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ABSTRACT

Evidence of increasing microseismicity during geothermal power plant outages has been observed worldwide. Seismic studies in these
areas provide several hypotheses mostly based on fault slip induction by changes in pore pressure. However, geological dissimilarities
between regions halt assumptions of a unique stress mechanism for this phenomenon. Past methods like microearthquake location mapping
have proved useful in delineating subsurface structure in these systems and understanding pathways for injection flow. Nevertheless, the
stress changes triggering these events remain unclear in some cases. We apply a data mining technique, called PageRank, to assess
microseismic event connectivity and evolution at the Blue Mountain geothermal site during 2017, a crucial first step to understand the
origin of increased seismicity on-site during the annual power plant shutdown (September 18") and other power plant operations. Here
we computedirect (CC>= 0.6) and indirect (CC < 0.6, linkage stations >=6) links toa reference event, a high PageRank event leading a
seismic cluster. Cluster characterization results in several families comprised of unique microseismic events with similar waveform
topology. In addition, traces from the indirect links within our identified families show a similar waveform pattern, confirming their
belonging to the cluster. This study demonstrates the usefulness of PageRank to characterize microseismic events with similar physical
properties, but also the advantages for a more robust cluster relocation analysis by affiliating low correlation events to the families, usually
rejected by other methods.

1LINTRODUCTION

Rate changes of microseismicity in geothermal fields are crucial to understanding the effects of power plant operations and their
disturbances to the stress environment of these systems. Additionally, the correlation and location of microseismic events can help identify
the stimulated subsurface areas and discriminate between events triggered by different physical mechanisms. Multiple past studies have
observed a relationship between extraction, cooling, and re-injection of fluids and the rates of microseismicity in the subsurface (Asanuma
et al, 2007; Buijze et al, 2019), mostly due to the changes in pore pressure (Ellsworth, 2013; Zhai et al, 2019; Maurer et al, 2020).
Theoretically, in active geothermal sites, the injection of heated fluids in heavily faulted areas causes the ambient fluid porepressure to
increase and the effective stress to decrease, inducing fault slip seismicity (Cardiff et al, 2018). However, an increase in microseismic
events has also been linked to the cease of power plant operations (Davatzes etal, 2013). This is the case of the Blue M ountain geothermal
site, located in Humboldt County, Nevada. Owned by Cyrq Energy, the Blue Mountain geothermal site first started energy production in
2009. It currently counts with six productionwells and seven injection wells to optimize the production rate. Here, a significant increase
in the number of events is persistently observed during the annual maintenance power plant shutdowns (Templeton et al, 2017), where all
the production wells go offline and the injection pump is shut off.

Although past studies have provided correlation evidence between microseismicity and geothermal energy operations, the stress
mechanisms causing an increase of events after power plants cease operations have not been accurately determined. To understand this
phenomenon, event cluster discrimination and characterization can be used as an initial step to help image and understand stress changes
in the systembased on on-site geological processesand power plant activity. We use an algorithm created by Google, called PageRank,
adapted to assess microseismic events connectivity by using waveform cross-correlation. PageRank links events to families led by a high-
ranked microseismic event (Aguiar and Myers, 2014). We apply this method to Blue Mountain data for 2017, detected by an STA/LTA
approach, to identify event families most likely associated with the same processes at depth. Characterization of microseismic event
families and their future relocations will serve as a tool to understand changes in the subsurface by power plant outages and their effect
on seismicity rates. Ultimately, identifying the impact on the stress environment (Majer et al, 2007) during geothermal plant shutdowns,
a fundamental knowledge gap, can help improve geothermal management and production, potentially impacting renewable energy
services worldwide.

2. DATA SET

The Blue Mountain Geothermal site has a permanent seismic network initially deployed in 2015. Between December 2015 and August
2016, the network comprised eight seismic stations (BM 01 to BM08) that consist of two 3-component borehole geophones and six 3-
component surface shallow-buried geophones with digitizers recording at 250 Hz (Matzel, 2020). In September 2016, two more 3-
component geophones (station BM09 and BM 10) were deployed and added to the permanent network to increase area coverage of
recorded data generated by natural phenomena and the energy production operations on site (Figure 1).
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Figure 1: Map of the Blue Mountain Geothermal Field in Nevada, illustrating the permanent seismic network and well locations
that have been usedfor multiple studies. Atotal of 10 seismicstations (triangles), six production wells (pink squares), and
seven injection wells (blue squares) are shown. Color bar indicates the buried depth of the seismic stations. For this analysis,
we use all the production and injection wells, and seismic stations except for BM05 and BMO08.

We focus on data from 2017 with 498 microseismic events detected using a Short-Term/Long Term Algorithm (STA/LTA) approach
applied to the continuous data (Templeton et al. 2017) (Figure 2). We excluded station BM 05 and BM 08 from the analysis due to no data
recorded by the instruments during this year.
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Figure 2: a) Map view, b) elevation vs latitude profile, and c) elevation vs longitude profile to illustrate the subsurface of Blue
Mountain and microseismic activity during 2017. In total, the seismometers captured 498 microseismic events (circles).
Seismic stations (black triangles) are illustrated for location reference. Color bar represents the day that the event was
recorded, transitioning from dark blue for the initial days of the year to dark red for the last days of the year. Figures b)
and ¢) depict production wellswith pink lines andinjection wells with blue lines to showtheirextentunder the surface.

2.1 Power Plant Shutdown

As mentioned in Templeton et al. (2017), an increase in seismicity at Blue M ountain was observed during the April 2016 power plant
shutdown. Likewise, a spike in seismicity can be observed in 2017 during the annual maintenance power plant outage in September 2017.
The outage started with the injection pump shutting off, followed by all the production wells going offline. The instruments recorded a
significant increase of events following this shutdown and later seismicity rapidly decreased as operations resumed, as shownin Figures
3and 6.
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Figure 3: Microseismicity timeline of Blue Mountain in 2017. Top figure shows the daily occurrence of microseismic events,
highlighting September (red rectangle), when the scheduled power plant outage occurred. Bottom figure shows seismic
activity in September, where the colored vertical bar highlights the outage and post-shutdown dates. The scheduled outage,
September 18th, consisted of the injection pump shut off and the production wells going offline. As observed, a dramatic
increase in seismicity occurred during this period.

3. METHODOLOGY AND RESULTS

PageRank was originally developed by Google to optimize their search engine and display websites by hierarchy order (Brin and Page,
1998). The algorithm produced a ranking for a webpage computed from the number of links between websites and the relevance of these
links to the researched topic. Aguiar and Beroza (2014) adapted this algorithm for seismic data mining based on waveform cross-
correlation linkage. High-ranked seismic events are defined as a reference event, an event with the most links to other events in a sequence
and leading an event family. To populate the families, links are identified in two manners: direct links to a reference event by meeting the
waveform cross-correlation threshold criteria and indirect links by meeting the same threshold criteria through an event directly linked to
the reference event (Aguiar and Beroza, 2014). Aguiar and Myers (2017; 2018) later applied this algorithm to microseismic data and
showed that having the ability to include indirectly linked events in the analysis, relocation and event characterization can be significantly
improved.

Here we apply PageRank to the Blue Mountain events from 2017 shown in Figure 2. Currently, two families have been identified
comprising a different number of events. We first obtained direct and indirect links for both families based on a set waveform cross-
correlation threshold (CC>=0.6), followed by anchoring events to the family if they were linked to the reference event by six or more
stations. Results for both families, 57 and 243 (reference event number), are shown in Figures 4 and 5, respectively.
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Figure 4: Event family led by reference event57 (redstar). a) Number of stations linking microseismicevents to the family. Small
circles and cold colors represent a low number of stations, while warmer colors and larger circles representa more
significant number of stations. In addition, production (pink lines) andinjection (blue lines) wells are shown. b) Directand
indirectlinks connectedto the reference event by six or more stations. c) Traces from the direct (white background) and
indirect links (gray background) at two of our best stations. The reference event (red line) is superimposed on the other
traces (black lines) to observe waveform correlation. The color of traces is not related to Figure 4b. As observed, indirect
links have a similar waveform to the identified direct links, suggesting that these events can also be used for the future
relocation of this family.

In event family 57, we can observe that 36 events are linked tothe reference event by six or more stations (Figure 4a). From those events,
14 are identified as direct links (CC>=0.6), while the remaining 22 are identified as indirect (CC< 0.6) as shown in Figure 4b. Traces of
direct links exhibit a similar or almost identical waveform pattern, confirming that they belong to the same family. However, as observed,
traces from indirect links also have a similar waveform pattern to those identified as direct links (Figure 4c). Despite these events being
secluded from the family by threshold criteria, these results show that they belong to this cluster and can be used for future relocation.

Figure 5 shows similar results for the second family where direct and indirect links are confirmed to be from the same cluster due to
similar waveform pattern. We identify a total of 23 links connected to reference event 243 by six or more stations (Figure 5a). Fromthese
events, 17 are direct links and 6 are indirect links (Figure 5b).
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Figure 5: Event family led by reference event 243 (red star). a) Stations linking the events to the reference event. The stationsare
representedby size andcolor, where small circles and colder colors indicate asmall number of stations, while large circes
and warmer colors represent a larger number of stations. b) Identified direct and indirect links. ¢) Traces from direct
(white background) and indirect links (gray background) shown in Figure 5b.

We compare events within these two families to events that occurred during the annual shutdown, and even though events within the
family of event 57 do not seem to coincide with this time frame, we do find matching locations between events from family 243 and
seismicity triggered during the power plant shutdown, suggesting that this family was produced during the outage. Figure 6 shows
locations for events within both families (black) and the events within the shutdown timeframe colored by date.
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Fig 6: Location of microseismic events detected during the 2017 annual outage (pastel colored circles) and events within family
243 and 57 (black circles). Pastel colors represent the detection date. As noticed, some events from family 243 owerlie the
location of events related to the shutdown, which gives us confidence that this cluster belongs to the phenomenondiscussed
above.

4. CONCLUSIONS AND FUTURE WORK

We use data recorded at the Blue Mountain geothermal field in 2017 to test PageRank for resolving microseismicity cluster
characterization. We have currently identified two event families on the northern side of the field, comprising unique microseismic events.
Events within these families present similar waveforms suggesting similar event topology and geological mechanism at depth, while one
of the families occurs during the annual power plant outage suggesting this family could be associated to subsurface stress changes caused
by the shutdown. In addition, trace evidence from direct and indirect links indicates that events with a low correlation and linked tothe
reference event by six or more stations present a highly similar waveform to high correlation events, confirming cluster affiliation and
noticeably expanding family dimensions.

Further analysis of families within the dataset will help us understand the evolution in space and time of the 2017 microseismic seismicity
at the Blue Mountain geothermal field. This will also allow us to further explore the relocation of events by taking advantage of family
similarities. Most existing relocation methods require a vast number of P and S phase arrivals for highly accurate results. We will use
PageRank results to obtain differential arrival times within families and relocate events. Future relocation of these clusters will help
understand the faulting system at Blue M ountain and stress mechanisms triggering events due to halted flow of injection fluids, a persistent
phenomenon in this geothermal field. Eventually, identifying stress mechanisms triggering seismicity during power plant operations will
serve as a powerful tool to understand subsurface behavior and properly optimize and manage geothermal energy production.
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