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Abstract

We adapt the PageRank method to define signal-correlation topology for micro-earthquakes at
the Newberry Volcano EGS demonstration in Central Oregon. The Newberry EGS was
stimulated in 2012 and 2014, producing hundreds of microearthquakes. Event locations based
on P-wave and S-wave picks and a double difference method resulted in diffuse clouds of
seismicity for both stimulations (Foulger and Julian, 2013b; Cladouhos et al., 2016). We
expand on the seismological application of PageRank (Aguiar and Beroza, 2014) to define event
families based on signal-correlation topology and analyze each event family by measuring
differential arrival times of P-waves and S-waves . We relocate each PageRank family using the
Bayesloc method (Myers et al., 2007; 2009) and find that after relocation event families are
tightly clustered spatially, indicating that the rock volume affected by stimulation was more than
an order of magnitude smaller than would be inferred from double difference analyses.
Relocation also reveals that most events occured at the contacts between lithologic units,
suggesting preferential fluid flow and hydroshearing along pre-existing weaknesses, as well as

micro-seismic activity progressing away from the well with time.



Introduction

Geothermal energy is a renewable source of power that emits little to no greenhouse gases,
making it an attractive source of clean energy. In its current state of technological development,
easily accessible geothermal sites can only contribute about 10% of the energy needed in the
United States (Duffield and Sass, 2003). Deeper and more difficult to extract sources of
geothermal energy have the potential to supply about half of US electric generation (Williams et
al., 2008). These difficult-to-access sources can become economical by stimulating (enhancing)
fluid flow using methods such as hydroshearing (Cladouhos et al., 2016) and hydraulic
fracturing. These enhanced geothermal systems (EGS) can be expensive to develop and various
diagnostics are used to assess the effectiveness of EGS activities. Microseismic characterization
can be an effective way to assess the overall rock volume affected by EGS activities, potentially
identifying precise fluid pathways created by hydroshearing and providing the target for the
production well of an EGS doublet (Cladouhos et al., 2015), a system with an injection well and
a production well. Microseismic event location is a primary diagnostic, but accurate event
locations can be difficult to achieve due to non-optimal seismic network geometry, inaccurate
velocity models, high levels of seismic noise that are common during pumping and other

activities.

Many different earthquake location methods have been employed to improve absolute and
relative microseismic event locations. Some of these include iterative least squares (Rutledge and
Phillips, 2003), single event determination (4sanuma et al., 2007), joint hypocenter

determination with clustering based on a set radius (Fehler, 2000), kurtosis-based migration



(Gaucher et al., 2015), as well as several double difference methods (Julian et al., 2010; Kaven
et al., 2012). Different clustering methods have also been implemented based on seismogram
cross-correlation or focal mechanism similarity, commonly denoted as multiplet analysis
(Moriya, 2003; Michelet and Tokséz, 2007; Asanuma et al., 2008; Dyer et al., 2010). Each of
these methods requires time consuming data analysis and generally result in precise relative
locations that can be significantly biased. Finding an effective and efficient method to
characterize events and understand how they are affected by changes in the state of stress will
play an important part in the development of EGS and expansion of the geothermal energy

resource.

Data mining techniques are being adapted to characterize microseismicity associated with
geothermal reservoirs. Data mining methods have often been used to explore the similarities of
individual seismic events that comprise an earthquake sequence. Here we focus on PageRank,
Google’s initial search algorithm (Page et al., 1999). PageRank was originally developed to
improve web search efficiency by determining the ranking or “importance” of a webpage based
on the number of links it has to other highly linked pages. Given the similarity of the problem,
PageRank was later applied in seismology to detect and characterize low frequency earthquakes
(Aguiar and Beroza, 2014). We expand on this initial application by using PageRank to define

signal-correlation topology for micro-earthquakes.

To test the method, we have selected data from the EGS site on the western flank of the
Newberry Volcano, located in the Deschutes National Forest in Central Oregon. The potential of

this geothermal location has been under study since the early 1980s when the first exploration



wells were drilled (Priest et al., 1983; Sammel and Craig, 1983; Swanberg and Combs, 1986;
Sammel et al., 1988; Waibel et al., 2014). Subsequent to these studies, AltaRock Energy and
Davenport Newberry selected the Newberry Volcano to test and demonstrate EGS technology
(Cladouhos et al., 2012). Following extensive stress, permeability, and temperature analyzes
(Davatzes and Hickman, 2011; Cladouhos et al., 2011a; 2011b), the Newberry EGS site was
stimulated twice to induce hydroshearing. The initial stimulation, conducted by AltaRock,
consisted of stimulating well NWG 55-29 (Figure 1) between October 17 and December 7, 2012
(Cladouhos et al., 2013). This stimulation resulted in 226 microseismic events, with the first
event detected on October 29, 2012. The seismicity continued for three months until the last
event in the area was reported in February, 2013 (Cladouhos et al., 2013; Templeton et al., 2014;
Cladouhos et al., 2016). During this stimulation, two leaks developed in the casing of the
borehole causing most of the microseismic events to be significantly shallower than expected.
Event locations reported in the initial analysis were determined using a single-event approach
(Foulger and Julian, 2013a). A later study relocated events using the double difference method
(Foulger and Julian, 2013b; Cladouhos et al., 2016) . Perhaps due to large uncertainties, single-
event and double difference locations both form a diffuse cloud of seismicity, where neither
fracture patterns nor geologic structures are clearly defined (Foulger and Julian, 2013a;
Templeton et al., 2014; Cladouhos et al., 2016). Following repair of the well casing, a second
stimulation was performed between September and November of 2014. This stimulation
produced approximately 400 microseismic events, and initial catalog locations from several
double difference location approaches show these events were in the open-hole (uncased) depth
range of the well, as intended (Cladouhos et al., 2016). Given the network geometry, which can

provide good constraints on seismic event locations (Figure 1), the diversity of the data set, and



the complexity of the Newberry site, this is an ideal place to test new microseismic
characterization methods and explore the possibility of determining accurate locations within a

complex geologic system.

We explore whether linking Newberry events based on PageRank can aid in the determination of
accurate event locations by identifying which events should be processed as a group. Better
locations help in the analysis of the spatial and temporal development of microseismicity, which
is key to understanding how subsurface stimulation modifies stress, fractures rock, and increases

permeability, in turn helping us understand the properties of the Newberry EGS.

The Method

PageRank, as developed by Page et al. (1999) for webpages, determines the probability that a
“random surfer” will visit a particular web page. Originally, PageRank assigned a ranking for a
webpage based on the weighted number of links to that page, where higher weight was given to
links that connect to a page with many links. It was originally applied in seismology by Aguiar
and Beroza (2014) to exploit the repetitive nature of low frequency earthquakes (LFEs) within
continuous seismic data. In this application, instead of a random web surfer selecting a link,
PageRank can be thought of as a fault patch being activated to generate a micro-earthquake. The
link information is based on cross-correlation (CC) between waveforms (i and j), where a

correlation-based value of g;; = 1 is assigned if CC exceeds a threshold and g;; = 0 if not.



Components of the PageRank transition matrix, A, are functions of the correlation values, as
shown in equation (1)

aij =

|1/n: c;i=0 "~ (D

where p is the probability that a high cross-correlation value infers that the associated events
have similar locations (as desired), i.e. (1-p) is the probability that a high cross-correlation value
is a random occurrence. The “p” term serves as a damping parameter that conditions the A
matrix and it is set to a default value of 0.85 (Page et al., 1999; Moler, 2011). We tested a range
of values for p and found the results where only affected when p was less than 0.5. Studies on the
variability of PageRank with respect to this damping parameter suggest that low values of p are
not reasonable because relevant link information gets downweighed as the process converges
(Boldi et al., 2005). In our case, low values of p would suggest that a high CC value is a random
occurrence, which would undermine the premise of using CC to link events. The variable ¢; =
Y gij where if ¢;= 0, we have reached a dead end and the event is not link to other events in the
catalog. The probability that random waveform cross-correlation value exceeds the threshold is
& = (1 — p)/n, where n is the total number of waveforms. This case is unlikely in our analysis
given that the waveform segments are windowed on events reported in a bulletin, as opposed to

random windows that are likely to be noise.

To compute PageRank for each waveform, and by association PageRank for each event, we
initialize a vector, x, with equal probabilities of 1/n, then compute Ax to determine a new value

of x, as done in a Markov chain. This process is iterated until it converges to a change tolerance



0f 0.01, essentially finding the dominant eigenvector of matrix A. The matrix A, as defined by
equation (1), is the transition probability matrix of the Markov chain, where all columns sum to
1, and x =Ax will always have a unique non-zero solution. Because the transition matrix A is
large and sparse, the computational efficiency of the iterative process makes it the method of
choice for finding the dominant eigen vector. Once convergence is reached, we focus on the
largest values of the x vector; these are high PageRank events, the events with the most extensive
connections to other events. The specifics of PageRank applied to seismic data are explained in

greater detail by Aguiar and Beroza (2014) and can be implemented following Moler (2011).

For the Newberry data set we first cross-correlate the permutation of multi-channel (Z, N, E)
event waveforms with 10-second duration, band passed between 5-10 Hz. A 10 second window
includes both P- and S- arrivals, as well as the coda. PageRank for all events recorded at a
common station and channel is then computed independently. To associate all
stations/components, we tally all high PageRank events for all stations by recording how many
times each event with high PageRank is found throughout the network. We define a reference
event as an event with the most extensive connections to other events across the network. Events
that are directly linked by the initial CC to a reference event (g;=1) or indirectly linked through a
third event (g;=0 but gu=1 and gy=1) form an event set or family. Events that are directly or
indirectly linked to a reference event by 6 or more stations (more on this below) are declared as
child events. The set consisting of a reference event and its children is referred to as an event
family. Based on waveform similarity between each event in a family and the associated
PageRank reference event, we determine that each event family contains events with similar

source properties.



We manually identify the onset of phase arrivals for each reference event and migrate the arrival
times to child events by aligning waveforms on time lags determined by the initial waveform
cross correlation. We then compute differential arrival times for each phase by cross correlating
P-wave and S-wave windows for each pair of events within the family. For the P-phase we use a
bandpass filter of 3-5 Hz and a time window of ~1.5 seconds, and for the S-phase we use a filter
of 5-10 Hz and a window of ~2 seconds. For robustness, we only migrate absolute-time picks for
phases with CC greater than 0.3. A minimum of 7 absolute-time picks are required for an event
to be retained in a family. To the absolute time picks we add differential time picks based on the

CC lag for CC of 0.4 or greater.

We relocate each event family independently using a version of the Bayesloc method (Myers et
al., 2007; 2009) that incorporates differential-time measurements into the multiple-event location
algorithm (Myers et al., 2011; Myers and Johannesson, 2012). Bayesloc is a formulation of the
joint probability of hypocenters, travel time corrections, measurement uncertainty, and phase
labels conditional on absolute and differential arrival time data, as well as probabilistic
constraints on the travel-time model, the data uncertainty, and phase labels. The Bayesloc

statistical model is

plo,x,T,W,o,V,tla,d,w,p) =

p(alo,T,W,a,p)p(dlo,T,V)p(T|F(x),D)p(W w)p(V|v)p(x,0)p(a)p(p)p(x)/p(a) p(d) (2)

Here, o is the origin time, x the location parameters, 7 is the posteriori travel-times, W is

posteriori phase labels, oand V are uncertainty parameters for absolute and differential-time



data, respectively, and t are corrections to model-based travel times. These probabilistic
parameters are estimated conditional on absolute arrival times a (picks), differential arrival times
d, input phase names w, and a collection of priors p, which are specified in the right-hand-side of

equation 2.

Bayesloc uses the Markov-Chain Monte Carlo (MCMC) method to sample from the Bayesian
posterior distribution of equation 2. In the Newberry study the velocity model is a linear gradient
as a function of depth with station corrections to account for the near-surface low velocity. The
phase label model considers whether the true phase is P, S, or X, where X is something other than
the phases under consideration. We refer the reader to Myers et a/l. (2007; 2009; 2011), and
Myers and Johannesson (2012) for an explanation of the method in greater detail. For visual

detail of the analysis we also refer the reader to the processing diagram in Figure 2.

PageRank and Bayesloc Applied to the 2012 Newberry EGS Stimulation

We initially focus on the analysis of data from the 2012 stimulation, which generated 226
microseismic events. As mentioned, this stimulation caused two leaks in the casing at shallow
depth that generated microseismic events over a larger depth range than intended, but in turn
produced a highly diverse data set ideal for testing a new method. Given the diversity in the data
set and the potential for the large number of event families, we use this stimulation to illustrate

the method.
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First, we test both the effect of CC threshold for defining a direct link and the number of station
links needed to define a child event. Figure 3 shows catalog locations (Foulger and Julian,
2013a) for two of the main families identified through PageRank analysis. We selected one deep
and one shallow reference event as an example to better show the behavior. All reference-event

numbers are integer event identifiers that do not indicate PageRank.

Traditional methods that link events using cross correlation increase link robustness by raising
the CC link threshold, potentially missing valid links. Figure 3 shows that for low CC threshold
(CC=0.55) most of the events in the 2012 data set are linked by at least one station, which does
not meet our objective of subdividing events into families with similar locations and event
properties. On the other hand, a high CC link threshold (e.g CC>0.7 in Figure 3) may be too
restrictive. As we will see when events are relocated, a lower CC threshold in conjunction with a
requirement that child events are linked at a number of stations can be inclusive and robust. We
note that the bottom panels in Figure 3 show a shallow event that is linked to the deep reference
event by a large number of stations, even as the CC and station-number thresholds increase.
Later we will see that this event was initially mislocated and is indeed located near the deep

reference event.

Aguiar and Beroza (2014) explain in greater detail the significance of utilizing indirect links to
form events families. To show the advantage of including indirect links in this analysis we
compare an event family that is defined using only direct links with CC threshold of 0.6 with an
event family that is defined using both direct and indirect links. Figure 4 shows that 12 events are

linked indirectly by 6 or more stations that are not directly linked at this threshold. A direct-link
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threshold of CC = 0.3 would be required to include all but one of the indirectly linked events.
However, reducing the direct-link CC threshold to 0.3 also introduces 89 events that are falsely
linked. Figure 4 (c) shows the event family formed using direct and indirect links is tightly
clustered after relocation. This example shows how mislocated events can be quickly identified

before relocation by forming event families.

The importance of forming event families based on the number of stations with direct and
indirect links is further demonstrated in Figure 5. Event families are meant to be spatially
clustered with similar physical characteristics, like focal mechanism. Therefore, event families
should generate similar waveforms at all or most stations. Figure 5 shows that many links are
made at a limited number of stations (the large cloud with links at 1 to 3 stations). But our
confidence that the events belong to the same family is only confirmed for events that are linked
at many stations. In some cases, direct or indirect links are made at as many as 19 stations for an
event pair, even though the CC at station NN24 is below the 0.6 threshold. This observation is
common at all stations and shows that indirect links, even though missed by a standard cross-

correlation detection, are still meaningful and should be used to form event families.

We find that the most inclusive, yet robust, metric for forming event families at the Newberry
site is a CC threshold of 0.65 and linkage at a minimum of 6 stations. These criteria limit
inclusion of events in more than one family with minimal manual processing.

Analyzing the waveforms shows that indirectly linked events are qualitatively similar to
reference-event waveforms, even though CC did not exceed the threshold. Figure 6 shows 6

events in the family of reference event 47 recorded on 3 stations. The similarity of directly linked
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waveforms (white background) is evident. Similarity of indirectly linked waveforms (gray
background) is also apparent, but low signal-to-noise ratio (SNR) for the child-event waveforms

results in low CC.

Figure 7, on the other hand, shows that high CC at one station does not guarantee similar
waveforms at other stations. The CC at NN24 for events 43 and 52 is 0.72, which is high for this
data set, yet differences in waveforms at other stations are apparent. Even though a direct link is
established at station NN24 and waveforms are similar at some of the other stations, signals at
most stations in this example are neither directly nor indirectly linked. This shows the
importance of network-wide assessment of event linkage and the utility of using indirect links as
well. Events 43 and 52 were found to be 1622 meters apart after relocation, confirming the low
significance of the high CC value at station NN24. On the contrary, event 52 is a child of

reference event 47, and events 52 and 47 are found to be 21 meters apart after relocation.

PageRank results for the 2012 stimulation

For the 2012 sequence 16 unique event families with 4 or more events per family are identified.
Many more events form families of just two or three events. The catalog locations, obtained from
a double difference method, show two major clouds of event locations (Figure 3). The deeper set
of events are close to the stimulation target depth where the open-hole (uncased) section of the
borehole is located, and the shallower events are close to unintended breaches in the well casing.

We find that deeper events form 2 event families, and the remaining 14 event families comprise

13



the shallow cloud of seismicity. Six of these families can be seen in Figure 8, where red stars

represent the reference event of each family.

The event families include 141 of the 226 events reported by Foulger and Julian (2013a). A
family of 13 events was omitted because they were found to be over 10 km from the borehole
after relocation. The remaining 72 events either belong to a family of 2-3 events or did not
belong to any family (a singleton). Event singletons are likely to in fact belong to identified
event families, but associated signals are too weak for links to be robustly made. However, we
cannot rule out the possibility that these events are isolated spatially or have unique source

parameters.

Relocations

We relocated all events simultaneously to determine the best average velocity model, which in
this case was defined by the velocity at the surface, velocity gradient as a function of depth, and
P-wave/S-wave velocity ratio. We then used the best average model with station-specific travel
time corrections to relocate each event family individually. A zero-mean prior on the average
station corrections maintains resolution of absolute event locations. Locating event families
individually ensures that travel-time corrections are optimal for all events in the relocated set. Of
the 141 events in the families, 114 events could be relocated. From this subset, 85 events were
relocated with uncertainty less than 0.09 km. Of the remaining 29 events, 22 are events that
belong to the smallest clusters (2-3 events per cluster) and were relocated together with an

uncertainty smaller than 0.23 km. The last 7 events from this subset belong to the family for
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reference event 163, and for this cluster event locations are not well constrained. For these cases,
poor location accuracy was due to low SNR and low-precision measurements which propagated
into inconsistencies in the differential measurements (refer to Table S1, available in the

electronic supplement of this article for more detail).

After relocation, we find that event families are tightly clustered spatially. This includes events
that were far from one another in the Foulger and Julian (2013a) double difference bulletin (as
shown in Figure 3). Most of the relocated clusters are below the depths of the two breaches in the
well casing, shown by the two dashed black lines in Figure 9. The event sequence starts near the
middle of the deepest open-hole section (Figure 9, deepest gray shaded area) at approximately
2.8 km depth. The initiation of seismicity is along a known lithologic contact (Cladouhos et al.,
2016). Assuming the easiest path for the fluid to flow is along zones of pre-existing weakness,
which is likely to occur at the geologic contact, the locations of these first events make sense.
After a few days, events started to occur at much shallower depths, below leaks in the casing
(black dashed lines, Figure 9). With time, fluid appears to have traveled along the sides of the
borehole and events started to occur at around 1250 m depth between the contact of two basalt
units (second red dashed line, Figure 9) (Cladouhos et al., 2016). Gamma ray logs (Waibel et
al., 2014) show a distinct transition at this depth, which is interpreted as the base of the
Newberry volcanics. Several smaller clusters of events locate close to the upper and lower bound
of the shallowest open-hole section of the borehole (upper-most gray zone in Figure 9). At all
depths, the event locations progressively occur at greater distance from the borehole with time,
as fluid flowed laterally away from the borehole (refer to Movie S1, available in the electronic

supplement of this article for more detail).
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PageRank and Bayesloc Applied to the 2014 Newberry EGS Stimulation

After the casing was repaired (Cladouhos et al., 2016), the Newberry injection well was
stimulated a second time in 2014, generating 407 microseismic events. We followed the same
analysis procedure presented in the previous section to identify event families and relocate each
family independently. Initial catalog locations for microseismic events during the 2014

stimulation occurred in the open-hole depth range of the borehole (Cladouhos et al., 2016).

We identify six event families with 4 or more events. The PageRank reference events for these
six families are shown in Figure 10 (large red stars), including child events that are linked by at

least 6 stations to the reference events.

Three large families dominate the 2014 sequence, the largest one with 140 events (reference
event 82) and the other two with 49 events (reference event 298) and 40 events (reference event
77). These larger families occupy distinct portions of the seismicity cloud, as defined by
Cladouhos et al. (2016). The reference-event 298 family occupies the top of the seismicity cloud,
reference-event 82 family occupies the middle, and reference-event 77 occupies the bottom
(Figure 10, top panels). The other three families (bottom panels in Figure 10) are much smaller
in number, ranging between 4 and 13 events per family. These numbers reflect the total number
of events in each family after enforcing restrictions on the minimum number of phases allowed
per event as explained before. Events comprising the families represent 255 of the initial 400

events. The remainder either belong to very small clusters or no cluster at all. We did not

16



relocate these events due to the low number of clear arrivals and the resulting lack of constraint

on event locations.

Similar to the 2012 data set, the 2014 events are tightly clustered after relocation (Figure 11). Of
the 255 events in event families, about half could be relocated with uncertainty less than 0.08
km. The other half belongs to the largest family (reference event 82) and these were relocated
with an uncertainty less than 0.18 km (refer to Table S2, available in the electronic supplement
of'this article for more detail). Larger location uncertainty for this cluster is the result of low-

precision measurements that cause inconsistencies in the differential measurements.

Geologic contacts interpreted from the borehole lithology (Cladouhos et al., 2016) are
represented in Figure 11 by red dashed lines and the two open-hole sections of the borehole are
shaded in gray. The top of the 2014 sequence is bounded by a geologic contact between an
andesite-basalt unit and a welded tuff at 1800 m depth. Events occur preferentially along
geologic contacts, suggesting high permeability and weakness at contacts. Similar to the 2012
sequence, the 2014 event sequence starts close to the borehole and progresses radially outward
with time. As time progresses, the sequence migrates upward from the deeper portions of the
borehole to the upper-most, open-hole sections of the borehole. Refer to supplementary Movie

S2, available in the electronic supplement of this article for more detail of the time progression.

Discussion and Conclusions
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Waveform correlation coefficient (CC) is a common metric for linking event signals and their
associated events. As explained in the methods section, we link signals associated with a
reference event both directly (CC above a set threshold) and indirectly (both signals are directly
linked to a third signal but not directly linked to each other). Linked events are commonly
inferred to be close to one another and have similar physical properties, such as location and
focal mechanism. In this study we have shown that a data mining technique that exploits the
repetitiveness of seismic signals can be used to group events into families and improve
microseismic characterization. Using phase-windowed cross correlation, we determine precise
differential arrival times for all events in a family. Combining differential times with
conventional phase picks (absolute arrival time measurements), we use the Bayesloc method to
accurately relocate events. We have shown that event families based on direct and indirect links
at many stations form tight event clusters after relocation. Using indirect links allows us to obtain
larger event families and measure more differential arrival times using waveform cross
correlation. Adding this extra information into the location scheme results in a more robust

analysis, accurate event locations, and improved microseismic characterization.

Results from the 2012 stimulation produced 16 distinct event families. After relocation, we show
that the event sequence started in the depth range of the open-hole at a contact between lithologic
units (Cladouhos et al., 2016) at approximately 2.8 km depth. The sequence abruptly jumped to
much shallower depths, close to breaches that developed in the well casing. It appears that fluid
migrated downward along the borehole from the location of breaches, until reaching a geologic
contact at 1.23 km depth where seismicity is observed. Between the dates of November 29 and

December 8, 2012 (correspond to days 18-27 in the supplemental materials Movie S1), when the
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well head pressure was greatest (Cladouhos et al., 2013), events occurred at depths
corresponding to both the open-hole and the casing breaches. After the pressure decreased,
events only occurred at depths associated with the casing breaches. In addition to microseismic
activity migrating in depth, we observe a clear migration of events away from the borehole with
time. Many of the event families are isolated and located an appreciable distance from the
borehole, suggesting that fluid propagated away from the borehole without generating micro-
earthquakes. It is unclear whether cracks opened aseismicially or fluid flowed along pre-existing

zones of high permeability.

Relocation of the 2012 event families shows that the spatial extent and volume affected by the
stimulation was significantly smaller than would be inferred by the bulletin locations. Contrary
to previous studies, our relocations do not represent a large cloud around the borehole, but
activity along a limited number of discrete fractures. A box encompassing the cloud of catalog
locations gives a volume of approximately 2.39 km®. The summed volume encompassing each of
the relocated event families is 0.12 km®, over an order of magnitude smaller in volume. This

result suggests hydroshearing affected a smaller fracture network than previously thought.

Relocation of events associated with the 2014 stimulation clearly show events occurring in the
depth range of the open-hole. We identify several unique event families and most of the events
within these families closely follow lithologic boundaries mapped in the borehole. Most notably,
all relocated events appear to occur below a depth of 1800 m, which is very close to the top of

the open-hole section at a contact between lithologic units. After the pumping started, seismicity
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initiated close to the borehole and then migrated radially away over time (see supplementary

materials Movie S2).

Similar to the 2012 sequence, our results suggest that the stimulated volume was much smaller
than originally thought, which is consistent with the limited increase in fluid flow after the
stimulation (Cladouhos, personal communication). A box encompassing the cloud of catalog
locations gives a volume of approximately 0.5712 km®. The summed volumes encompassing
each of the relocated event families is 0.014 km®. Again, over an order of magnitude smaller in

volume.

Comparing relocations from both stimulations, we find evidence that the 2014 stimulation
reactivated the same fractures that were active early in the 2012 stimulation. Similarity between
two event families, one in 2012 and the other in 2014, is clear in waveforms stacks (Figure 12
(a)); the highest CC between the two stacks is 0.92. This result shows that during the first
stimulation, a fracture in the targeted area was activated when pumping began. Comparing the
relocations from both stimulations at depth (Figure 12 (b) and (c)), we can see that some of the
events in 2012 locate in close proximity to the locations during 2014. Interestingly, the deepest

cluster of micro-seismicity extends further from the borehole in 2012 than in 2014.

Unlike standard clustering methods (i.e. dendrogram analysis) that use a daisy chain approach to
form event clusters based on pair-wise direct links, PageRank assesses event linkage more
completely by simultaneously analyzing direct and indirect links between all events. We find the

PageRank method useful for characterizing microseismicity if network configuration provides
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sufficient azimuthal coverage to assure that radiated energy is similar for event families. Given
the ease of implementing PageRank, speed and success in cluster/family identification, as well as
the benefits it offers to event relocation, PageRank can become a powerful tool for characterizing
the subsurface as the data sets get larger. With further development, automating the PageRank

process could aid in real time decision making related to EGS productivity.

Data and Resources
NMB-prefix’ surface stations were deployed and operated by LLNL during the 2012 stimulation.
All other surface and borehole data were provided by AltaRock Energy Inc. All data are

available upon request.
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Figure 1: Map of the Newberry EGS site and location of stations used in the analysis. Color
indicates the depth at which the borehole sensors are installed, where dark blues are shallow
stations and light blues are deeper stations. The red star indicates the location of fluid injection
well NWG 55-29. NMB sites were borehole seismometers operating from 11/2011 to 6/2013.
NM sites were surface seismometers operating from 8/2012 to 6/2015. And NN sites are
borehole seismometers operating from 8/2012 to 6/2015, except NN21 and NN19 which are still

operating as part of the Pacific NW Seismic Network (PNSN).

28



PROCESSING DIAGRAM

Full waveform

.

(Cross Correlation)
Rule: QC>0.65 )

v

Direct Links

—_

Indirect Links

e e
(PageRank) (M! 6+ stations)

Ref Evs

Family

Phase CC

Differential Times

Relocations
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Figure 3: The effect of increasing correlation-coefficient (CC) link threshold on PageRank

processing. (a) Events linked to reference event 47 for CC threshold ranging from 0.55 to 0.75.

The red star is the location of the reference event. Larger circles and warmer colors indicate

linkage to the reference event for a larger number of stations. Gray dots are events that are not

linked to the reference event at any station. All events are plotted at the location of the Foulger

and Julian (2013a) bulletin. (b) Same as (a) but for reference event 11.
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are at least 6 linking stations. Color and size represent the number of stations that link the event
to master event 47 (see scale in Figure 2). (c) Relocation of the event family formed using direct

and indirect links (right panel) show that locations are indeed tightly clustered.
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Figure 6: Seismic traces recorded at three different stations for reference event 47 (red), and six

events in the event family (black). Direct links (CC>= 0.6) have white background, and indirect

links have gray background. Indirect links are characterized by low signal-to-noise, but the

overall similarity of waveforms for these events across the network gives confidence that the

events belong to the reference event 47 family.
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text for discussion.
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Figure 9: Event relocations for the 2012 stimulation. Two panels on the left are depth cross
sections and the large panel on the right is a map view. Color scale shows the time progression.
Red dashed lines represent lithologic unit boundaries (units 1 through 7) from Cladouhos et al.
(2016). Gray shaded areas represent the depths of the open hole (uncased). Lithologic units from
Cladouhos et al. (2016) are (1) Basalt-debris flow, (2) Basalt andesite-basalt, (3) Welded lithic
tuff, (4) Tuff, (5) Basalt basalt-andesite, (6) Micro-crystaline granodiorite, and (7) Basalt. Gray
stars represent catalog locations from Foulger and Julian (2013b). (Refer to Movie S1 in the

supplementary materials for further detail).
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colors and larger circles specify the number stations that link to the PageRank reference event.
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Figure 11: Event relocations for the 2014 stimulation. Two panels on the left are depth cross
sections and the large panel on the right is a map view. Color scale shows the time progression:
note the 27-day gap. Red dashed lines represent lithologic unit boundaries (units 3 through 7) as
labeled in Cladouhos et al. (2016). Gray shaded areas represent the depths of the open-hole
(uncased). Gray stars represent catalog locations from Cladouhos et al. (2016). Same lithologic

units as shown in Figure 8 (Refer to Movie S2 in the supplementary materials for further detail).
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Figure 12: (a) Comparison of event stacks at 5 stations for the deep event families in 2012 (red)

and an event family in 2014 (black). (b) and (c) Event relocations at depth for 2012 (red) and

2014 (gray). Red dashed boxes show events used to create the waveform stacks in the left panel.

See text for discussion.
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Supplementary Materials

This material contains two tables showing mean standard deviations for locations of each cluster
during each of the stimulations and two time progression animations of the relocated events

during each of the stimulations.

List of Table Captions

Table S1: Mean Standard Deviations for Relative Location Statistics, 2012 Stimulation
Table S2: Mean Standard Deviations for Relative Location Statistics, 2014 Stimulation

List of Other Files

Movie S1: Time progression in days of all relocated events for the 2012 Newberry EGS
stimulation. Time scale represents number of different days relative to the first event in the
sequence. Red dashed lines represent lithologic unit boundaries (units 3 through 7) as labeled in
Cladouhos et al. (2016). Gray shaded areas represent the depths of the open-hole (uncased) and
black solid lines represent the start and end of the open hole sections. Gray stars represent

catalog locations from Cladouhos et al. (2016). Same lithologic units as shown in Figure 8.

Movie S2: Time progression in days of all relocated events for the 2014 Newberry EGS
stimulation. Time scale represents number of different days relative to the first event in the
sequence. This does not include the 27 day gap shown in Figure 11 of the manuscript. Red
dashed lines represent lithologic unit boundaries (units 3 through 7) as labeled in Cladouhos et
al. (2016). Gray shaded areas represent the depths of the open-hole (uncased) and black solid
lines represent the start and end of the open hole sections. Gray stars represent catalog locations

from Cladouhos et al. (2016). Same lithologic units as shown in Figure 8.
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Table S1: Mean Standard Deviations for Relative Location Statistics, 2012 Stimulation

Cluster # Mean X sd Mean Y sd Mean Z sd

27 0.0013 0.0022 0.0040

47 0.0021 0.0030 0.0062

56 0.0026 0.0024 0.0070

76 0.0024 0.0021 0.0089

86 0.0041 0.0066 0.0111

92 and 79 (deep) 0.0358 0.0885 0.0432
126 0.0132 0.0219 0.0652
139 0.0020 0.0025 0.0052
143 0.0020 0.0032 0.0060
160 0.0030 0.0036 0.0072
163 4.3320 7.2816 4.4896
Small 0.0980 0.1219 0.2290
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Table S2: Mean Standard Deviations for Relative Location Statistics, 2014 Stimulation

Cluster # Mean X sd Mean Y sd Mean Z sd
77 0.0156 0.0226 0.0331
80 0.0053 0.0073 0.0138
82 0.1629 0.1759 0.1613
227 0.0170 0.0122 0.0276
292 0.0040 0.0034 0.0083
298 0.0407 0.0449 0.0768
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