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ABSTRACT

In a geothermal field, microseismicity is used to monitor subsurface conditions, especially in a geothermal reservoir. Hypocenter location
can provideus with information about existing fractures as well as permeable zones. Therefore, the fracture network model based on real
data sets benefits reservoir modeling. This study uses microseismic clustering analysis to build the fracture network model for Okuaizu
Geothermal Field in Japan. The microseismic monitoring has been operated using nine seismic stations, consisting of five surface stations
and four borehole stations. However, the previous study focused on the triggering process during injection, and the fracture sy stem of this
field has not been well understood. In this study, we analyzed microseismic data to get a more precise hypocenter location using the
extended period of data during the reinjection process from 2019 to2021. First, we located the absolute locations for 8,199 events with
manually picked P-and S- wave arrival information with a homogeneous seismic velocity model. The more precise 4,235 locations were
relocated using Growcust. M ost of the seismic activity triggered during reinjection was concentrated at the bottom of the reinjection well.
We limited the relocation results using cross correlation (CC) above 0.6 and filtered using a frequency of 5-20 Hz. Using a hierarchical
clustering algorithm, Growclust, we also successfully identified some clusters in the northeast and southern parts of the injection well,
which have the same trend as the NNE-SSW fault. The cluster results also correlate with microseismicity distribution by time.

1. INTRODUCTION

Microseismic monitoring has several purposes in the geothermal industry, such as reservoir characterization, production optimization,
detection and mitigation of induced seismicity, and reservoir management. During water injection into geothermal reservoirs, it is essential
to monitor the migration of the water to avoid cooling the reservoir and to recover steam efficiently. For this purpose, microseismic
monitoring has been widely used to estimate the spatiotemp oral behavior of reservoirs (Hopp et al., 2020; Kwiatek et al., 2019; M ukuhira
et al,, 2013). We can extract the location of the seismic event triggered during the injection process from microseismic monitoring. The
hypocenter location is estimated based on information on seismic station location, travel time from the earthquake source to the stations,
and velocity model. Hypocenter location can provide us with information about existing fractures. M ore generally, seismicity induced in
geothermal fields can provide field-scale environments in which faulting and fluid flow interactions can be studied where the geology is
well known (Rutledge et al., 2004). Gettinga precise location is very important so we can estimate the location of permeable fractures.
Therefore, relocation techniques such as the double-difference algorithm as applied to the various geothermal fields to improve the
hypocenter determination such as in Tarutung-Indonesia (Muksinet al., 2014), Torre Alfina-Italy (Braun et al., 2018), Kakkonda-Japan
(Okamoto et al., 2022), and Hengil-Iceland (Grigoli et al., 2022). For example, the Basel field with a 20-m error suggested that the precise
locations (errors on the order of 10! m) can be estimated from the evolution of microseismic events (Asanuma et al., 2008).

In many such reservoirs, especially in low-porosity rocks, fracture networks can be the main pathways for the injection/extraction of these
fluids (Gale et al., 2014; Vidal and Genter, 2018). However, since the fracture networks are typically located too far below direct access,
such a characterization is challenging. Different approaches, including outcrop mapping have addressed it, evaluating well logs and drill
cores, stochastic and geomechanical modeling (Lei et al., 2017), or, like in this study, analyzinginduced seismicity. Imaging the fracture
network by microseismicity analysis has the advantage that it provides 3-D information directly about the reservoir (Koepkeet al., 2020).

This study will focus on Okuaizu Geothermal Field (OGF), one of Japan's largest hydrothermal geothermal fields (Figure 1). The OGF
reservoir comprises a complex fracture systemand is dominated by steam. Active microseismicity relates to fluid flows in the geothermal
reservoir and the background tectonic faulting. Several studies have been conducted in this field to investigate the triggering process of
microseismic events during injection test activity in2015 (Okamoto et al., 2018, 2020, 2021). They found a complex structure of possible
flow paths (Okamoto et al., 2018). The triggering process created a cluster in the first post-termination period of injection and in the
second post-termination period was inactive due to insufficient pore-pressure migration derived from lower well bottom pressure
(Okamoto et al., 2020). Previous studies have not focused on the fracture systemin OGF, which makes the fracture systemin this field
still questionable. Therefore, this study aims to build a fracture network model using microseismic data analysis. This paper will also
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claborate on how the microseismic events are clustered to identify the fracture network using Growclust (Trugman and Shearer, 2017).
The algorithm uses cross-correlation information to identify similar waveforms, and these events are then considered close to each other,
most likely on the same fracture (Moriyaet al., 2002). Clustering techniques can be applied to the microseismic events to understand the
spatial distribution of fractures and identify any patterns or clusters that might be related to the fracture network.

2. DATA AND METHOD

2.1 FieldOverview

The OGF is located 10 km west of the Aizu Basin, 10 km east of Numazawa caldera, and about 50 km behind the volcanic front of the
northeast Japan arc, which is associated with the westward subduction of the Pacific Plate along the Japan Trench. Geothermal
manifestations include hot springs over 90°C, HS and CO» gas discharge, hydrothermal alteration, and abandoned sulfur and clay mines.
This field is characterized by rhyolitic volcanism of about 0.3—0.2 M athat formed Sunagohara volcano. Drill core geology indicates that
volcanism began with a caldera-forming eruption in the center of this field, creating a 2-km-diameter funnel-shaped caldera. Subsequently,
a fault-bounded block, including this caldera, subsided to form a 5-km-wide lake that accumulated lake sediments. Post-caldera volcanism
formed lava domes and intrusions within the lake and deposited ash-flow tuffs in and around the lake. The hydrothermal system of this
field is strongly controlled by sub-vertical faults that have no relation to the volcanism. The principal production zone occurs at a depth
of 1.0-2.6 km within fractured Neogene formations along two NW-SE trending faults, Chinoikezawa and Sarukurazawa. These faults
also formed fracture zones in the lake sediments, but there was no apparent offset of the sediments. Stratigraphic studies suggest that post-
caldera activities of the Sunagohara volcano have migrated southeastward to the present high-temperature zone. The source magma of the
Sunagohara volcano may contribute to the thermal potential of this field (Mizugaki, 2000). In this seismically active region, a seismic
event with amagnitude of4.9 occurred on October 12, 2009 (before the water injection test), which was concluded as a natural earthquake
independent of the geothermal development. There were four seismic events with local magnitude (M )> 2.7 in this region since 2016:
My 3.6 (January 13,2017), M 3.6 (January 21, 2018), M 2.7 (August 17, 2019), and M 2.8 (August 17,2019). In addition, two seismic
events with M, 2.3 occurred on October 9, 2020, within several seconds at almost the same location. We considered these two seismic
events as one seismic event with M 2.5. There were five seismic events with M >2.5 since 2016, which seemed to occur regardless of
the water injection operation (Okamoto et al., 2021).

As part of the "Technology to Evaluate and M anage Geothermal Reservoirs" project conducted by the Japan Oil, Gas and M etals National
Corporation JOGMEC) (e.g., Okabe et al. 2016), a continuous water injection (without pressurization; the average wellhead pressure
during injection was 0.17 M Pa) test was conducted in the Okuaizu Geothermal Field (OGF), Fukushima, Japan. The injection tests were
performed from June to August 2015 to prevent the reduction in steam production. The total amount of injected fluid was ap proximately
1.2 x 10° m®. During the initial stage of the test (days 0—60), the injection rate was 50 m*h (1.39 x 10—2 m’/s); in the final stage (day 60
to the end of injection), the rate was 70 m*h (1.94 x 10—2 m®/s). It took roughly ten days from the start of the injection before the injection
rate was stabilized to 50 m*/h. Figure 1 shows the injection well and the injection points, which are indicated by the green line and blue
circles, respectively.
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Figure 1: Map of the Okuaizu Geothermal Field (Okamoto et al., 2020).

2.2 Data

Nine seismic monitoring networks with sampling rates of 1,000 Hz, consisting of four borehole stations and five surface stations, were
installed to cover the seismic activity during the fluid injection process (Figure 1). The surface and borehole sensors are Trillium Compact
Posthole 20 s (Nanometrics Inc.) and F41-15.0 (International Earth Sciences IESE Ltd.), respectively, and the logger is the Centaur digital
recorder (Nanometrics Inc.). Continuous seismic records are transmitted to a National Institute of Advanced Industrial Science and
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Technology server in real time. Hypocenters are routinely determined by the manual selection of P-wave arrivals. At most, the residuals
in P-wave travel times for the estimated hypocenters are 100 ms (~ 10%-m error in the spatial domain). The lower limit of the detectable
local seismic magnitude is approximately — 2.0 (Okamoto et al., 2018). During the injection test, roughly 1000 microseismic events were
detected. The borehole stations were installed at a depth of 280-390 m, and the surface stations were buried at several meters. This study
used data from 2019 to 2021. In this area, regionally, shallow soft layers (e.g, Vs < 1000 m/s) were deposited only at a depth of
approximately 50 m, and the lower layer (VS = 2250 m/s) extended to a depth of more than 2000 m. For simplicity, we employed a
uniform velocity structure for P and S waves (Vp = 3900 m/s, Vs = 2250 m/s) following previous studies (Okamoto et al., 2018, 2020).

2.3 Method of hypocenter determination

Hypoinverse has been widely used to determine the absolute location of the earthquake (Freid, 2002). The hypocenter determination
process employs a non-linear least squares algorithm to invert the hypocenter location. It also evaluates the uncertainty in hypocenter
determination. In this research, the P- and S-wave arrivals were picked manually. A homogenous elastic wave velocity structure (Vp =
3900 m/s and Vp Vs = 2250 m/s) for OGF was employed for the hypocenter determination. From all the events determined by
Hypoinverse, we extracted reliable seismic events based on root mean square (RMS) criteria of travel time less than 0.2 s and the
hypocenter depth below 6 km. We removed all the events with "D" remarks by Hypoinverse and only used A, B, and C. Then, we relocate
hypocenter locations using the hierarchical clustering algorithm (Growclust) (Trugman and Shearer, 2017). Growclust is a new alternative
relocation method as part of the standard seismological analysis. The method uses input differential travel times, cross-correlation values,
and reference startinglocations and applies a hybrid, hierarchical clustering algorithm to simultaneously group and relocate events within
similar event clusters. The cluster results can help us define any cluster related to any fracture. We used the same velocity model that
applied to Hypoinverse to predict travel times and calculate differential times between earthquakes to relocate them. A maximum station
distance of 5 km and a maximum RM Sdifferential time residual of 0.2 s for cluster merger is used in the Growclust algorithm. We use
cross correlation above 0.6. To be considered in later analysis, relocated earthquakes must have P- and S-phase rms residual differential
less than 0.2 s, and contain five or more events in its respective Growclust branch, and five or more phase differential times used in the
relocation.

2.4 Waveform similarity evaluation

We use the cross correlation method to provide a better travel time difference as input data to Growclust (Deichmann and Garcia-
Fernandez, 1992). Cross correlation can remove the potential bias from human detection in the catalog pick and provide more objective
and precise travel time difference detection, which leads to better hypocenter location. The similarity of the two waveforms is evaluated
with cross correlation, and their lag time between two events is used as differential time. The similarity of the waveforms is checked for
all possible pairs of events on the same station and component. Kwiatek et al. (2014) find that thebest average precision of hypocenters
is obtained for a range of the cross-correlation coefficient between 0.6 and 0.75. However, selecting the highest possible threshold (0.75)
significantly reduces the number of data used (Bulut et al., 2011). Waldhauser and Schaff (2008) concluded that a cross-correlation
coefficient of 0.7 was a threshold to avoid substantial outliers based on the Northern California Seismic Network data. They used a 1 s
time window and a 1.5-15 Hz band-pass filter. In this study, we corrected P- and S-wave arrival with cross correlation in 5-20 Hz, as
shownin Figure 2, with a time window of 0.05 s before P-and S-wave, and 0.2 s and 0.3 after P-and S-wave, respectively. We calculate
all the cross-correlation pairs based on absolute location waveform information for all the stations. We use the vertical component to
correct P-wave and the horizontal component for S-wave.
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Figure 2: Examples of waveforms around P-wave arrival recorded YAE(06. The Left shows the manual pick results, and the right
shows the comparison with cross correlation corrected pick results
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3. RESULTS AND DISCUSSION

We successfully located 8,199 absolute locations using data from January 2019 to September 2021 (Table 1) and removed bad events
with a “D” remark by Hypoinverse and located above 6 km. All the locations have RM S errors below 0.2 s, corresponding to spatial errors
around 200 m. We plot all the events to see how they change over time (Figure 3). The biggest seismicity recorded was in the middle of
November 2020, with almost reaching 180 events in a day. On average, we recorded about 20-40 events per day. M ost microseismic
events are concentrated near the bottom well (Figure 5-7). However, some events are in the unreasonably shallow part, which could be an
artifact. Entire microseismic events show a very cloud-like distribution, and no apparent seismic structureis presented.

Table 1: Information about total events located by Hypoinverse and Growclust, the parameter of cross-correlation event pair,
and median horizontal error (EH) and vertical error (EV) by Growclust

Year Hypoinverse Event pairs CC event pairs Growclust Median EH Median EV
2019 2,929 75,285 567,480 1,353 36 m 23 m

2020 2,880 313,640 2,438,831 1,386 38m 22 m

2021 2,390 181,202 1,372,229 1,496 42 m 28 m

Total 8,199 570,127 4,378,540 4,235
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Figure 3: Frequency of microseismic events detected for each day from 2019 until 2021.

Figure 4 shows the cross-correlation result at station YAEO6 and the ratio of cross-correlation calculation. The results show that cross-
correlation results at this station have a cross correlation value above 0.6, around 48%, and only 1% cross-correlation value above 0.9.
This ratio correlates with the complexity of the reservoir structures. Before we relocate the absolute location using Growclust, we try
using HypoDD, but the code cannot handle a big cross-correlation data. We relocate the event hypocenters using Growclust for 4,235
events, or about 52% of absolute locations, using 4,378,540 cross-correlation event pairs (Table 1). The seismic cloud gets tight in general.
With these improvements, the RM S error was also improved below 0.01 s with a mean spatial error around 36 m and 23 m for horizontal
and vertical 2019 events, respectively. The 2020 and 2021 results also give almost the same error number. The seismic distribution is also
not as scattered as the Hypoinverse results. If we compare the CC pairs for each year, the number for 2019 is the smallest, with 567,480
event pairs. Data from 2019 have 51 clusters, the biggest cluster, followed by data in 2020 with 45 clusters and data in 2021 with 32
clusters. The cluster number is two times smaller if we set the events number for each branch forten events. This can be why some events
trigger minor fractures with less than ten events.

We found that the relocation results for 2019 (Figure 5) and 2021 (Figure 7) almost have the same pattern: thebig cluster focuses on the
northern part of the injection well. But for the 2020 results, the seismic events decreased in this area and increased in the southern part of
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the injection well (Figure 6). Seismic distribution in the injection well's northeast part is considered an existing fault with direction NNW-
SSE (New Energy Development Organization, 1997). Okamoto et al. (2020) also found two significant clusters using 3-month data during
an injection test in2015 and compared it with tomography results. They suggested that the area has higher velocities than the surrounding
area, and between those two clusters identified as a highly permeable fracture. The cluster results also significantly correlate with
microseismicity distribution by time (Figure 8). For example, a cluster from 2020 events in the northeast part of the injection well (shown
by the green color in Figure 6). The big cluster during that period triggered around October and November (Figure 3) and has the same
fault trend as the NNW-SSE fault in the area. Figure 8 also confirms that the microseismic distribution in the OGF has two significant
clusters located in the northeast part and southern parts of the injection well.
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Figure 4: Cross-correlation matrix at station YAE06 2021 (left) and the ratio of cross correlation from station YAE06 (right).
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Figure 5: Absolute location of microseismicity in 2019 located using Hypoinverse (left). The red triangles are seismic stations, and
the greenline isan injection well. Right: Hypocenter distribution relocated using Growclust for 2019 data. Different colors
show different clusters. The green color is the big cluster with 314 events.
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Figure 6: Absolute location of microseismicity in 2020 located using Hypoinverse (left). The red triangles are seismic stations, and
the green line is an injection well. Right: Hypocenter distribution relocated using Growclust for 2020 data. Different colors

show different clusters. The green color is the big cluster for 840 events.
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Figure 7: Absolute location of microseismicity in 2021 located using Hypoinverse (left). The red triangles are seismic stations, and
the green line isan injection well. Right: Hypocenter distribution relocated using Growclust for 2021 data. Different colors
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Figure 8: Microseismic distribution by time from the top view of 2019 (left), 2020 (middle), and 2021 (right).

5. CONCLUSION

In this paper, we located three years of data on seismic events from 2019 to 2021 using nine stations, consisting of four borehole stations
and five surface stations. To get a precise location, we successfully relocated 52% of absolute locations using Growclust. To be considered
in later analysis, we use cross correlation above 0.6; relocated earthquake must have P- and S-phase rms residual differential less than 0.2
s and contain five or more events in its resp ective Growclust branch and five or more phase differential times used in the relocation. The
relocation results show two big clusters in the northeast part of the injection well and the southern part of the injection well. Some of the
big cluster show structurein the direction of NNW-SSE. The cluster results also show a big correlation with microseismicity distribution
by time.
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