
Earth Planet. Sci. Lett. 643 (2024) 118883

Available online 20 July 2024
0012-821X/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Induced seismicity and surface deformation associated with long-term and
abrupt geothermal operations in Blue Mountain, Nevada

Roshan Koirala a,*, Grzegorz Kwiatek b, Manoochehr Shirzaei c, Emily Brodsky d,
Trenton Cladouhos e, Michael Swyer f, Thomas Goebel a

a University of Memphis, Center for Earthquake Research and Information (CERI), Memphis, TN, USA
b German Research Centre for Geosciences (GFZ), Section 4.2 Geomechanics and Scientific Drilling, Potsdam, Germany
c Virginia Polytechnic Institute and State University, Department of Geosciences, Blacksburg, VA, USA
d University of California Santa Cruz, Department of Earth and Planetary Sciences, Santa Cruz, CA, USA
e Stoneway Geothermal, Seattle, WA, USA
f CyrQ Energy, Reno, NV, USA

A R T I C L E I N F O

Keywords:
Induced seismicity
Ground subsidence
Geothermal reservoir
Aseismic and seismic slip
Poroelastic stress
Thermal contraction

A B S T R A C T

Geothermal reservoir operations can lead to seismic activity, for instance, due to increased pore pressure, but
some observations are difficult to explain by pressure changes alone. Such observations include unexpected,
induced events after injection well shut-in when pore pressures are thought to decrease. Here, we analyze
induced seismicity up to ML 1.5 and surface deformation in Blue Mountain, Nevada using seismic, geodetic, and
hydraulic data between 2016 and 2020. This period is characterized by long-term surface subsidence of up to 1
cm/yr above the reservoir. The long-term deformation is associated with modest seismic activity but also short-
lived seismicity spikes during rapid maintenance shutdowns in 2017 and 2018. The seismicity is concentrated
within the geothermal reservoir at 0.5 - 2.5 km depth, similar to injection operations.

We present a numerical model of abrupt seismicity rate changes during the two shutdowns that explains the
observation through short-term poroelastic effects leading to increased Coulomb stressing rates. In contrast, the
long-term surface subsidence can be modeled statically by superimposing localized fault slip, and thermal
contraction of the reservoir. Our findings demonstrate that poroelastic coupling drives the abrupt increase in
seismic activity following well shutdown, while aseismic fault slip and thermal contraction dictate the long-term
static deformation.

1. Introduction

Geothermal energy has tremendous potential and can provide base-
load power in some regions of the world. As a stable, clean and sus-
tainable energy source, electricity and heat generated from geothermal
sources are predicted to rise in many nations (International Energy
Agency, 2011; Lund and Toth, 2021). Nonetheless, substantial seismic
hazard is associated with enhanced geothermal systems (EGS) which
may have created induced events as large as Mw5.4 (Grigoli et al., 2018;
Kim et al., 2018). Such events increase the risk of infrastructure damage
and may result in project cancellation, like in the case of a stimulation
well in Basel, Switzerland, which was abandoned after an ML 3.4
earthquake struck in 2006 (Deichmann and Giardini, 2009). Although
larger induced events during EGS projects capture scientific and public

attention, most conventional geothermal reservoirs produce only
microseismicity which is too small to be felt (Gaucher et al., 2015).
These events can be a useful tool for understanding reservoir perme-
ability, fault structure, and stress/strain response to injection
operations.

During geothermal power generation, fluid injection and production
can induce complex ground deformation, resulting in subsidence or
uplift near the geothermal field. The cumulative effect of cold fluid in-
jection and hot water or steam production can reduce reservoir pressure
and/or temperature, causing subsidence (Mossop and Segall, 1997;
Fialko and Simons, 2000; Juncu et al., 2017). In some cases, the region
surrounding injection sites may uplift due to the increased pressure
within the reservoir (Pierre et al., 2014; Zhang et al., 2023). Depending
on the local geology and operational strategy, various physical
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mechanisms may contribute to the observed deformation.
The pore pressure change within the reservoir can alter the Coulomb

stress, thereby triggering fault slip and seismicity (Segall and Lu, 2015;
Keranen and Weingarten, 2018). Higher pore fluid pressures decrease
effective normal stresses and frictional strengths of fractures and faults,
promoting fault slip where shear stresses are sufficiently high (Segall
and Lu, 2015; Keranen and Weingarten, 2018). The pressurized area in
direct proximity of injection wells tends to be aseismic andmight deform
both elastically or inelastically (Pijnenburg et al., 2018; De Barros et al.,
2023). In geothermal reservoirs, the thermo-elastic stresses from ther-
mal contraction can induce subsidence and seismicity (Wei et al., 2015).

It has been established that reservoir collapse induces poroelastic
stress that favors normal and thrust faulting at various distances from
the reservoir (Segall, 1989). Such poroelastic stresses can also trigger
earthquakes at large distances from a reservoir during fluid injection
(Goebel et al., 2017). The underlying stress perturbations have a larger
spatial footprint than the diffusive pore pressure zone (Segall and Lu,
2015), and can trigger seismicity on distant faults without a hydraulic
connection to the reservoir (Chang and Segall, 2016; Goebel and Brod-
sky, 2018; Zhai et al., 2021).

Here, we study seismicity and ground deformation at Blue Mountain
Faulkner 1 Geothermal Power Plant in Nevada, which has been oper-
ating as a binary power plant since 2009. Blue Mountain lies in the Basin
and Range extensional province, governed by crustal thinning and
localized zones of high heat flow. The region displays two major
deformation phases with at least two major igneous intrusions (Wyld,
2002). The study area is located at the intersection of the regional NNE
striking, west-dipping normal-sinistral fault, and ENE striking
normal-dextral faults. Those major fault intersections and associated

numerous splay faults created amore than 1 kmwide, westward dipping
dilatational zone of highly fractured, permeable rocks (Faulds and
Melosh, 2008). This structural setting enables deep circulation of hot
fluid towards the surface (Faulds et al., 2013). Lithologically, the
shallow top layer consists of unconsolidated sediments with metasedi-
mentary rocks such as quartzite, slate, phyllite, metasiltstone, meta-
sandstone, and some limestone at larger depths (Wyld, 2002). The rocks
exposed on the western slope of Blue Mountain show silicic and argillic
alteration, brecciation, quartz veining, and fossil hot spring deposits,
indicating prolonged hydrothermal activity in the past (Casteel et al.,
2009). These features are exposed on the mountain-face just east of Blue
Mountain Reservoir, located up-dip from the present-day reservoir
location. Laboratory tests indicate that fractured argillite dominates the
reservoir, leading to elevated porosity and permeability (Kamali-Asl
et al., 2020). The wells in Blue Mountain produce fluids from fractures at
a depth of around 1200 m with injection occurring at an average depth
of 1700 m. Notably, the geothermal plant has not experienced felt or
publicly reported earthquakes during 14 years of operation.

This study concentrates on SAR interferometry and continuous
seismic records from a local network deployed in 2016. We first intro-
duce all available data and describe spatial and temporal seismicity
patterns. Next, we discuss the long-term surface deformation from
Interferometric Synthetic Aperture Radar (InSAR) analysis. We explain
the observed deformation using numerical models of distributed reser-
voir compaction and localized fault slip. Lastly, we discuss the physical
mechanism of short-term seismicity spikes during maintenance shut-
downs in the context of a poroelastic model with rate-dependent
earthquake nucleation.

Fig. 1. Blue Mountain Geothermal Reservoir (blue rectangle) is located at the western flank of Blue Mountain within the Basin and Range province in Nevada. This
map shows the locations of seismic stations (black squares), injection (yellow triangle) and production (red triangle) wells, active during the study period. The surface
traces of known faults are shown by a solid black line, where the normal fault dips approximately 40◦ due west. Inset: Large-scale map with study area highlighted by
white rectangle.

R. Koirala et al.



Earth and Planetary Science Letters 643 (2024) 118883

3

2. Data

2.1. Seismic network

We use continuous waveform data recorded by a permanent
geophone array from 2016 to 2019. The array consists of eight 2-Hz, 3-
component Oyo Geospace HS-1 geophones with SMART-24R digitizers
recording at a sampling rate of 250 Hz (Fig. 1). Two seismic stations are
deployed in boreholes at ~270 m depth, while the remaining six are
buried within one meter from the surface.

2.2. InSAR data

To measure the ground deformation and generate a time series, we
use Synthetic Aperture Radar (SAR) images acquired by the European
Space Agency’s Sentinel-1 A/B satellites from 2014/10/15 – 2021/10/
22 in both ascending and descending tracks. Sentinel-1 satellites acquire
SAR images in the right-looking configuration using Terrain Observation
with Progressive Scans SAR (TOPSAR). Further details are shown in
Table 1.

2.3. Well operation data

The operator at Blue Mountain Geothermal Rreservoir routinely
monitors injection and production parameters. They granted the authors
access to relative flow rates out of the geothermal powerplant and
pressure changes within the scope of this project. However, absolute
measurements of pressure, temperature, and flow are proprietary, and
they are not essential to the conclusions of this work.

The operator changes the injection and production wells to minimize
the decline in reservoir temperature while maintaining production flow
rates and power generation. Therefore, not all wells are active; typically,
six injection and six production wells operate simultaneously (Fig. 1).

3. Methods and results

3.1. Seismicity analysis

3.1.1. Single event locations and velocity model
Absolute earthquake locations were initially determined using a

simple 1D velocity model based on active seismic measurements (Matzel
et al., 2019). We then aimed to examine the location sensitivity to higher
resolution 3D velocity models from the SIMULPS software package by
performing simultaneous inversions for 3D velocity and event origin
beginning with a 1D velocity model. However, the application of 3D
velocity models resulted in nominal improvements in location because
of the limited total ray-paths available to constrain high-resolution
spatial inversions.

Initially, we precisely identified and selected the direct body-wave
arrivals. We automatically picked P phases using a combination of a
STA/LTA network detector and a single station AIC picker. We then
checked and manually refined the automatically determined P-picks and
manually added S-picks for each waveform using the FOCI software
(version 3.9.3; Kwiatek, 2020) with additional quality control of the

picks based on the signal spectrograms (Fig. 2). Next, we determined
event locations using a nonlinear, probabilistic, 3-D grid-search location
algorithm - NonLinLoc (NLL) (Lomax et al., 2000, 2009). We were able
to detect and locate a total of 277 events with horizontal and vertical
location uncertainties of 230±178 m and 315±194 m respectively.
Further details about single event location are given in supplement
Section I and Fig. s1.

3.1.2. Earthquake relocation
We test inferences from the single event catalogs with a higher res-

olution relocated catalog generated using waveform cross-correlations
and differential travel times of event pairs recorded at common sta-
tions using GrowClust (Trugman and Shearer, 2017). This algorithm
first creates a hierarchy of event pairs based on the sum of
cross-correlation values of an event pair observed at common stations.
Based on the cross-correlation values, it takes in differential travel time,
cross-correlation sums and starting locations of event pairs and gives
new locations by minimizing the residuals between the observed and
predicted differential travel times following a grid search scheme.

Here, we first perform event relocation by computing differential
travel times using the picks and assigning equal weight to all the picks by
allocating equal cross-correlation values to all the picks, which resulted
in an unsatisfactory relocation. We then calculate the actual cross-
correlation coefficient between the event pairs observed at the com-
mon stations and carry out hierarchical pairwise relocations based on
the differential travel times and actual cross-correlation coefficients
between event pairs.

We optimize the cross-correlation and GrowClust parameters to
maximize the number of relocated events while minimizing event
scattering. The corresponding parameters are: 1) a minimum single
station event pair cross-correlation coefficient of 0.5, 2) a minimum
average cross-correlation coefficient across the network of 0.5, 3) a
maximum allowed root-mean-square differential travel time residual of
0.2 sec, and 4) maximum station distance of 20 km. This results in the
relocation of 131 events out of 277 original NLLoc locations with an
average horizontal and vertical precision of 99 m and 151 m,
respectively.

The spatial distribution of the relocated seismicity is very similar to
the original locations but with more spatial clustering close to the
operation wells. Focal depths of the earthquakes range from 0.3 to 2.5
km for the relocated 131 events based on 5th and 95th percentiles. The
reported maximum depth of the open hole segment in production wells
is 1.9 km, and injection wells operate at larger depths of up to 2.5 km,
which is in agreement with depth distributions of the seismic events.

Interestingly, seismicity and fault orientations from surface mapping
and well-log data are approximately co-located but seismicity is not
linear or planar (Fig. 3c gray color). The orientation of the westward
dipping normal fault can be traced from the surface to seismogenic
depth across several wells marking the fault damage zone at depth (Guo
et al., 2021).

3.1.3. Local and moment magnitude estimates
We computed local magnitudes for all events following Bakun and

Joyner (1984) using maximum body wave displacement amplitude
(mm) and hypocentral distance (km) as the key parameters, along with
additional empirical attenuation and station terms. To ensure consis-
tency with the regional magnitude scale, we used larger magnitude
regional events recorded by the Nevada Seismological Laboratory
within 200 kms of Blue Mountain to compute station-specific correction
terms which account for differences in site conditions (e.g., basin vs.
mountain stations) (Fig. 4a,b). Very small residuals between the
observed and estimated peak body wave amplitude for local events
indicate that the incorporation of station correction terms improve the
accuracy of magnitude calculations (Fig. 4c).

We investigate the consistency of local magnitudes through spectral
analysis in the frequency domain. We check for systematically higher

Table 1
Sentinel 1 SAR images used in this study.

Sentinel-1 Ascending Track Descending Track

Duration 2016/09/30 - 2021/10/
22

2014/10/15 - 2021/10/
14

No. of SAR Images 145 142
Heading Angle (deg) 346.36 193.60
Avg. Incidence Angle

(deg)
33.74 33.93

Path No. 166 144
Frame No. 130 456

R. Koirala et al.
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corner frequencies for smaller events (Fig. s2) and calculate seismic
moment and moment magnitude (MW) based on long-period spectral
amplitudes. Frequency spectra are calculated using a multi-taper/multi-
window approach (Prieto, 2022).

Local and moment magnitudes are linearly related across the range
of small, induced events with ML − 2.2 to 1.5 and larger regional events
withML 1.6 to 3.8 (Fig. s3). We observe a systematic underestimation of
local magnitudes for the smallest events (ML<− 1.0), likely due to the
biased peak amplitude measurements related to the corner frequencies
being close to the upper limit of the measured frequency band.

We use the Reno-Lab catalog to determine the regional magnitude of
completeness (Mc) based on measuring the goodness-of-fit between

observed and modeled Gutenberg-Richter distribution (Wiemer, 2000;
Clauset et al., 2009). TheMc is 1.7 (Fig. s4) which is consistent with our
local maximum magnitude event of 1.5, which, as expected, was not
recorded by the regional array.

3.1.4. Seismicity rate and migration analysis
The geothermal power plant experiences annual maintenance shut-

downs for approximately 36 to 48 h (Fig. 5a). The September 2017 and
May 2018 shutdowns are followed by notable seismicity rate spikes for
approximately 100 h, after which rates return to the long-term average
(Fig. 5b-c). Approximately 35% of all events occur during the most
seismically active shutdown period, i.e., in the first 48 h following the

Fig. 2. Phase picking using both automated and manual methods. A, B) Vertical component seismogram and spectrogram with automatic AIC P-pick (dashed red
line) and manually refined P and S-picks (solid red and blue lines, respectively) for a ML − 0.2 event with epicentral distance of 2.3 km. Note that automatic and
manual P picks are almost identical for this waveform. C, D) Same as left column but for N-S component, which was used to determine the S-phase arrival.

Fig. 3. Results of single-event locations (orange dots) and double-difference relocations (blue dots). A) Map view of geothermal reservoir (blue box), faults (solid
black lines), injection (yellow triangle) and production (red triangle) wells and earthquakes before relocation (orange dots) and after relocation (blue dots). B)
Seismicity depth section along a N-S profile through the powerplant (see N – S markers in panel A). C) Seismicity depth section along E-W profile (see E – W markers
in panel A). The gray solid line represents the geologically mapped fault dipping at approximately 40◦, while the green line represents the fault orientation from the
InSAR inversion dipping at 59◦ (see Discussion and Interpretation Section 4.2). D) Distribution of earthquake magnitude through time.

R. Koirala et al.
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shutdown. Furthermore, the seismicity rate increase that extends
beyond that of the most active period accounts for 42% of all recorded
events. The remaining 58% of events occur at low rates throughout
regular geothermal operation. However, another shutdown in March

2019 did not cause seismicity spikes comparable to 2017 and 2018.
Conversion of injection well 44–14 into a production well two months
prior to the March 2019 shutdown might have resulted in a modification
of the stress field. The signal variances before, during, and after shut-
down are similar (Fig. s5), indicating that the likely operational noise
reduction during the shutdown has no discernible effect on earthquake
detection and rate calculations.

We searched for a systematic spatiotemporal migration of seismicity;
however, no significant statistical support was obtained for a diffusive
square root migration from injection wells or from the first event of the
sequence (Fig. s6).

In summary, the seismicity analysis revealed spatial event clustering
within the geothermal reservoir with low background seismic activity
and rapid rate increase after maintenance shutdown. Next, we explore
how InSAR measurements complement our seismicity analysis by
providing a comprehensive understanding of subsurface processes and
ground deformation patterns.

3.2. InSAR

We employ a multitemporal SAR interferometric approach to map
the surface deformation time series using the algorithm - Wavelet-Based
InSAR (WabInSAR) (Shirzaei, 2013; Shirzaei et al., 2017; Lee and
Shirzaei, 2023). For this purpose, we obtain C-band Sentinel 1A/B SAR
images as tabulated in Table 1. We apply multi-looking factors of 14 in
range and 2 in azimuth directions, resulting in a pixel size of ~32 m x
~28 m. Then, we perform image co-registration using satellite precise
ephemeris data and a Shuttle Radar Topography Mission (SRTM) Digital
Elevation Model (DEM) and apply the Enhanced Spectral Diversity al-
gorithm (Shirzaei et al., 2017). Next, considering thresholds of 500m for
perpendicular and 700 days for temporal baselines, we create 705 and
778 interferograms for ascending and descending tracks, respectively.
We remove the flat earth and topographic effects using a 3-arc-second
(90 m) SRTM DEM and satellite precise ephemeris data. After identi-
fying less noisy pixels (elite pixels), we unwrap the interferogram phases
using a 2D-minimum-cost-flow algorithm (Costantini, 1998) suitable for
sparsely distributed pixels (Costantini and Rosen, 1999). After correct-
ing unwrapped interferograms for the atmospheric delay (Shirzaei and
Bürgmann, 2012; Lee and Shirzaei, 2023) and orbital errors (Shirzaei
and Walter, 2011), we apply the reweighted least square method to
obtain the Line of Sight (LOS) displacement time series and the velocity
of each pixel (Shirzaei, 2013). Eventually, both ascending and

Fig. 4. Seismograms and body-wave magnitudes of a regional ML3.5 and a
local ML 0.1 event that were both recorded by the same station in Blue
Mountain. A) Regional event with ML 3.5 at 116 km distance. B) Induced event
with ML 0.1 at a distance of only 2.8 km. C) Peak body wave amplitude re-
siduals between observed and estimated amplitudes for each event-station pair
after distance and station corrections. Local events within Blue Mountain are
shown up to a distance of 10 km and regional events at distances between 60
and 200 km.

Fig. 5. Production flowrate and seismicity rate between 2017 and 2019. A) Normalized total production flowrate over the geothermal field (red curve) and seismicity
rate (black curve) for the analyzed period which includes two maintenance shutdowns in September 2017 and May 2018 showing sudden seismicity rate increase
during shutdown periods. No seismic data was recovered between June 2018 and February 2019 (grey, shaded area). The close-up view of seismicity rate increase in
2017 and 2018 shutdowns indicated by box B and C are shown in panel B) and C) respectively.

R. Koirala et al.
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descending LOS displacements (Fig. s7(a), and Fig. s8(a)) with associ-
ated uncertainties (Fig. s7(b), and Fig. s8(b) see supplement) are
mapped.

To combine the ascending and descending LOS displacements time
series and determine the vertical and east-west time series for each
overlapping pixel, we first identify the temporal overlap between
ascending and descending datasets. We assume that the North-South
ground motion is negligible, as the satellite with a near-polar orbit
cannot detect ground deformation in that direction. Then, considering
the satellite unit vectors (Hanssen, 2001), we resolve the vertical and
east-west components of the deformation field from ascending and
descending LOS observations (Miller and Shirzaei, 2015).

The resolved vertical surface deformation reveals a subsidence rate
of up to 10mm/yr toward the center of the geothermal reservoir (Fig. 6).
East-west profiles across the reservoir are not symmetric, indicating
secondary topographic or geological controls on subsidence rates. In
addition, we observe potential erosional hillslopes denoted by blue dots
to the east of the geothermal region, but no ground truthing is currently
available. Furthermore, we observe two subtle uplift signals of 2–3 mm/
yr ± 0.04 mm/yr amidst potential artifacts of atmospheric effects. The
first uplift, located southeast of the study region and south of Blue
Mountain, may be due to deposited erosional material transported south
from the topographically higher Blue Mountain. The second uplifting
region is located immediately west of the reservoir and may be caused
by injected fluids migrating outside of the reservoir. However, we view
these uplift signals as possibilities that require confirmation through
ground truthing. The largest vertical surface deformation of ~10 mm/
yr, 4.8 cm total, coincides with the operation footprint of the geothermal

powerplant and is slightly elongated along the production zone (Fig. 6c,
d).

In addition to the described spatial variability of surface deforma-
tion, we also analyzed temporal variations in vertical ground displace-
ments. The corresponding time series of deformation at the center of the
reservoir is dominated by subsidence at an average rate of 10 mm/yr
(Fig. 6c,d).

We observe some deviations from this average rate with noticeable
acceleration in the second half of 2018 and 2020 with deformation ve-
locities of 16.8 mm/yr and 16.4 mm/yr respectively (Fig. 6d). We check
for seasonal and precipitation effects but find no direct correlations with
the periods of accelerated deformation, suggesting that operational
changes are key drivers of subsidence above the reservoir.

4. Discussion

The results above show that the reservoir responds to long-term
geothermal energy production with continuous subsidence and low
seismic activity while exhibiting an abrupt increase in seismicity
following well shutdowns. This section discusses plausible physical
mechanisms for the observed subsidence and seismicity.

4.1. Mechanisms of long-term surface subsidence

Studies have demonstrated that geothermal reservoirs may exhibit
ground deformation and microseismicity (Mossop and Segall, 1997;
Majer et al., 2007), similar to hydrocarbon reservoirs (Segall et al.,
1994). Geothermal reservoirs have the potential to undergo deformation

Fig. 6. Ground deformation mapping performed using Sentinel-1 SAR images. A) Cumulative vertical displacement resolved from the combination of LOS
displacement in ascending and descending tracks. The blue rectangle represents the geothermal area, black line with ticks represents the normal fault, and black lines
with arrows pointing in opposite directions represent strike-slip faults. B) A magnified view of the ground deformation around the geothermal area. C) Vertical
deformation rate along west – east profile (see W – E markers in panel A). The dashed blue line represents the geothermal boundary in panel A. D) Vertical
deformation rate along north – south profile (see N - S in panel A), where both profiles indicate maximum velocity occurring at the center of geothermal operations.
E) Total vertical (blue) and eastward (green) deformation time series around the maximum deformation area and normalized cumulative fluid production (red).

R. Koirala et al.
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as a result of many factors, such as thermoelastic and poroelastic stresses
(Martínez-Garzón et al., 2014), as well as seismic and aseismic fault slip
along preexisting faults (Mossop and Segall, 1997; Pijnenburg et al.,
2018).

Here, we seek to explain the observed InSAR surface deformation
using the simplest yet plausible models, i.e., localized fault slip, volu-
metric contraction and pore space collapse in a homogenous half-space.
The simple solutions are not meant to capture the full complexity of Blue
Mountain, but to provide first-order insight into dominant deformation
mechanisms and their relative importance.

We test whether the surface deformation is likely a result of
distributed deformation or localized slip on preexisting faults. We
compare theoretical and observed deformation using three different
models: 1) a decoupled Mogi-model for temperature decline induced
rock volume contraction (Mogi, 1958; Segall, 2010), 2) a fluid mass
point source solution for poroelastic deformation (Rudnicki, 1986) to
investigate land subsidence due to distributed volumetric changes, and
3) an Okada model of slip on a rectangular fault (Okada, 1985). Note
that fault slip in the Okada model could be seismic or aseismic; however,
the lack of notable seismicity suggests that slip would have to be
aseismic (see moment balance calculation below). We begin by
analyzing Mogi, Okada, and poroelastic point sources separately and
report the respective misfit to identify primary deformation

mechanisms. We then invert for the best combined solution that matches
the observed subsidence pattern (Fig. 7a).

The respective surface deformation due to reservoir contraction or
expansion from temperature changes was estimated using a Mogi solu-
tion (e.g., Segall, 2010):

uz =
(1 − ν)ΔV

π
d

(
ρ2 + d2

)3/2, (1)

where, ΔV = ekkV is the change in reservoir volume (V), ekk = αvΔT is
volumetric strain, αv is the coefficient of volumetric expansion, ΔT is
temperature changes, d is depth to the reservoir centroid from the sur-
face, and ρ is the radial coordinate along the free surface.

The Okada model resolves the best-fitting rectangular fault orienta-
tion and depth in an elastic half-space employing a least-squares
approach. This model establishes a relationship between ground defor-
mation and various fault parameters. These parameters include fault
dimensions, slip direction and magnitude, depth, three-dimensional
orientation, and the elastic properties of the host rock.

While Okada and Mogi provide simple kinematic solutions, the
poroelastic model integrates over the observed injection and production
time series and is also used to model seismicity rate changes in the
following section. To evaluate the contribution of poroelastic coupling

Fig. 7. Observed surface deformation from InSAR mapping, and inversion results using three different plausible deformation sources: i) localized slip on a rect-
angular fault, and ii) temperature and iii) pressure decline within a spherical cavity. Panels A-E show surface deformation from InSAR observations with seismicity
(white dots) on top (A), Okada (B), Point mass source (C), Thermal Mogi source (D), and a combined Okada+Mogi+Point Source model (E). Panel F shows misfit
between a and e. The colormap shows vertical ground deformation (blue – subsidence, red - uplift), contours – ground deformation contours, toothed lines - normal
faults (black lines existing faults and red lines faults from inversion), lines with parallel arrows pointing opposite direction - strike slip faults, red triangles – pro-
duction wells, yellow triangles – injection wells.

R. Koirala et al.
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to the observed subsidence, we computed the deformation driven by the
pressure changes associated with point source fluid injection and pro-
duction within a homogeneous medium based on (Rudnicki, 1986; Eq.
2).

Ui(x, t) =
Qxi

Dr

[
λu − λ

8πα(λu + 2G)

]

u(ξ) (2)

u(ξ) = erfc
(
1
2

ξ
)

+ 2ξ− 2g(ξ)

g(ξ) = erf
(
1
2

ξ
)

−
ξ̅
̅̅
π

√ e−
1
4ξ

2

D =
k2G(1 − ν)(νu − ν)

ηα2(1 − 2ν)2(1 − νu)

Where,Q is fluid injection rate, k is permeability, α is Biot coefficient,
r is distance, xi is direction component,G is shear modulus, t is time,D is
hydraulic diffusivity, λu, λ are drained and undrained Lame parameter, ν,
νu are drained and undrained Poisson’s ratio, ξ = r̅̅̅̅

Dt
√ is similarity vari-

able for the diffusion process.
The simple homogeneous half-space models suggest that both

distributed volumetric sources and localized slip contribute to the
observed surface deformation (Fig. 7). The respective misfits are rms=
3.9 mm for thermal contraction, rms= 4.8 mm for localized fault slip,
and rms= 11 mm for poroelastic reservoir collapse (Fig. 7). Note that
although the misfit is lowest for the thermal Mogi model, the Okada fault
slip provides a better geometric match of the observed surface defor-
mation pattern. The poroelastic solution does not capture the observed
deformation field which is apparent when comparing model solution to
a zero-displacement scenario, which has a misfit rms of 10.7 mm.

To further test the relative contributions from Mogi, Okada and
poroelastic models, we perform a combined optimization which,
expectedly, yields superior results (Fig. 7e and F, misfit rms= 2.9 mm)
compared to the individual models. The combined inversion produces a
west-dipping normal fault which provides a better match to the known
fault orientation than the individual solutions (compare red and black
normal faults in Fig. 7b and e and fault parameters in Table 2).

The best-fit model (Fig. 7e) suggests that the subsidence volume from
rectangular fault slip accounts for 63% of the observed InSAR-measured
subsidence volume, thermal contraction for 36%, and poroelastic
coupling for less than 1% of the total observed subsidence. Relative
contributions are based on deformation budgets for each model, derived
from joint optimization as a proxy for their relative contribution to the
overall subsidence. We conclude that fault slip and thermal contraction
are the primary mechanisms driving subsidence, with poroelastic
coupling resulting in minimal surface subsidence.

To further characterize long term deformation mechanisms, we
compare total observed seismic moment and theoretically expected
deformation moment from InSAR. The measured InSAR subsidence can
be converted to an equivalent seismic moment using Mo = GΔV (also
known as deformation moment, where ΔV = subsidence volume; G =

shear modulus , Mcgarr, 1976), assuming that the ground deformation is
entirely seismic. We find that the cumulative seismic moment accounts
for less than one percent of the total deformation moment so that long
term deformation is predominantly aseismic.

Previous studies have demonstrated that a significant proportion of
moment release in geothermal reservoirs is aseismic. Examples include
the Brawley geothermal reservoir with 34% aseismic deformation
(Materna et al., 2022), and Cooper Basin with 40–60% aseismic moment
release (Wang and Dunham, 2022). Since the cumulative seismic
moment of Blue Mountain earthquakes is 4.5× 10− 5% of the total InSAR
deformation moment calculated using Mo = GΔV, the moment from
fault slip is predominantly aseismic.

We identified three plausible long term deformation mechanisms: 1)
fault slip, 2) temperature decline induced rock contraction, and 3)
poroelastic coupling. Although poroelastic effects were deemed minor
for long term deformation, they may still affect short term seismicity
transients. In the following, we investigate the mechanism behind the
rapid seismicity rate increase following well shutdowns.

4.2. Mechanisms of short-term seismicity spikes during maintenance
shutdown

In addition to long-term subsidence, we observed short-term seis-
micity rate spikes associated with abrupt maintenance shutdowns. The
abruptness and short duration of the seismicity rate increase suggest that
a combination of diffusive processes and rapid stress changes are likely
to have caused the earthquakes. Temperature changes during opera-
tional pauses have essentially no effect on seismicity at distances be-
tween 0.2 and 2 km within ~48 h for reasonable thermal diffusivities of
rock.

We investigate whether the coupling between pore pressure changes
and associated poroelastic stresses can plausibly explain the observa-
tion. To evaluate whether pore pressure and poroelastic effects provide a
plausible explanation for the observed induced microseismicity, we
model seismicity rate changes as a function of well flowrate changes in a
fully coupled homogenous reservoir subject to rapid injection shutdown
and time-dependent earthquake nucleation (Segall and Lu, 2015). Segall
and Lu (2015) present a simplified version of the seismicity rate model
proposed by Dieterich (1994), which asserts that under favorable
background stress conditions, Coulomb stress changes govern seismic
activity on fault systems with rate-and-state friction.

To assess the role of Coulomb stressing rates, we first calculate pore
pressure, p, and poroelastic stress, σij, for a fluid injection point source,
utilizing the injection history in conjunction with hydrological and
mechanical parameters of the 3D homogeneous reservoir (Table 3)
(Rudnicki, 1986):

p =
Q η
4πr k erfc

(
1
2

ξ
)

(3)

σij(x, t) = −
Q(λu − λ)G

4πDrα(λu + 2G)

{

δij
[

erfc
(
1
2

ξ
)

− 2ξ− 2g(ξ)
]

+
xixj
r2

[

erfc
(
1
2

ξ
)

+6ξ− 2g(ξ)
]}

,

(4)

Table 2
Fault parameters.

Strike Dip Rake Length
(km)

Width
(km)

Centroid Depth
(km)

Slip
(m)

I. Okada only optimization
240 37.8 − 73 1.9 1.4 1.5 0.24
II. Joint Mogi, Okada, and Poroelastic optimization
213 59 − 109 2.0 0.5 1.5 0.29

Table 3
Model parameters used in this study.

Parameter Variable Value and Units

Poroelastic properties
Shear modulus G 20 GPa
Drained Poisson’s ratio ν 0.25
Undrained Poisson’s ratio νu 0.3004
Biot Coefficient α 0.7
Transport properties
Fluid Viscosity (@ 100 ◦C) η 2.814 * 1e-4 PaS
Fluid Density ρ 103 kg/m3

Permeability k 4 × 10− 14 – 6 × 10− 15 m2

Friction properties and stress rate
Coefficient of friction f 0.6
Effective normal stress σ Function of depth
Background stressing rate τ̇˙0 0.001 MPa/yr
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where, η is fluid viscosity, i and j indicate directional indices in 3D, G is
shear modulus, and δ is the Dirac delta function. In a poroelastic
framework, Eq. (4) incorporates the coupling between pore pressure and
rock deformation to determine the stress tensor. Equation (1) on the
other hand leverages this coupling to relate well flowrate to displace-
ment and strain.

From the poroelastic stress tensor, normal and shear stresses oper-
ating on a fault plane are subsequently determined. We then compute
Coulomb stress (τ) through τ = τs + f(σ + p), where f represents the
coefficient of friction, p denotes the pore pressure, and τs and σ represent
the shear and normal stresses respectively, acting on the fault plane.

In light of the assumption that slip is primarily concentrated along
normal faults optimally oriented within the principal stress field, the
seismicity rate is calculated using (Segall and Lu, 2015):

dR
dt

=
R
τa

(
τ̇˙

τ̇̇0
− R

)

, (5)

where, R is the seismicity rate relative to the steady-state background
seismicity rate, τ̇˙ is Coulomb stressing rate, τ̇˙0 is background stressing
rate, τa ≡ aσ

τ̇̇0
is the characteristic relaxation time, a is the fault consti-

tutive friction parameter quantifying the direct effect on slip rate, and σ
is background effective normal stress.

Here, we model the increase in seismicity rate associated with two
shutdown occurrences, on September 18, 2017 and May 21, 2018 with
respect to flow rate modifications in all operational wells. The seismicity
rate is modeled on a network of small faults that are optimally oriented
within the principal stress field. These faults experience both pressure
and poroelastic stress changes (Eq. 3–4) due to fluid injection and pro-
duction in wells for the reservoir properties enlisted in Table 3. The pore
pressures and stresses used for seismicity rate calculations are deter-
mined from a linear superposition of all injection and production wells.

During pressure, stress and seismicity rate modeling, most parame-
ters remain unchanged over space and time except for reservoir
permeability (k), effective normal stress (σ) and characteristic relaxation
time (τa), which are varied within a plausible range, i.e., based on prior
measurements of tidally induced water level changes in idle wells (Guo
et al., 2021). Relaxation time τa depends on three parameters (a, σ and
τ̇˙0) leading to inherent tradeoffs between them.

In the following, we compare temporal and spatial seismicity pat-
terns in the rate-and-state models with observations in Blue Mountain.
The 2018 shutdown is characterized by a single-step cessation in flow-
rate, followed by coulomb stress increase (Fig. 8c), and subsequent

increase in seismic activity (Fig. 8d). The seismicity rate that reaches up
to a peak amplitude of 129 events/day during shutdown is accompanied
by an exponential rate decay (Fig. 8d). The initial seismicity rates for
two days after the 2018 shutdown conform well to the modeled rates
(see solid curve in Fig. 8d). This is followed by higher observed seis-
micity rates than the model, potentially due to spatially distinct relax-
ation times on faults at larger distance (see dashed curve in Fig. 8d). The
observed seismicity rate is most accurately represented by the model
parameters k= 4 × 10− 14 m2 and τa= 300 days during the main surge
and the same k with τa= 1100 days during the later decay phases with
other static parameters as enlisted in Table 3.

Seismicity rates in 2017 are more complex than in 2018. The 2017
shutdown experienced a two-step reduction in the well flowrate,
including an approximate 20% decline six days before the shutdown and
complete injection/production cessation on September 18. Each flow-
rate decline is promptly succeeded by increase in coulomb stress
(Fig. 8a), and subsequent upsurge in seismic activity with emergent
onset of 6 to 20 events/day, followed by pronounced peaks of 60 to 500
events/day several hours later (Fig. 8b, black circle). The difference
between 2017 and 2018 may indicate a larger degree of heterogeneity
during the earlier injection period and evolution toward a more homo-
geneous system. A potential explanation is a larger degree of spatial
heterogeneity in reservoir permeability structure, which exhibits long-
term evolution e.g., due to dissolution processes (Swyer, 2021).

During maintenance shut-downs, both pore pressures and absolute
normal stresses begin to decline, albeit at distinct space-time scales. Pore
pressures remain elevated for longer at larger distances due to the
inherent time lag of pressure diffusion (Hsieh and Bredehoeft, 1981;
Goebel et al., 2017), whereas normal clamping (negative) stress is
reduced resulting in increased Coulomb stress on optimally oriented
faults (Fig. 8a, c).

To unravel direct pressure and poroelastic effects, we calculate
respective Coulomb stress distributions across the geothermal reservoir
(Fig. 9). This calculation incorporates well flowrates and considers the
Euclidean distance from each well trajectory to every grid node in a 2D
depth-slice. Pressure recovery around production wells leads to local-
ized positive Coulomb stress change which is most visible for the
southernmost producer (Fig. 9a, c). Incorporating poroelastic coupling
in the Coulomb stress calculations significantly expands the zone of
stress increase to encompass the seismically active regions (Fig. 9b, d).
The poroelastic stresses exhibit a strong azimuthal dependence with
most significant stress increase in the σ3 direction, which conincides
with the direction of induced events. Both injection and seismicity are

Fig. 8. Expected and observed temporal seismicity rate changes associated with geothermal operation shutdowns at the seismicity centroid. A) Temporal evolution of
pore pressure, shear, normal (negative normal stress indicates fault clamping) and Coulomb stresses associated with geothermal shutdown in 2017. Two vertical gray
arrows represent the start and end times used to calculate the Coulomb Stress changes presented in Fig. 9. B) Seismicity rate change after 2017 shutdown. The
measured seismicity rate is represented by black dots. The solid red and dashed red curves represent expected seismicity rate for ‘high permeability with smaller τa’,
and ‘low permeability with larger τa’ respectively. The light-blue color bar represents shutdown period Panels C, and D represent similar observation to A, and B
respectively, for 2018 shutdown.
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located at similar depth which further increases the effect of transient
poroelastic stress changes. These observations suggest that poroelastic
stressing is a primary cause for induced events during well shutdowns.

In summary, the spatiotemporal distribution of seismicity during
well shutdown is well explained by fluid operation-related changes of
pore pressure and poroelastic stresses and subsequent increase in
Coulomb stress. The onset, amplitude, decay and distance distribution of
seismicity during shutdown periods agree well with model predictions
in 2018. In 2017, the model predicts two seismicity spikes similar to the
observations but provides a generally poorer fit to the complex seis-
micity changes. The observations suggest that poroelastic coupling
governs short-term induced seismicity rates during maintenance
shutdowns.

Nevertheless, the contribution from short term, poroelastic tran-
sients to total seismic moment is modest. The maintenance shutdowns
produced 56 events in 2017 and 45 events in 2018 with a peak magni-
tude ofML 0.26 vs. a total of 277 earthquakes between 2016/10/23 and
2019/04/08. The corresponding total cumulative seismic moment over

the entire time frame is 2.8× 1011 Nm, of which only 0.1% was released
during maintenance shutdowns. This difference is also reflected in the
magnitudes of the largest events withML 1.5 for the total time frame vs.
ML 0.26 for the short term. We conclude that short-term poroelastic
effects contribute only modestly to total moment release but can lead to
significant short-term seismicity rate increases.

4.3. A schematic illustration for ground subsidence and microearthquakes

We present a schematic plot to illustrate how a geothermal reservoir
reacts to both long term, steady geothermal operation and abrupt
shutdowns (Fig. 10). The long-term deformation at the scale of multiple
years is dominated by subsidence above the reservoir which is driven by
thermal cooling and aseismic fault slip (Fig. 10a). Long-term operations
are associated with low-level seismicity; however, most elastic strains
are released aseismically. This long-term trend is punctuated by abrupt
seismicity spikes that last several days and are caused by rapid well
shutdown. The underlying driving mechanism is the effect of poroelastic

Fig. 9. Seismic response to spatial Coulomb stress changes. (A) Shows spatial distribution of Coulomb Failure Stress (CFS) changes after the 2017 shutdown at the
centroid depth of the seismicity occurring during shutdown as a function of pore pressure changes. Red and blue areas indicate increase and decrease in CSR
respectively. White dots represent earthquake during respective shutdowns. Solid grey lines are zero contours. (B) Similar to panel A, this shows spatial distribution
of CFS changes after 2017 shutdown at the centroid depth after incorporating both pore pressure and poroelastic stress in Coulomb stress. Notably, most seismicity
coincides with regions of increased CSR. Larger semitransparent orange circle represents the point in space where time series for 2017 displayed in Fig. 8 is
computed. Panels (C) and (D) display the same phenomenon for 2018 shutdown similar to panels (A) and (B).
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stresses which increase frictional resistance of optimally oriented
normal faults during operations and fluid injection (Fig. 10b). When
injection halts, faults at an intermediate distance experience a rapid
drop in normal stress while pore pressures remain elevated for a pro-
longed period. This phenomenon leads to an increase in Coulomb stress,
which ultimately drives seismic activity (Fig. 10c).

5. Conclusion

The Blue Mountain geothermal reservoir exhibits continuous long-
term ground subsidence and abrupt seismicity rate spikes following
well shutdowns. InSAR mapping reveals continuous surface subsidence
around the geothermal reservoir, with rates reaching up to 10 mm/year.
Long-term deformation is primarily aseismic and involves both localized
fault slip and thermal cooling.

While long-term seismicity rates are low, sudden well shutdowns
produce short term seismicity bursts. These seismic events are contained
within the reservoir between 0.3 and 2.5 km depths and lack discernible
alignment with preexisting faults. Pressure and stress changes due to
injection and production cessation lead to higher Coulomb stresses that
trigger the seismic events. The seismicity rate increase is short-lived and
returns to baseline one to three days after the restart of well operations.
Despite these rapid increases in seismicity rate, the geothermal reservoir
generates only small magnitude events and overall low seismic hazard.
Our moment balance calculation indicates that short-term poroelastic
effects and associated seismicity are only a minor (4.5 × 10− 6 %)
component of the total observed induced deformation and comprise
only 0.1% of the total seismic moment between 2016 and 2019.

The understanding of the mechanisms behind ground subsidence and
microseismicity is crucial for ensuring safe geothermal operations and
optimizing reservoir management. The minimal seismic activity, small
event magnitudes and moderate subsidence suggest that long-term
geothermal operations at Blue Mountain have limited effects on
seismic and ground deformation hazards. However, short-term risks are

evident. The abrupt shutdown of wells with high prior flow rates can
trigger seismicity. To mitigate this risk, a gradual reduction in injection
rates before well shutdown may be a viable strategy to minimize seismic
activity.
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