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Abstract

Harnessing geothermal energy will likely play a critical role in reducing global CO, emis-
sions. However, exploration, development, and monitoring of geothermal systems remain
challenging. Here, we explore how recent low-cost seismic node instrumentation
advances might enhance geothermal exploration and monitoring. We show the results
from 450 nodes deployed at a geothermal prospect in Cornwall, United Kingdom.
First, we demonstrate how the nodes can be used to monitor the spatiotemporal and size
distribution of induced seismicity. Second, we use focal mechanisms, shear-wave source
polarities, and anisotropy to indicate how the dense passive seismic observations might
provide enhanced insight into the stress state of the geothermal systems. All the methods
are fully automated, essential for processing the data from many receivers. In our example
case study, we find that the injection-site fracture orientations significantly differ from
that of the crust above and the regional stress state. These observations agree well with
fracture orientations inferred from independent well-log data, exemplifying how the
nodes can provide new insight for understanding the geothermal systems. Finally, we dis-
cuss the limitations of nodes and the role they might play in hybrid seismic monitoring
going forward. Overall, our results emphasize the important role that low-cost, easy-to-
deploy dense nodal arrays can play in geothermal exploration and operation.
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Introduction (e.g., Igonin et al, 2021; Kettlety et al, 2021). Seismology can

Geothermal systems provide an energy resource with minimal
CO, emissions. Exploiting the geothermal resources will likely
become increasingly important as society transitions to a
CO,-neutral future. However, the exploration, development,
and subsequent operation of these subsurface fluid resources
can be complex and expensive. Mapping the presence of fluids
and fractures is important for informing the operators of where
the geothermal fluids migrate and accumulate, derisking explo-
ration by identifying optimal drill sites. During development
and operation, fluids migrating along the faults can reduce
fault-normal stresses, potentially triggering induced seismicity
(Baria et al, 1989; Zang et al, 2014; Edwards et al., 2015;
Sherburn et al, 2015 Holmgren and Werner, 2021).
Monitoring and locating any induced seismicity is important
for mitigating seismic hazard, mapping fluid migration, and
understanding the subsurface response to injection or extraction
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also quantify stress state, especially fracture orientation (e.g.,
Arnold and Townend, 2007; Zhang et al., 2019), and map faults
and fluids spatially (Napolitano et al., 2020; Gauntlett et al.,
2023; Hudson, Kendall, et al., 2023), further derisking drilling
and operation of geothermal assets.
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Recent developments in seismic instrumentation allow for
sampling the seismic wavefield with an order of magnitude
more receivers than previously possible. Distributed acoustic
sensing (DAS) (Lellouch et al, 2020) allows in-axis strain
to be measured along optical fibers at meter resolution.
Similarly, low-cost seismic nodes now enable 100s-1000s of
receivers to be deployed in networks or arrays (Parker et al,
2018; Obermann et al., 2022; Ourabah and Chatenay, 2022).
Here, we investigate how automated processing of dense nodal
datasets can be used for microseismic monitoring and provide
enhanced insight into the injection site and shallower crustal
fracture orientations, at the Eden Geothermal site, Cornwall,
United Kingdom. Finally, we explore the benefits and limita-
tions of seismic nodes, including a brief outlook on the future
of seismic instrumentation at geothermal prospects.

Methods

Experiment details

450 STRYDE nodes were deployed at the Eden Geothermal
deep geothermal project in Cornwall, United Kingdom, from
November to December 2022 (see Fig. 1). STRYDE nodes
are low-cost, fast-to-deploy, single-component instruments
(~$100/channel, deployment time <30 s), using piezoelectric
technology to measure acceleration with a flat instrument
response from 1 to 125 Hz and a sensitivity of 3.6 V/g
(see the supplemental material, available to this article, for
full instrument response and example noise spectra). In this
experiment, we not only deployed single nodes vertically but also
in a three-component configuration at some locations (see Fig. 1
for respective locations and supplemental material for an
example site). Three-component deployment is possible due
to the nature of the piezoelectric sensor, which can record data
in arbitrary orientations, in contrast to traditional mass-move-
ment devices (Ourabah et al., 2021). We also deployed multiple
nodes in the same orientation at some locations to investigate
data stacking performance. All data are sampled at 500 Hz.
Ten conventional broadband seismometers were also deployed
with a similar network aperture during the experiment
(see Fig. 1).

Microseismic detection and location

Microseismicity is detected using the back-migration method
QuakeMigrate (Hudson et al., 2019). This searches for a coales-
cence of energy from multiple receivers in both space and
time. A particular benefit is that this method is sensitive to
coherent earthquake signals close to the noise level, minimizing
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false triggers caused by incoherent noise, with performance
scaling with several receivers. Seismicity is then relocated
using NonLinLoc (Lomax and Virieux, 2000). The velocity
model used throughout is the British Geological Survey
Southwest England 1D layered model (Booth, 2010). Detection
and location parameters, as well as the velocity model, are given
in the supplemental material. Although the velocity model is
regional, we deem it valid for this study because most receivers
are within 10s meters of bedrock and we obtain earthquake
depths consistent within 100 m of the injection site. 3D
body-wave velocity tomography would be poorly constrained
by the spatial distribution of seismicity, and no active seismic
survey data are available.

Quantifying fracture orientations

In this study, we infer the subsurface fracture orientation both
within the injection-site region (from shear-wave source polar-
izations and focal mechanisms) and in the crust above (from
anisotropy).

We infer the dominant fracture or crystallographic orienta-
tion of the crust above the injection site using shear-wave
velocity anisotropy. For a single dominant anisotropic fabric,
two parameters describe this anisotropy: ¢, the angle of the fast
direction with respect to north; and §t, the delay time between
fast and slow shear-wave arrivals. This anisotropy can be
caused by multiple mechanisms, such as crystallographic-pre-
ferred orientation and shape-preferred orientation anisotropy
(Kendall, 2000; Savage et al, 2016). Regardless of the mecha-
nism, the orientation of anisotropy is a proxy for the historic or
current stress state of the medium. Because of the large number
of receivers, we use the fully automated shear-wave splitting
analysis method, SWSPy (Hudson, Asplet, and Walker, 2023).
We filter the results by removing measurements with uncer-
tainty: oy > 10% ag > 0.1 s; and a factor representing the
quality of the measurement, Qy < 0.5 (Wuestefeld et al.,
2010). We also randomly check the individual measurements
to confirm the quality of the results. The examples of good and
poor splitting measurements are shown in the supplemental
material.

Injection-site fault orientations are measured in two ways: S-
wave source polarization and focal mechanisms. For an earth-
quake source with a shear-failure component, the S-wave source
polarization corresponds to the direction of fault slip, even if the
earthquake source is not entirely double couple (DC). However,
the bulk medium is anisotropic, so we measure the S-wave
polarization only on waveforms with shear-wave splitting effects
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approximately removed (particle motions linearized and time-
shifted), which have passed the aforementioned quality checks.
The focal mechanism inversion procedure is also automated due
to data volumes (248 earthquakes at 450 receivers). Because we
only have a 1D estimate of crustal velocity structure, we perform
a P-wave polarity source inversion rather than a full-waveform
inversion, using the Bayesian MTFit algorithm (Pugh and
White, 2018). The P-wave polarities are measured automatically
using the method of Pugh et al. (2016). Although earthquakes
studied here could have nonzero volumetric components, we
force our inversions to be DC constrained because our network
geometry would limit the constraint of higher-parameter non-
DC solutions in any case.
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Figure 1. Relocated earthquake catalog. (a) Map view of the overall
experiment. Nodes are shown by orange (vertical component) and blue
(three-component) triangles. The black inverted triangles are a network
of semipermanent conventional seismometers (not used in this study).
Topography is Shuttle Radar Topography Mission (SRTM) data. Seismicity
is shown by dense cluster of black dots near the injection well. Well head
is shown by pink star (labeled) and well by pink line. (b—d) Detailed map of
seismicity, colored by time. (e) Record section for the largest earthquake
on the vertical component (a smaller earthquake example is included in
the supplemental material).

Earthquake size
The seismic moment release of an earthquake, M,, combined
with the corner frequency, f, of the earthquake spectrum can
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provide information on the size and extent of an earthquake
(Madariaga, 1976). Seismic moments are calculated by fitting a
Brune model to the displacement spectra (Brune, 1970) using a
spectral-ratio method to isolate source and path effects, espe-
cially attenuation (see Hudson, Kendall, ef al., 2023 and refer-
ences therein). Displacement is obtained by integrating the
node time series twice in the time domain and correcting
for the instrument response accordingly (see the supplemental
material for instrument response).

Results

The earthquake catalog is shown in Figure 1. We detect 248
earthquakes, most located within 500 m of the injection site
(~4 km bsl), clustered in depth near two inferred fracture
zones from well-log estimates of where fluids enter the forma-
tion. Any finer-scale clustering is hidden by the spatial uncer-
tainty (average horizontal and vertical uncertainties are of the
order of 100 m). Spatiotemporal trends are therefore challeng-
ing to discern. Although the deployment was for 25 days, we
only plot earthquakes from 25 November to 2 December, since
more than 95% of events occur over this period postfluid
injection.

Figure 2a shows the earthquake moment magnitude distri-
bution. The magnitude of completeness of the catalog is ~1.3.
The b-value is elevated (>1), as expected for fluids reducing
fault-normal stresses, with a particularly high value likely
resulting from the use of M,, rather than M; (Hudson et al.,
2022) and/or because earthquakes are induced. Fault diameters
are calculated to be typically 150-250 m (Fig. 2b).
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Figure 2. Earthquake catalog moment, fault size, and attenuation distri-
bution. (a) Gutenberg—Richter distribution of moment magnitudes (M,,).
(b) Histogram of fault diameters calculated from spectral ratio analysis.

Focal mechanisms for a subset of seismicity are shown in
Figure 3a. We only include events where we have some con-
fidence of both the automated polarity measurements and
fault-plane constraint. The dominant mechanism is thrust
faulting. There is also a trend in fault orientation across events,
with source mechanisms reversing polarities depending upon
whether the earthquake is north or south of the cluster cent-
roid. Furthermore, between the southerly and northerly clus-
ters, the focal mechanisms appear to capture a rotation in the
vertical nodal plane, elucidating a transition between southerly
and northerly behavior. Figure 3b,c shows the results for one
event in detail. Although the vertical nodal plane is somewhat
poorly constrained azimuthally (£25° for the event in Fig. 3b),
the fault dips and hence the overall 180° rotation in the mecha-
nism are well constrained. Figure 3c confirms the performance
of the automated P-wave polarity method for a selection of
receivers distributed across the focal sphere. The arrivals are
clearly impulsive, with automated phase arrival-time picks
generally identifying the first motion correctly. The automated
polarity measurements are all correct, even for the receivers
with higher uncertainty arrival times.

Figure 4 shows the horizontal orientation of fault structures
inferred from seismic observations at the injection site and in the
crust above, indicating how the passive seismic observations
from nodes can be used to shed light on crustal fracture
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orientations. Horizontal information only is plotted because the
anisotropy measurements are assumed to be sensitive to azimu-
thal variations only. Focal mechanisms and S-wave source polar-
izations provide insight into the in situ fracture orientation
within the fluid injection region. S-wave source polarizations
indicate that the horizontal component of the fault slips domi-
nantly trends north—-south, with focal mechanism vertical nodal
planes expected to be perpendicular to this. This is the case for
the example event focal mechanism nodal plane azimuth (green
dashed line, Fig. 4, from the focal mechanism in Fig. 3b), which
is representative of the general focal mechanism trend in
Figure 3a. Orientations of fractures and/or crystal structure
above the injection region are inferred from S-wave velocity
anisotropy, with the fast S-wave directions striking approxi-
mately north-northeast-south-southwest. We assume S-wave
ray paths arrive at vertical incidence (all energy polarized in
the horizontal plane). This is likely valid for the crustal velocity
structure in Cornwall. We only interpret the dominant S-wave
anisotropy signal in Figure 4. The orientations perpendicular
to the dominant S-wave anisotropy signal could be real or
the result of cycle-skipping, which we have attempted to remove.
The dominant S-wave velocity anisotropy fast directions could
be caused by microfractures or a preferred crystal orientation,
with S-wave fast directions oriented parallel to either feature.
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Figure 3. Focal mechanism solutions. (a) Map plot of double-couple (DC)-
constrained focal mechanisms for which a solution could be found. All
projections are lower hemisphere. Moment tensor inversions are con-
strained from P-wave polarity alone, measured using the automated
algorithm described in the Methods section. Events are colored for
identification purposes only. (b) The best-constrained event in more
detail. The red points are receivers with compressional first arrivals, the
blue points are dilatational first arrivals, and the black points are unde-
fined. The black lines indicate 1% highest-likelihood fault-plane solutions
from Monte Carlo sampling (representative of variation in focal
mechanism orientation), with the best-fitting solution shown by the
purple lines (estimated uncertainty indicated by purple dashed lines).
(c) Examples of some of the phase arrivals for the receivers are labeled in
panel (b). Waveforms are shown in black, and polarity probability is in
blue. The red lines correspond to automatically derived P-wave first
breaks from QuakeMigrate. Further detailed focal mechanism solutions
for some of the other events in panel (a) can be found in the supple-
mental material.

In either case, fast S-wave direction is inferred to represent either
the present-day or paleo-dominant crustal stress orientation
above the fluid injection region. If the anisotropy is somewhat
controlled by fractures, then there is an apparent discrepancy
between fracture orientations within the injection region and
shallower fracture orientations. This could be due to a
present-day difference in the stress state at different depths
or more likely that fractures at the injection site are somewhat
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controlled by the current stress field and the S-wave anisotropy
measurements represent fractures formed in a previous regional
paleostress regime. Regional o0y, data further complicate
interpretation, inconsistent with focal mechanisms at the injec-
tion site or the anisotropy-inferred stress orientation at shal-
lower depths.

Discussion and Conclusions
Monitoring induced seismicity
Any injection or extraction of subsurface fluids inevitably
poses a risk of triggering induced seismicity (Grigoli et al.,
2017). Monitoring induced seismicity is essential for assessing
changes in subsurface stress state and hence seismic hazard.
Quantifying the size distribution of earthquakes is important
for attempting to predict the maximum potential size of
induced seismicity and hence mitigate triggering such an
earthquake (Goertz-Allmann and Wiemer, 2012; Clarke
et al., 2019). It is therefore important to detect as many events
as possible. Increasing the number of receivers theoretically
increases the detection sensitivity of a network by /.
However, seismic node technology is nascent, with nodes
currently not as sensitive to ground motion as conventional
seismometers. Furthermore, nodes are deployed at the surface
rather than downhole or in vaults, so are not isolated from
wind and other surface noise. Although individual nodes
are less sensitive with a higher self-noise than conventional
seismometers, we detect ~15% more events using 450 nodes
(248 microearthquakes) compared to the financially more
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Figure 4. Horizontal fracture orientations from this study compared to
regional expected a4. Rose histogram of azimuthal fault-slip directions (S-
wave source polarizations), fast S-wave directions, moment tensor ver-
tical nodal plane azimuthal orientation for the representative example
event in Figure 3b and regional stress orientation from the United
Kingdom stress map data (Kingdon et al., 2022).

costly network of 10 seismometers (214 microearthquakes).
Assuming that more small earthquakes are triggered than
we can detect, one might expect the node network to perform
better than this, especially given the enhanced spatial sampling.
We attribute the only small detection increase partly due to the
lower sensitivity of the nodes compared to the seismometers
and partly due to the likely high noise levels at the study site
due to the proximity to anthropogenic noise and the Atlantic
Ocean (see Fig. 1). Although noise levels are high at the study
site, we expect this to be the case for many geothermal systems,
which are typically located close to populated areas.
Nonetheless, the node-derived catalog still increases the num-
ber of events detected.

The enhanced spatial coverage of the wavefield provided by
the nodes also reduces hypocentral uncertainty, particularly in
depth. Here, we find that we can locate seismicity 4 km below
the surface to within tens to hundreds of meters of well-log-
imaged fracture zones (see Fig. 1). Theoretically, this uncer-
tainty would be further reduced if more nodes were deployed.
We attempted to refine hypocenters further using the relative
relocation techniques (Trugman and Shearer, 2017), but are
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not confident that hypocenters are improved, perhaps because
the local velocity structure is approximately homogeneous
within the fracture region (which is of the order of our seismic
wavelengths), or it is so heterogeneous that it cannot be
adequately constrained. We cannot resolve any migration in
seismicity with time, but more nodes would further reduce
hypocentral uncertainty, allowing one to clearly identify any
spatial-temporal trends.

Although the nodes show promise for monitoring induced
seismicity, especially regarding cost and ease-of-deployment,
their fundamental drawbacks are: (1) battery-life limited
deployment time (one month for STRYDE nodes); and (2)
a lack of real-time telemetry. We therefore recommend that
nodes be used in combination with conventional seismometers
to provide enhanced monitoring during stimulation, with con-
ventional instrumentation providing long-term monitoring.

Elucidating subsurface fracture orientations

The nodes show promise for elucidating subsurface fractures.
The increased density and spatial extent of observations help
constrain both the vertical orientation of moment tensor inver-
sions (Fig. 3) and provide sufficient independent observations
to identify dominant trends in the shear-wave source polari-
zation and shear-wave velocity anisotropy data (Fig. 4).
Figure 5 summarizes the seismically inferred local fracture ori-
entations within the injection region and at shallower depth
compared to independent measurements of fracture orienta-
tion from borehole logs.

In the injection region, focal mechanisms indicate subvert-
ical, dominantly thrust faulting, with opposing azimuthal
strikes to the north and south of the seismicity centroid.
We interpret these faults to most likely slip on the subvertical
nodal plane because ¢, would likely lock any horizontal faults.
Although focal mechanism strikes are not well constrained, the
reversal of compressional quadrants is. Between these two dis-
tinct groups of earthquakes, focal mechanism strikes rotate,
exhibiting somewhat of a strike-slip behavior. The fault-enclosed
region descends relative to the surrounding medium. Shear-
wave source polarities indicate that the horizontal components
of these subvertical faults slip dominantly north-south. This
agrees closely with the dominant orientation of open/partially
open fractures from independently measured acoustic borehole
imagery (ABI) data from the Eden Geothermal EG-1 well
(Fig. 5e). These observations suggest that regional oy does
not represent the injection region oy (nearest regional oy; mea-
surements from 50 km to the southwest, Kingdon et al., 2022).

https://www.seismosoc.org/publications/the-seismic-record/

Downloaded from http://pubs.geoscienceworld.org/ssaltsr/article-pdf/4/3/161/6575392/tsr-2024019.1.pdf
bv Bodleian | ibraries | Iniversitv of Oxford user

DOI: 10.1785/0320240019

This is likely explained by local perturbations to the stress field
during stimulation (Schoenball et al, 2014), although one
should note that focal mechanisms do not necessarily align with
the local stress orientation if failure occurs on pre-existing frac-
tures (McKenzie, 1969).

Above the injection region, shear-wave velocity anisotropy
analysis indicates that S-wave fast directions trend dominantly
north-northeast-south-southwest (Fig. 5a). These are parallel
to the dominant fracture set orientations from formation
microresistivity imaging well logs (Fig. 5b). Drilling-induced
tensile fractures and breakouts in the upper 2500 m of the
EG-1 well (deviation from vertical <10°) indicate that the local
oy is overwhelmingly orientated northwest-southeast (mean
azimuth 134°). Collectively, these data indicate that the dom-
inant north-northeast-south-southwest S-wave fast direction
is controlled by fractures and/or compositional banding with
similar north-northeast-south-southwest strike rather than the
orientation of maximum horizontal stress, 0.

In summary, fracture orientations from the nodal dataset
closely agree with borehole log observations both at the injec-
tion site and in the shallower crust. Our findings demonstrate
the added value that a dense nodal array can provide: In this
example, showing that regional inferred stress orientations
(oy) cannot be assumed to represent the injection site stress
regime, such information is important for planning future
stimulation operations and mitigating seismic hazard.

Because STRYDE nodes have not previously been used for
passive seismology on these scales, we conservatively compen-
sated for lower node sensitivity by deploying the network
within a 5 km aperture. However, because the nodes detect
every earthquake also detected by the seismometer network,
we would deploy a wider aperture network in the future.
This would increase the coverage of the focal sphere, leading
to better-constrained moment tensor solutions. It would also
enhance the potential for passive seismic imaging.

Future outlook

The cost per channel and compact design of nodes facilitate the
deployment of hundreds/thousands of receivers at lower cost
and logistical effort than tens of seismometers. Although the
nodes deployed are single component, we show that they can
be deployed effectively in a three-component arrangement.
Here, we provide an example of how high-density spatial sam-
pling can enhance our understanding of geothermal systems.
Specifically, more receivers allow one to detect more earth-
quakes, provide sufficient hypocentral constraint to link
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seismicity with well-log inferred fracture zones, constrain
moment tensor inversions, and measure crustal anisotropy.
All the procedures are fully automated, essential for processing
such large nodal datasets. This is deliberate, emphasizing the
consistency of results and the benefits of high data volumes for
reducing the influence of spurious observations.
Tomographic imaging, particularly velocity structure,
would further improve the constraint of earthquake hypocen-
ters when also potentially mapping subsurface fluid migration
and accumulation. However, we do not perform tomography
here because a single cluster of seismicity around the injection
region does not provide adequate constraint of body-wave
tomographic inversion. It may be possible for double-differ-
ence tomography to constrain velocity structure within the
injection region (Zhang and Thurber, 2006), and surface-wave
tomography could provide insight into overall crustal velocity
structure. Given the proximity to the coast, ambient noise
sources may provide the most promise for probing the
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Figure 5. Summary of insights into the geothermal system provided by the
node deployment and a comparison to borehole log data from well EG-1
(provided by Eden Geothermal Ltd). The blue line on the left schematic is
the approximate well trajectory. (a) Fast S-wave orientations from this
study. (b,c) Dominant fracture sets and compositional banding from
formation microresistivity imaging (FMI)-derived well-log interpretations,
respectively, from 1500 to 3900 m depth below the surface. (d) S-wave
source polarizations and nodal plane orientations from this study.

(e) Dominant fracture sets from acoustic micro imaging (AMI)-derived
well-log interpretations from 3800 to 4100 m depth below the surface.
The injection zone is at ~3500-4300 m depth below the surface.

subsurface, although the limited frequency response below
1 Hz will limit resolution with increasing depth. Overall, how-
ever, the greatest limitations of nodes are battery life and no
real-time telemetry, limiting their application for real-time,
long-term monitoring.

We envisage that nodes will play an important role in geo-
thermal system development. Going forward, it is feasible to
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deploy tens of thousands of nodes with network apertures of
the order of 10 km. Given the typical source-receiver geometry
limitations of surface deployments with single clusters of seis-
micity, we suggest that where possible, DAS technology is
deployed at least downhole (Lellouch et al, 2020; Verdon
et al., 2020) to increase the ray path coverage for source inver-
sion and tomography. Overall, although current battery life
and lack of telemetry limit nodes for long-term monitoring,
the technology shows much promise for enhancing network
coverage during critical periods of geothermal reservoir devel-

opment, such as stimulation.

Data and Resources

Continuous seismograms and well logs analyzed in this study
are proprietary, with conventional seismometer and well-log
data provided by Eden Geothermal Ltd. However, analyzed
data used to plot the results presented here are archived
in a permanent Zenodo repository (doi: 10.5281/zenodo
.10677930). The supplemental material is included to provide
additional notes on the deployment, data processing parame-
ters, instrument performance and additional results in more
detail. This information is included to help aid reproducibility
and inform readers on the limitations of the analysis.
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