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Abstract 

A continuous water injection test was conducted to halt the reduction in steam production in the Okuaizu Geother-
mal Field, Japan. Understanding the factors triggering microseismicity associated with water injection is essential 
to ensuring effective steam production. We identified possible triggering processes by applying methods based on 
microseismic monitoring, including a new method to determine the presence of water in local fractures using scat-
tered P-waves. We found that the evolving microseismicity near the injection point could be explained by a diffusion 
process and/or water migration. We also found that local microseismicity on a remote fault was likely activated by 
stress fluctuations resulting from changes in the injection rate. A mediator of this fluctuation might be water remain-
ing in the fracture zone. After the injection was terminated, microseismicity possibly associated with the phase transi-
tion of the liquid was found. We conclude that a variety of triggering processes associated with water injection may 
exist.
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Introduction
During water injection into geothermal reservoirs, it is 
important to monitor and control migration of the water 
to avoid cooling of the reservoir and to recover steam 
efficiently. For this purpose, microseismic monitoring 
has been widely used to estimate the spatiotemporal 
behavior of reservoirs (e.g., Fehler et al. 1987; Baria et al. 
1999). Asanuma et al. (2008) determined the locations of 
microseismic events in a seismic cluster in Basel, Swit-
zerland, with a 20-m error using the double-difference 
(DD) method (Waldhauser and Ellsworth 2000) and sug-
gested that the precise locations (errors on the order of 
101 m) of pore-pressure migration can be estimated from 
the evolution of microseismic events. The assumption 
of diffusion in fluid-saturated rocks (Shapiro et al. 1997) 
established a relationship between microseismic events 
and the water front (Shapiro et al. 2002). In the diffusion 

model, microseismic events are thought to be triggered 
by linear pore-pressure relaxation due to a Biot slow 
wave propagating through a poroelastic fluid-saturated 
medium. Shapiro and Dinske (2009) developed a theory 
regarding a linear/nonlinear diffusion process. In addi-
tion, several studies attempted to clarify pore-pressure 
migration by including the selective water flow in per-
meable fractures and faults (hereafter referred to as the 
water flow model) (e.g., Evans et  al. 2005; McClure and 
Horne 2011; Mukuhira et al. 2016).

To evaluate possible triggering processes, determina-
tion of the presence or absence of water and its migration 
around microseismic events is necessary. However, this 
cannot be determined directly without real-time excava-
tion, which is seldom feasible owing to cost and time lim-
itations. Knowledge of the presence or absence of water 
is also important in assessing the effect of water injec-
tion on the original seismicity (e.g., whether and how 
injection affects its activity). Such estimation enables us 
to distinguish fluid-triggering events and background 
natural seismicity and should lead to a better under-
standing of the relationship between them. We employed 
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high-resolution mapping of microseismic events as well 
as a new method to determine the presence or absence 
of water in fractured rocks using the scattering of direct 
P-waves. Combining these results with information on 
the well-bottom pressure and temperature, we were able 
to discern the behavior of the injected water and estimate 
possible triggering processes for the microseismicity 
associated with injection.

Outline of the injection test and microseismic 
monitoring in the Okuaizu Geothermal Field
As part of the “Technology to Evaluate and Manage Geo-
thermal Reservoirs” project conducted by the Japan Oil, 
Gas and Metals National Corporation (JOGMEC) (e.g., 
Okabe et  al. 2016), a continuous water injection (with-
out pressurization; the average wellhead pressure dur-
ing injection was 0.17  MPa) test was conducted in the 
Okuaizu Geothermal Field, Fukushima, Japan, from 
June to August 2015 in an effort to stop the reduction 
in steam production. The total amount of injected fluid 
was approximately 1.2 × 105 m3. During the initial stage 
of the test (days 0–60), the injection rate was 50  m3/h 
(1.39 × 10−2 m3/s); in the final stage (day 60 to the end of 
injection), the rate was 70 m3/h (1.94 × 10−2 m3/s) (see 
Fig. 1a). It took roughly 10 days from the start of injec-
tion before the injection rate was stabilized to 50  m3/h. 
Figure  1b–d shows the injection well—called the Test 
Well in this study—and the injection points, which are 
indicated by the green line and blue circles, respectively. 
The injection target area was a heating zone in the geo-
thermal field.

Five stations on the surface and four stations in bore-
holes (shown in Fig.  1b–d) have been deployed around 
the Test Well since 2015 as part of the project. These sta-
tions possess three-component broadband accelerom-
eters or velocimeters. Continuous seismic records are 
transmitted to a National Institute of Advanced Indus-
trial Science and Technology server in real time, and 
hypocenters are routinely determined by manual selec-
tion of P-wave arrivals. The residuals in P-wave travel 
times for the estimated hypocenters are, at most, 100 ms 
(~ 102-m error in the spatial domain). The lower limit of 
the detectable local seismic magnitude is approximately 
− 2.0. During the injection test, roughly 1000 microseis-
mic events were detected.

Hypocenter determination by the 
double‑difference method and an overview of the 
detected microseismic clusters
We employed cluster analysis of microseismic events 
to determine the precise locations of the events associ-
ated with the injection test. The analysis was applied over 
three periods: (1) for 1 month before the start of injection 

(Phase 1), (2) for 3 months during injection (Phase 2), and 
(3) for 3 months after the injection ended (Phase 3). Clus-
ters of microseismic events were identified by cross-cor-
relation of the waveforms (e.g., Schaff et al. 2004) of the 
up-down (UD) component in the 40–80  Hz frequency 
range of the borehole sensors. The relative difference in 
the time of arrival of the P-waves in a cluster was calcu-
lated on the basis of the cross-correlation to create the 
input for the DD method. The spatial residuals were on 
the order of 101 m after the hypocenters were relocated; 
the centroid of a cluster was that for routine hypocenter 
determination.

The microseismicity that occurred in Phase 1 in an area 
northeast of the Test Well (see Fig. 1b) is considered to be 
on an existing fault [the geometry of the fault is as speci-
fied in New Energy Development Organization (1997)]. 
Two seismic clouds (Mqs1 and 2; see Fig. 1c) were seen 
in Phase 2. The microseismic events in Mqs1 occurred 
near the injection point in the initial stage of Phase 2 and 
subsequently spread toward a shallower part. Mqs2 likely 
occurred on the existing fault on which the microseismic 
events were concentrated in Phase 1. In Phase 3, the seis-
micity of Mqs1 and 2 became low, and Mqs3 occurred in 
an area northwest of the Test Well (see Fig. 1d).

Analyses to estimate triggering processes of the 
microseismic clusters
Our cluster analysis results suggest that the occurrence of 
Mqs1 and the activation of Mqs2 were probably associ-
ated with the injection. However, the triggering processes 
for these occurrences and for Mqs3, which was newly 
activated after the injection ended, are still unknown. We 
examined the possibility that either the diffusion model 
or the water flow model could explain the triggering fac-
tors for Mqs1–3. Stress fluctuations due to injection 
rate changes and the phase transition of water were also 
considered possible triggering factors in our analyses. 
However, other factors such as chemical reactions and 
thermal effects were not considered.

Methods
We calculated the spatiotemporal distribution of the 
events to evaluate the diffusion model [r =

√
4πDt , r 

distance, t time, D hydraulic diffusivity, Shapiro et  al. 
(1997)]. Because it is difficult to suppose that the entire 
reservoir is isotropic, owing to the presence of faults and 
fractures, we applied the diffusion equation to clusters 
Mqs1, 2, and 3. The injection point was set as the origin 
(r = 0) for all the clusters.

The spatiotemporal variation in the presence of water 
needs to be examined to evaluate the water flow model. 
In this model, we reveal selective water flow through 
fractures or faults. We estimated the changes in elastic 
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wave velocity in fractured rocks using the variation in 
seismic waveforms before and after water injection and 
investigated whether water was present. We employed 
a theoretical method to calculate the P-waveforms of a 
target earthquake on the basis of the Born approxima-
tion considering PP, PS, and SP scattered waves (Sato 
1984). In the calculation, a fault and station pair can be 
deployed at arbitrary locations in a randomly inhomo-
geneous semi-infinite medium (Yoshimoto et  al. 1997). 

The fault parameters (strike, rake, and slip angles) and 
seismic magnitude are given. The inhomogeneous 
medium is described by the spatial autocorrelation func-
tion R(r) = ε2exp(−r/a), where r is the distance, ε is the 
strength of the fluctuation of the elastic parameters, and 
a is the correlation distance of the fluctuation. We con-
sider that the local heterogeneous conditions are a func-
tion of the parameters ε and a (a is determined by ka = 1, 
where k is the wavelength). P codas can be synthesized 

Fig. 1  Injection rate and hypocenter maps for microseismic events. a Injection rate of water. The horizontal axis shows the number of days from 
the start of injection; b–d hypocenter maps for b before the start of injection (Phase 1), c during injection (Phase 2), and d after the end of injection 
(Phase 3). The red and white triangles mark seismic stations on and below the surface, respectively. The green line shows the trace of the injected 
well (Test Well); the blue circles show the injection points
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from the theoretical power spectral densities for PP, 
PS, and SP conversion. By fitting theoretical waves to 
the observed waves, the parameter ε can be estimated 
[details appear in Okamoto and Tsuno (2015)]. In this 
study, we assumed that ε = VP

inc./VP
back, and we estimated 

the changes in VP
inc. associated with the injection. Here, 

VP
inc. and VP

back are the elastic wave velocities in fractured 
rocks and in the background medium, respectively. An 
example of the fitting results is shown in Fig.  2a, b. An 
earthquake that occurred during the injection period was 
used for this example. A 0.4-s time window starting at 
0.1 s from the P-wave onset was used (component: UD, 
frequency band: 40–80 Hz). The 0.1-s delay was used to 
avoid contamination by the near-field effect because the 
theoretical calculation assumes the far-field term. The 
spatial distribution of the sensitivity of the P-waves was 
calculated by cross-correlation of the original waveform, 
and its time-reversed signal propagated from a target 
receiver, which is considered a fictitious source (e.g., 
Tromp et  al. 2005). The sensitivity in the time window 
is mainly restricted to the area around the hypocenter 
and the station (Fig. 2c). Because the variation associated 
with the injection may not affect the area near the surface 
(e.g., near the stations), we assume that changes in VP

inc. 
indicate variations in the medium around the hypocenter.

We also conducted a diffraction stack migration of 
reflection waves in S codas to estimate boundaries 
with high-impedance contrast, such as the background 
medium and fractures. For the water flow model, the 
existence of fractures (paths for water migration) is an 
important factor. A constant velocity model was used in 
the calculation. The semblance value of a certain hyper-
bolic trajectory in seismic traces is applied as a weight-
ing factor of the conventional migration to enhance the 
imaging results (Hollman et  al. 1999). When the values 
along the hyperbolic trajectory differ from each other, it 
will return a small value. The factor can enhance only the 
stacking values from the real reflectors while reducing the 
artifacts. Considering that the errors appear as distortion 
of the summation curves with inaccurate positions in the 
simplified velocity model, it is predicted that their effect 
is related to the pulse duration of the extracted signal. 
Our simulation results show that for a 0.1- to 0.2-s pulse 
duration, a position error of less than 300  m will not 
affect the imaging result significantly [details are given in 
Yi et al. (2017)].

Results using the diffusion model
The results for Mqs1 and 2, which occurred in Phase 
2, are shown in Fig.  3a. The microseismic events 
in Mqs1 were consistent with a diffusion process 
(D =  1.0 ×  10−2  m2/s). The evolution of the microseis-
mic events can be explained by pore-pressure relaxation 

by a Biot slow wave. Saturated water appeared to exist 
around Mqs1. The microseismic events in Mqs2 could be 
explained by a diffusion process (D = 2.8 × 10−2 m2/s). 
A characteristic tendency in Mqs2 is that they occurred 
intermittently, in contrast to those in Mqs1. The micro-
seismic events in Mqs3, which appeared in Phase 3 at a 
different location from Mqs1 and 2, seem to be explained 
by a diffusion process (D = 1.8 × 10−2 m2/s, Fig. 3b). All 
the clusters can be explained by the diffusion process. 
Further, Mqs2 and 3 have characteristic tendencies. The 
events in Mqs2 appeared to be associated with injection 
rate changes (Fig.  3c). The seismicity of Mqs3 became 
high after the injection ended. Those tendencies will be 
further discussed in a later section.

Results using the water flow model
Using an earthquake in the reservoir in Phase 1 as the 
reference, changes in VP

inc. were estimated for seven 
earthquakes in Phase 2 and eight earthquakes in Phase 
3. Because the fault parameters are needed for this esti-
mation, the number of available earthquakes was lim-
ited. VP

inc. increased by approximately 30% within Mqs1 
and 10% within Mqs2 relative to the reference (Fig. 4a). 
It seems that gas in the fractured rocks was replaced by 
the injected water or that high-temperature water was 
replaced by the injected low-temperature water, indi-
cating the existence of water flow. The diffraction stack 
migration revealed that Mqs1 and 2 were located at 
either end of a fracture zone (Fig. 4c). The water appeared 
to flow selectively via the fracture zone, as the increase 
in VP

inc. was restricted to the vicinity of the fracture zone.
All the VP

inc. values within Mqs3 were lower than those 
within Mqs1 and 2 (Fig.  4b). They were comparable to 
VP

inc. in Phase 1, suggesting that the local fracture con-
figuration around Mqs3 was similar to that during the 
pre-injection period. One possible scenario is that gas 
was a dominant phase around Mqs3 when the analyzed 
earthquakes occurred. Figure  4d shows a cross section 
along the evolutional direction of Mqs3. Mqs3 appeared 
to evolve in a southwesterly direction (from Group 1 to 
Group 2; the temporal relationship is shown in Fig.  3b) 
within the local fracture, which is located at a depth of 
approximately 1–2  km. The fracture could serve as the 
path for the fluid. Note, however, that VP

inc. indicated an 
absence of the liquid phase around Mqs3. It is difficult to 
explain Mqs3 using the water flow model.

Other possible triggering processes
Figure  3c shows the relationship between the intermit-
tent events in Mqs2 and the pressure change rate per 6 h 
at the bottom of the Test Well (note that the pressure 
was not measured before the 15th day). The results show 
that the majority of microseismic events (77%, or 71 of 
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92 events) occurred within 7 days after the stress fluctua-
tions resulting from the injection rate changes (the four 
7-day intervals are shaded in gray in Fig. 3c). These 7-day 

intervals make up only 39% of the whole. Therefore, 
most microseismic events in Mqs2 appear to be trig-
gered by stress fluctuation. However, the mechanism for 

Fig. 2  Example of scattering analysis. a Location of the earthquake used for the example of scattering analysis; b observed (black line) and theoreti-
cal (red dashed line) waves; c sensitive area of initial P-waves for this example case projected on cross section including hypocenter (shown as 
circle) and receiver (shown as inverted triangle)
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the transfer of the stress fluctuation from the Test Well 
to Mqs2 is still unclear. Several studies (e.g., Häring et al. 
2007; Asanuma et al. 2006; Baisch et al. 2010; Mukuhira 
et  al. 2016) have pointed out that seismic events likely 
occur at the edge of reservoirs after shut-in owing to 
redistribution of the pore pressure at/after the injection 
is stopped. If the stress fluctuation due to the injection 
rate changes has an effect similar to that in the shut-in 

phase, it might be a trigger for the microseismic events 
that occurred at the periphery of the fracture zone (see 
Fig.  4c). If the diffusion process explains the transfer 
mechanism for the stress fluctuation, the hydraulic dif-
fusivity D in the fracture zone would be approximately 
10−1–100 m2/s (the distance between the injection point 
and Mqs2 was roughly 1  km; the time lag between the 
stress fluctuation and the microseismic events was 

Fig. 3  Spatiotemporal distribution of microseismic events. a Results for Mqs1 and 2. The solid and dashed lines show diffusion curves for Mqs1 and 
2; b results for Mqs3 with a diffusion curve. Groups 1 and 2 correspond to the groups of microseismic events shown in Fig. 4d. The horizontal axis 
shows days from the start of injection; the vertical axis shows distance from the initial point; c temporal relationship between Mqs2 and pressure 
change rate at the bottom of the Test Well. The black line shows the pressure change rate (left vertical axis), and the circles show the spatiotemporal 
distribution of the microseismic events (right vertical axis). The length of the shaded areas is 7 days. Gray line represents injection rate in Fig. 1a
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several days). This diffusivity is much higher than the 
actual diffusivity around Mqs1, suggesting that the frac-
ture zone is highly permeable. However, we should note 
that the stress fluctuation was ~ 1 MPa at most. It is thus 
not realistic to consider the diffusion process as the only 
trigger for Mqs2. Other factors caused by the injection 
rate changes may be additional triggers.

It was observed for Mqs3 that microseismic events in 
Group 1 were activated at the time of the phase transi-
tion of the fluid (from the liquid phase to the gas phase) 
at the bottom of the Test Well, which was confirmed by 
the temporal history of the temperature and pressure. 
Combining this fact with the VP

inc. results indicating that 
the fractured rocks within Mqs3 were perhaps domi-
nated by water vapor, we surmise that the activation of 
Mqs3 was associated with phenomena induced by the 
phase transition (e.g., flashed steam from the injection 
point, a change in water volume). However, a causal rela-
tionship between the activation and the phase transition 
is unclear because the time of the phase transition at the 

location of Mqs3 is not available (the temporal history is 
available only for the bottom of the Test Well). Another 
problem is that the available observations (pressure and 
temperature) are not at the location of Mqs3 but at the 
bottom of the Test Well, and we currently do not have 
other evidence for the hypothesis.

Summary and discussion
Table 1 shows the possible triggering factors for Mqs1, 2, 
and 3. We found that Mqs1, which occurred in Phase 2 
near the injection point, was consistent with a diffusion 
process. Scattering analysis revealed that the injected 
water appeared to flow through the fracture zone 
between Mqs1 and Msq2. Because the water flow did not 
induce microseismicity within the fracture zone, analy-
sis of the hypocenter locations alone could not reveal the 
water flow. The scattering analysis was quite useful in the 
interpretation. One possible reason for the absence of 
seismicity is derived from the local stress orientation in 
the Okuaizu Geothermal Field. Most earthquakes in this 

Fig. 4  Estimation of water flows around microseismic clusters. a, b Variation in elastic wave velocity in rock fractures in a Phase 2 and b Phase 3 
compared to the velocity in Phase 1. Velocity variation is shown by the color of each circle. Each circle is at the hypocenter of the analyzed earth-
quakes. c, d Cross sections of the fractures and distributions of microseismic events along the blue dashed line in the horizontal map. Results for c 
Mqs1 and 2 and d Mqs3. The color scales at the top of c and d indicate the probability that a fracture exists
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region have a strike angle along the NE–SW direction, 
although the strike angle of the fracture zone is along the 
SE–NW direction. Fractures in the zone might not slip 
easily.

Mqs2 may have been triggered by the water flow and 
the stress fluctuations resulting from changes in the 
injection rate. It seems that most of the microseismic 
events were triggered by the latter. We consider that a 
major mechanism by which the stress fluctuation prop-
agated from the Test Well to Mqs2 is redistribution of 
the pore pressure, for example, in the shut-in phase. The 
saturated water in the fracture zone could be a media-
tor for the stress fluctuation. In Phase 3, Mqs2 was not 
activated, although the pressure at the Test Well was 
still changing. A possible reason for this inactivity is the 
absence of liquid water in the fracture zone. The water 
had likely been vaporized owing to a pressure drop and a 
temperature rise (as confirmed by data taken at the bot-
tom of the Test Well) or had migrated farther away. Con-
sequently, the stress fluctuation did not propagate. The 
fact that Mqs2 was reactivated during the second injec-
tion test, held in December 2015, supports our hypoth-
esis. Note, however, that it took about 20 days before the 
vaporization was confirmed at the Test Well after the end 
of injection. The migration of the water may also take at 
least several days. Our hypothesis could not explain the 
low seismicity in Mqs2 for several days after the end of 
the injection. An important insight from our study is that 
Mqs2, which occurred on an existing fault during injec-
tion, could be controllable, as it may be caused by injec-
tion rate changes. For instance, avoiding sudden changes 
in the injection rate (e.g., a variation on the order of 10−1 
MPa within several hours at the well bottom) may be a 
possible way to control the activity of Mqs2. However, it 
is necessary to investigate whether a fluctuation of 1 MPa 
or less (the measured value at the well bottom) would 
trigger microseismicity several hundred meters away.

In Phase 3, a new microseismic cluster (Mqs3) was 
detected at a location different from those where Mqs1 
and 2 occurred. The microseismic events could be 
explained by the diffusion process. In addition, Mqs3 

was possibly triggered by a phase transition of water. To 
advance the discussion, the causal relationship between 
the microseismicity and phase transition needs to be 
investigated.

Conclusions
We applied a new method to estimate the temporal vari-
ations in the presence or absence of water in fractured 
rocks using scattered P-waves. The method is based 
on theoretical calculations by the Born approxima-
tion assuming a randomly inhomogeneous semi-infinite 
medium. By fitting theoretical waves to the observed 
waves, the elastic wave velocity in fractured rocks is cal-
culated, and then, the presence of water is estimated. The 
method cannot treat multiple scattering because it is 
based on the Born approximation. Further, only uniform 
structures can be treated. However, these limitations may 
not significantly affect our results because we analyzed 
only the initial portion of the P codas. By combining the 
results with the high-resolution hypocenter determi-
nation yielded by the DD method, it is possible to esti-
mate the presence of injected water around microseismic 
events. Our estimations provided a detailed image of the 
behavior of injected water and revealed that the trigger-
ing processes for microseismic events associated with 
water injection into geothermal reservoirs can differ 
depending on the location and time. We also showed the 
possibility of controlling the induced seismicity on exist-
ing faults. We believe that the knowledge gained from 
our study will lead to efficient steam production and 
optimal use of water injection in the Okuaizu Geother-
mal Field. Further application of our method to other 
geothermal fields will enable us to more fully understand 
the behavior of geothermal reservoirs associated with 
water injection.
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