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ABSTRACT
To investigate the imaging capability for supercritical water reservoir as one of the future geothermal energy sources, we performed
simulations using the full-waveform inversion (FWI) method. We studied three cases: one using buried active source(s), one
involving a more realistic case that considered the Medipolis geothermal field, and one using nearby natural earthquakes as passive
seismic sources. In the first case, we assumed a borehole active seismic source at a depth of 2 km combined with seismic arrays at
the surface and in the borehole, observation well, and horizontal well. The distributed acoustic sensor (DAS) was used as an array
sensor in the borehole, which provided extremely dense seismic data. The FWI result showed very precise location, shape, and
physical properties (Vp, Vs, and density) of the reservoir model. In the second case, almost all of the location and shape of the
assumed reservoir were retrieved, but the physical properties were not well retrieved. The cause of these results was probably due
to the aperture coverage of the observed system. In the third case, we examined the occurrence of nearby natural earthquakes. This
case demonstrated reasonable location and shape of an igneous intrusion. However, the physical properties inside the intrusive body
were not well retrieved, probably due to the limited locations of the assumed natural earthquakes. In a future field study, we will
use both active and passive sources to obtain better imaging of supercritical water reservoirs. We believe that a supercritical water
zone can be well imaged using the combination of the FWI method, active seismic sources, adequate natural earthquake data, DAS
seismic array(s) in the borehole, and ground surface seismic array. However, retrieval of the physical properties of reservoir(s) can
be controlled by the aperture of a seismic observation array.
1. INTRODUCTION
Supercritical water has attracted the attention of the world geothermal community as important future renewable energy. In the
Kakkonda geothermal field, scientific drilling of the WD-1a geothermal well revealed that the temperature was higher than 500 °C
at a depth of 3,800 m, and the water was believed to be in a supercritical state (Muraka et al., 1998). IDDP-1 (Dobson et al., 2017;
Reinsch et al., 2017) and IDDP-2 (Friðleifsson et al., 2017) in Iceland and Larderello in Italy (Bertani et al., 2018) are some other
examples. Because of the increase in the energy consumption in Japan, geothermal energy has become one of the most important
energy sources. In Japan, the New Energy and Industrial Technology Development Organization (NEDO) is promoting the
development of supercritical geothermal sources for future energy source. As part of the NEDO supercritical project, we examined
the possibility of using supercritical water as an alternative new energy source (Kasahara et al., 2018b, Suzuki et al., 2018). In
particular, we focus on determining the location, thickness, and shape of supercritical water reservoirs and their physical properties
such as Vp, Vs, and density.
In our approach, we plan to use active and/or passive seismic sources, distributed acoustic sensor (DAS) technology for receivers,
and the full-waveform inversion (FWI) method for data analysis (Kasahara et al., 2018a). For imaging of oil and gas, we have used
the backpropagation method such as the time-reversal method (Kasahara and Hasada, 2016) in which a receiver array acts as
pseudo-seismic sources. The optical fiber in the DAS system can sense acoustic vibrations caused by seismic waves (Hartog, 2017).
Because the DAS system provides seismic data at every few meters along the optical-fiber length, DAS can provide dense pseudoseismic sources for imaging of supercritical water reservoirs. In 2017, we evaluated the usefulness of the DAS method for
geothermal purposes and found that the sensitivity was slightly lower than that of ordinary seismometers. However, the system
could provide an extremely dense seismic array with a sensor interval that was as short as a few meters (Kasahara et al., 2018a,
Hasada et al., 2018). The optical fiber can be used up to 500 °C, but even geophones in a dual flask cannot be used in such hightemperature conditions for days.
Learning the physical properties and migration with time of supercritical reservoir(s) are very important to retrieve heat from these
extremely hot reservoirs. We propose to employ the seismic time-lapse technology to learn the physical properties of supercritical
water zones as well as their location, thickness, and shape and to monitor their temporal change. In the seismic-reflection survey,
the seismic-migration method is frequently used. Recently, the FWI method has been applied for subsurface imaging. The FWI
method used in this study is similar to the time-reversal or backpropagation technique based on the reciprocal principle of Green’s
function. In the seismic-reflection imaging, the FWI method, not the time-lapse method, has been applied to 3D seismic data. To
estimate the physical properties at the target zone, we apply the FWI method to investigate supercritical water. Many FWI studies
have been conducted (Tarantola, 1984, 1986; Virieux and Operto, 2009; Tromp et al., 2005; Alkalifah, 2016; Schuster, 2017). In
our current FWI study, we use the adjoint method developed by Tromp et al. (2005) to image supercritical reservoirs and retrieve
the change in their physical properties. In this method, the sensitivity kernels for bulk modulus, rigidity, and density can be
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obtained using the adjoint method through backpropagation and cross-correlation. By using these sensitivity kernels of elastic
constants and density, we can calculate the sensitivity kernels of Vp, and Vs for the inversion process. In our FWI simulations, we
use the active and passive seismic sources and DAS system in the borehole as well as the ground surface seismometer array.
In 2018 November, we carried out a feasibility study in the Medipolis geothermal field located in the southern part of Kyushu
Island, Japan (Kasahara et al., 2019a). During this period, we observed distinct waveforms of natural earthquakes on the surface
geophones. The vertical component showed the first P arrivals, and the horizontal components showed large arrivals at
approximately less than 1 s later although the vertical component did not show such arrivals. The general explanation of such
characteristics could be the P-to-S conversion that occurred at the interface between a soft sedimentary layer and a basement rock
layer. Kasahara et al. (2019b) interpreted the waveforms observed at the Medipolis geothermal field as a P-to-S conversion at a
depth of 4 km beneath the test field. In the present study, we evaluated the possibility of detecting reservoirs that possibly caused
such P-to-S conversion using the active seismic source method with FWI.
2. FWI MODELS
In the present study paper, we examine three FWI cases. FWI model-1 represents a case of active seismic source located in the
downhole at a depth of 2 km (Figure 1; 3-km-distance source location). We assume a buried seismic source at a depth of 2 km. We
examine three source locations and reconstruct the image. We use a 1-km long × 200-m thick supercritical reservoir at a depth of 4
km. We assume the following physical property changes: ΔVp = −5%, ΔVs = −5%, and Δρ = −2%. For the borehole seismic
receivers, we use an optical-fiber DAS system. We employ one of the DAS technologists to provide the strain rate at 1-kHz
sampling (Hartog, 2017).

Figure 1: FWI model-1. (Green rectangle) A rectangular (1-km wide and 0.2-km high) supercritical water reservoir is
assumed at a depth of 4 km. (Yellow circle) A buried seismic source 3 km from the drilling borehole (Well-1) is
examined. Three DAS systems are considered, namely, the drilling borehole (Well-1), observation borehole (Well-2),
and horizontal borehole (Well-3), beneath the assumed reservoir. (Blue line annotated as surface) A ground surface
geophone array is also used (the red rectangle shows the area used in the FWI).

Figure 2: FWI model-2. Evaluation of the field study on whether a 4-km deep reservoir can detect a P-to-S conversion or
not. (Green rectangle) A 500-m long and 100-m thick rectangular reservoir is located at a depth of 4 km. No density
change is assumed. (Yellow circle) A vertical single force is applied at 6-km distance from the left edge of the model.
Vp/Vs = 3 in the assumed reservoir. The red rectangle shows the area used in FWI.
FWI model-2 is a more realistic case, which reflects the Medipolis geographical conditions. We use a vertical single force applied
at 6-km distance from the left side. A 500-m long and 100-m thick reservoir is assumed at a depth of 4 km. By using the P-to-S
conversion arrivals observed in the 2018 Medipolis experiment, we estimate the Vp/Vs of the reservoir (Kasahara et al., 2019b).
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The forward simulation shows that the amplitude ratio of the first P arrival versus the P-to-S conversion phase is explained by
Vp/Vs = 3 (Kasahara et al., 2019b). In FWI model-2, Vp/Vs = 3 in the reservoir is assumed. DAS in the borehole and surface
geophone array are assumed to be installed in the Medipolis geothermal field. However, we consider the horizontal components
using DAS because a helical fiber will be introduced in the future.
In FWI model-3, we examine the application of nine natural earthquakes as seismic passive sources surrounding an igneous
intrusion, although this is also an idealistic case (Figure 3). In this case, the top of the igneous intrusion is located at a depth of 4 km.

Figure 3: FWI model-3. (Yellow circles) Nine natural earthquakes surrounding (green area) an igneous intrusion. (Blue
lines) Ground surface geophone array and a DAS in the borehole at a depth of 4 km are used in FWI. The red
rectangle shows the area used in FWI.
3. RESULTS OF THE FWI SIMULATIONS
3.1 Results in the case of buried active source in FWI model-1
The study model is shown in Figure 1. Figure 4 shows examples of the waveforms obtained by all receiving points in Figure 4. The
top of the figure shows the surface seismometers, DAS systems in the two vertical wells (well-1 and well-2), and horizontal
borehole (well-3). The residual waveforms before and after the change in the physical property change are shown at the bottom in
Figure 4. The waveform changes at the surface seismometer array are small, which suggest that the contribution of this array is less
significant for imaging. When we examine the usefulness of the horizontal borehole, we recognize that it is highly effective for this
inversion.

Figure 4: (Top) (left) horizontal and (right) vertical component waveforms of the geophones at the surface, DAS in the
borehole (well-1), DAS in the observed borehole (well-2), and DAS in the horizontal borehole (well-3) in each
diagram. (Bottom) Residual waveforms of the horizontal and vertical components before and after the change. The
vertical axis in each diagram shows the travel time in seconds. The source location is at 3-km distance from the
drilling well (see Figure 1).
Although three sources, which are located at 1, 3, and 5 km from the drilling borehole, are evaluated, the case at the 3-km distance
shown in Figure 5 exhibits the best results among the three cases. The assumed rectangular shape of the reservoir is almost
retrieved. After several iterations by FWI, the Vp, Vs, and density values are retrieved as 4%, 4%, and 2%, respectively, with
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almost exact location, thickness, and satisfactory physical property values. However, FWI model-1 is too idealistic because the
seismic sources are buried at a depth of 2 km and one horizontal and two vertical wells are used in the inversion.

Figure 5: Simulation result of FWI model-1 for the source location at 3-km distance from the drilling borehole. Left to
right: Vp, Vs, and density.
3. 2 Results of FWI for Model-2
We examine the usefulness of our seismic study for realistic seismic source(s) and seismic receivers, as presented in FWI model-2.
Using FWI model-2, we generate synthetic waveforms, as shown in Figure 6. Intense PS and SS reflections appear on the
horizontal component at the right-hand side of the surface geophones. PP and PS reflections appear in the vertical component of the
surface geophones. On the other hand, PS and SS are observed in the shallow part of the horizontal component. DAS in the deeper
part exhibits PP and PS reflections.

Figure 6: Residual waveforms between the uniform initial model and true model of FWI model-2. Relatively small P and
large PS phases are observed in the horizontal components. Vp/Vs = 3 in the reservoir, which is obtained by forward
modeling to generate the P-to-S conversion. PP, PS, and SS phases are observed in the reservoir. PP, PS, SS are
reflected phase at the reservoir.

Figure 7: Result of the first stage of FWI model-2 shown at the center. The true model is shown at the right. The initial
model is shown at the left. No density change is assumed.
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We apply two stages for the inversion. The first stage mainly focuses on the location and shape. Figure 7 shows the result of the
first stage. The location of the assumed reservoir appears to be well retrieved. Using the results of the sensitivity kernels in the first
stage, we create the second-stage model, as shown in Figure 8. The final result of FWI model-2 is shown in Figure 9.

Figure 8: Sensitivity kernels at the first stage of FWI model-2. By combining the three sensitivity kernels, we develop the
location and shape of the second stage, as shown at the bottom (right).

Figure 9: Result of the final results of FWI model-2 shown in the center. The true model is shown in the right column. The
initial model of the second stage is shown at the left.
3. 3 Results of the natural earthquakes used as seismic sources (FWI model-3)
We investigate the usefulness of natural earthquakes for imaging of reservoirs. An igneous intrusion is assumed, as shown in Figure
3. Nine natural earthquakes are used as passive seismic sources. Because some natural earthquake activities have been identified
just beneath the Medipolis geothermal field, which was the site of the feasibility study, we investigate this case. Unfortunately,
however, appropriate seismic activity did not occur during the 2018 feasibility study in the southern Kyushu geothermal field.
The result of FWI model-3 is shown in Figure 10. The retrieved Vp values of the igneous intrusion are concentrated in the intrusion,
but a strong smearing zone is identified. Vs in the igneous intrusion is imaged only at the top of the intrusion, and the inside part of
the intrusion is not imaged. The density imaging result is similar to the Vp result. By considering the results of this simulation,
5
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imaging that uses natural earthquakes appears to be more difficult than the case that uses active sources although the energy
imparted by earthquakes is much larger than that by the active sources.

Figure10: Simulation result of the natural earthquakes in FWI model-3 shown in Figure 3. Top left: Vp. Top right: Vs.
Bottom: density.
4. DISCUSSION AND CONCLUSIONS
To examine the possibility of imaging supercritical water reservoirs, we carried out three FWI simulations. In FWI model-1, we
assumed a borehole seismic source at a depth of 2 km and used the combination of seismic arrays at the surface and in the borehole,
observation well, and horizontal well. DAS was used as the array sensor in the borehole, which provided extremely dense seismic
data. The result of FWI model-1 showed adequate retrieval of the precise location, shape, and physical properties (Vp, Vs, and
density) of the reservoir in the model. However, the contribution of each receiver was not fully investigated.
Considering an actual test situation such as that in the Medipolis geothermal field, we could not use a horizontal well and/or two
vertical wells. FWI model-2 reflected more realistic field conditions similar to those in Medipolis. The results of FWI model-2
demonstrated reasonable location and shape of the assumed reservoir, but the assumed physical properties were not well retrieved.
The Vp values were better than the Vs values. The reason for the poor retrieval of the physical properties could be probably
attributed to the limited aperture of the observed system. Further studies of the receiver and source locations are necessary.
The result of FWI model-3 was less effective than that of FWI model-1. Because we cannot choose the locations and sizes of
earthquakes, the use of natural earthquakes for imaging is a bit difficult. However, if we can employ sufficient natural earthquakes,
the contribution could be large because the energy supplied by earthquakes is large.
This simulation did not include a noise test. However, if we use ACROSS, which was proposed by Kasahara and Hasada (2016),
the background noise can be separated from the source signal using the spectral-comb method. In addition, stacking of data for long
duration drastically enhances the S/N. We could use several weeks of data for imaging. Practically, more quantitative evaluation
will be needed in the future.
In an actual situation, many factors control the imaging results. One of these factors is the distribution of the supercritical zone. A
low-velocity zone might cause scattering of seismic waves. Geology and fractures also strongly affect the imaging.
In conclusion, we believe that the shape and location of supercritical water zones can be identified using the FWI method, seismic
observation using active and/or appropriate passive seismic sources, and optical-fiber DAS seismic array. However, retrieval of the
physical properties of reservoir(s) can be affected by the aperture of a seismic observation array.
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