude. Seismic events with higher shear modulus, larger slip area, and/or larger slip
distance will have higher magnitudes. The proportion of a fault plane reaching critical shear stress will be larger
if the P, increase is larger, leading to a greater likelihood of rupturing a larger slip patch and thereby generating
a larger-magnitude seismic event. Thus, we suggest that the observed correlation between MSE magnitude and
the distance to the production wells may be due to the spatial variation in P, increase around the production
wells during pumping cessation. A similar phenomenon has also been observed at The Geysers in California
by Martinez-Garzén, Kwiatek, Sone, et al. (2014) who found that the cumulative seismic moment released by
seismicity increased during peak injection periods due to the occurrence of larger maximum magnitude events.

6. Conclusion

We have performed detailed seismic and stress analysis with data from a dense seismic array to characterize
the geothermal reservoir at San Emidio, Nevada, where a substantial increase in microseismicity during a plant
shutdown in December 2016 was observed. The seismic events are very small with coda duration magnitudes
ranging from —2.2 to 0. Our MSE relocations show that the main seismicity cluster is linearly distributed on the
westward dipping BBF and most of the other MSEs likely occurred on small-scale fractures near and between
existing normal faults. Our tomographic Vp model shows that the fault patches and fractures delineated by MSEs
are within a low-velocity body, which is in contact with the perforated sections of nearby active production
wells. Focal mechanisms are dominated by normal faulting with some strike-slip components and have a wide
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range of orientations, consistent with the normal faulting stress regime. Given the local stress state, the BBF
hosting the main seismicity cluster is optimally oriented for failure. Spatial variations in the local stress state
are also observed, indicating stress heterogeneity in the reservoir. These results combine to indicate that the
geothermal reservoir at San Emidio is a fractured, fluid-filled, and permeable body that has developed along the
existing normal faults. We suggest that the MSEs during plant shutdown at San Emidio occurred on pre-existing,
small-scale, critically stressed fault patches and fractures in the reservoir, which were activated due to increased
P, and decreased effective normal stress around the wells when the production pumping ceased. We suggest that

long-term reductions in P_. during normal production operations (possibly caused by reservoir cooling, tectonic

crit
loading, or some other process) play important roles in a critically stressed reservoir. The observed correlation
between the magnitudes of the MSEs and their distances to the production wells may be due to the spatial varia-
tion in P, increase around the production wells during pumping cessation.

Data Availability Statement

Seismic data collection was completed at San Emidio in late 2016 by Microseismic Inc. as part of U.S. Depart-
ment of Energy project number DE-EE0007698 as described at https://gdr.openei.org/submissions/1386 (Lord
etal., 2016a). The raw seismic data, well positions, and pumping data have been deposited in the U.S. Department
of Energy's Geothermal Data Repository. The raw seismic data are available at https://gdr.openei.org/submis-
sions/1395 (Lord et al., 2016b). The well positions are available at https://gdr.openei.org/submissions/1551
(Cardiff et al., 2023a). The production and injection pumping data are available at https://gdr.openei.org/submis-
sions/1552 (Cardiff et al., 2016). The focal mechanism inversion software HASH (v1.2) is available at https://
www.usgs.gov/node/279393 (Hardebeck & Shearer, 2002). The stress inversion software MSATSI (v1.0.10) is
available at http://induced.pl/msatsi (Martinez-Garzén, Kwiatek, Ickrath, & Bohnhoff, 2014). The seismic event
catalog, containing event origin times, relocations, magnitudes, and focal mechanisms, and the 3-D Vp model
that we determined in this study, are provided in Tables S1 and S2, respectively (Table captions are in Supporting
Information S1).
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