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ABSTRACT 

To image supercritical water reservoirs, we propose the use of the following methods: distributed acoustic sensor (DAS) for the 

borehole, surface seismic array, active or passive seismic sources, and full-waveform inversion. To evaluate our approach, we carried 

out a feasibility study in the Medipolis geothermal field located in Kyushu Island, Japan. We deployed an optical fiber down to a 

depth of 977 m in the borehole. Using distributed temperature sensing mode, the measured temperature at a depth of 914 m was 264 

°C. We obtained 4.5 days of continuous seismic data using DAS and surface seismometers. The DAS data were obtained every 1 m 

from the depth of 977 m to the ground surface. We observed seven natural earthquakes. The sensitivity was comparable with the 

surface seismometer measurements, which suggested that the optical-fiber deployment in the exiting borehole could provide 

reasonable coupling to the borehole casing. We obtained the apparent interval Vp profile along the borehole. Estimated interval Vp 

exhibited large discrepancies for cases between the north and south incidents. Earthquakes in the south demonstrated lower Vp of 

approximately 3.0 km/s from a depth of 1,000 m to the wellhead. On the other hand, earthquakes in the north exhibited Vp of 4.5 

km/s at a depth of 1,000 m and 3.0 km/s in the shallow part. The discrepancies could be explained when the deviation in the borehole 

and the incident angles and azimuths were considered. No distinct seismic attenuation was observed even in the high-temperature 

zone, and Vp in the high-temperature zone was estimated to be 3.0 km/s. A P-to-S converted phase was evident on the surface 

seismometers, which could indicate the presence of a conversion zone around the 4-km depth beneath the Medipolis geothermal field. 

We also identified kicks that traveled at 5 km/s, probably through the casing pipes. The cause of the kicks is being analyzed. 

1. INTRODUCTION 

Geothermal energy has become one of the most important energy sources. Supercritical water has attracted the attention of the 

geothermal community as an important future renewable-energy source in the world (Dobson et al., 2017; Reinsch et al., 2017). In 

Japan, the New Energy and Industrial Technology Development Organization (NEDO) is promoting supercritical geothermal 

exploration as an important future energy source. Kasahara et al. (2018a) examined the possibility of using supercritical water as 

geothermal energy for electric power. In the Kakkonda geothermal field in Japan, the scientific drilling of WD-1a geothermal well in 

1995 revealed that the temperature was above 500 °C at the depth of 3,800 m (Muraoka et al., 1998). Because the critical points of 

pure water are 373.95 °C and 22.064 MPa, the Kakkonda well was believed to reach the supercritical condition at the depth of 3,800 

m, although it appeared to be unfortunately dry (Muraoka et al., 1998). On Earth, many geothermal fields exist that show conditions 

close to the supercritical point of water or above (Dobson et al., 2017; Reinsch et al., 2017). The drilling well in Larderello, Italy 

demonstrated 507–517 °C at the depth of 2.9 km, but it is in a dry state (Bertani et al., 2018). A question remains whether the drilling 

in Larderello reaches the K-horizon or not (Rabbel, 2019). Therefore, learning the physical properties of potential supercritical zone 

before and/or during the drilling using other methods than drilling is important.  

Knowing the physical properties of a geothermal reservoir without drilling is difficult. Recently, in enhanced geothermal systems 

several efforts have been exerted to use a fiber-optic distributed temperature sensor (DTS) and distributed acoustic sensor (DAS) 

technologies (Hartog, 2017; Patterson, et al., 2018; Mellors et al., 2018; Trainor-Gutton, et al., 2018). The DTS method senses the 

temperature using the Raman or Brillouin scattering modes of light in the optical fiber. The DAS method senses the strain (strain 

rate) using the Rayleigh scattering mode, which represents the backscattering of an input laser light due to seismic-wave arrivals 

(Hartog, 2017). The sensing interval is quite short, which is within a few meters. Because the temperature at the supercritical point is 

373.95 °C, ordinal seismometers cannot be used in the deeper part of the borehole. DAS, which uses an optical fiber, can be used in 

high-temperature conditions of as high as 500 °C, although coating the fiber using an appropriate skin is necessary to avoid hydrogen 

invasion. 

For imaging of oil and gas reservoirs, we use the backpropagation method such as the time-reversal method (Kasahara and Hasada, 

2016) where a receiver array acts as pseudo-seismic sources and DAS to provide dense seismic sources in the imaging of supercritical 

water reservoirs. In our approach, we design the method using active and/or passive seismic sources as well as the DAS and full-

waveform inversion (FWI) method (Kasahara et al., 2018b, c, 2019a) (Figure 1). We can image the temporal change in the 

supercritical water caused by the migration in geothermal reservoir and perform hydrofracturing to create new geothermal reservoirs 
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and generate geothermal heat. Therefore, we propose the seismic time-lapse technology to learn the physical properties of a 

supercritical water reservoir. 

In 2017–2018, we evaluated the quality of DAS data in the field and recognized that DAS could provide comparable seismic signals 

similar to ordinal seismometers, although the current DAS sensitivity is slightly less compared with the seismometer sensitivity 

(Kasahara et al., 2018c, d). Even though we are aware of this disadvantage, DAS can still provide very dense data, namely, an interval 

of a few meters. 

 

Figure 1: Seismic monitoring method to image natural and/or man-made supercritical reservoir(s) using borehole seismic 

source, DAS array in the borehole, and surface seismic array. 

To determine the physical properties using the observed data, we carried out simulations using the FWI method assuming active 

seismic sources and natural earthquakes (Kasahara et al., 2018b, 2019a). The physical properties such as Vp, Vs, and density in the 

reservoir were clearly revealed when the active seismic source was at a depth of 2 km and the distance from the DAS array was 3 

km. We also studied natural earthquakes as seismic sources to image deep-seated igneous intrusions at the deep of 4 km. We clearly 

illustrated the image of the intrusion (Kasahara et al., 2019a), but the assumed values of Vp, Vs, and density were not fully retrieved 

(Kasahara et al., 2018c).  

To evaluate the usefulness of our approach in a real geothermal field, we carried out a feasibility study in the Medipolis geothermal 

field located in Kyushu Island, Japan, in November 2018 (Figure 2). In this study, we did not use an active seismic source but used 

natural earthquakes that occurred near the geothermal field. 

  

Figure 2: (Left) Japanese islands and (blue circle at the bottom) Medipolis geothermal field. (Right) Medipolis geothermal 

field at the upper right. The IK-4 well is indicated by a blue dot, and the surface seismometers are indicated by red 

triangles. The seismometer spacing is 100 m. The maps are from GSJ. 

2. FEASIBILITY STUDY AT THE MEDIPOLIS GEOTHERMAL FIELD 

The Medipolis geothermal field was studied by NEDO (NEDO, 2008, 2009, 2010). The 3D view of the five wells in this geothermal 

field studied by NEDO (2008, 2009, 2010) is shown in Figure 3. The temperatures at depths of 700 and 1,000 m are higher than 

200 °C. We used the IK-4 well. Currently, three active wells are present: IK-1 well for production, IK-3 well for reduction, and IK-

4 well for observation. We used the IK-4 well for the DTS and DAS measurements. The Medipolis geothermal power plant generates 

1.4 MW using the binary system. The depths of the three wells are 1,500 m. The wellheads of IK-1 and IK-4 are only a few tens of 

meters apart. The bottoms of the two wells are only 200 m apart. Steam is continuously produced during the DAS study. The steam 

production is taken from a depth of 1,200 m in the IK-1 well. The IK-4 well is vertical down to 500-m deep and deviates toward the 

west from the depth of 500 to 1,500 m. 

The feasibility study was carried out in November 2018. An optical fiber was deployed down to the depth of 977 m in the IK-4 

borehole. The upper 240 m of the borehole was filled with air, and the rest was filled with water. The gauge length of the DAS 
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processing was 4 m, and seismic data at every 1 m were continuously obtained for 4.5 days at 1-kHz sampling. We also installed 20 

sets of 3C short-period seismometers on the ground surface in the study field (Figure 2). The length of the surface seismic array was 

2 km at a 100-m interval. 

 

Figure 3: Temperature distribution based on five well data (NEDO, 2010). The temperatures at 700 and 1,000 m are higher 

than 200 °C. 

3. RESULTS OF THE FEASIBILITY STUDY AT THE MEDIPOLIS GEOTHERMAL FIELD 

3.1 Results of temperature measurement 

Before the DAS data acquisition, we measured the temperature at DTS mode from a depth of 0 to 977 m in the borehole using the 

same fiber-optic cable as the DAS. Figure 4 shows that the maximum temperature was 264 °C at 914 m. This temperature was 

approximately the same as the measurement in 2008 (NEDO, 2010).  

 

Figure 4: Temperature profile obtained by the DTS mode in the observed borehole. (Right) Measured temperature 

distribution in the borehole. The temperature at the depth of 914 m in the borehole was 264 °C. The DAS system used 

the same optical fiber with a 1-m-interval data acquisition. (Left) casing plan. 

http://fb.eage.org/index/guidelinesforauthors?p=103
http://fb.eage.org/index/guidelinesforauthors?p=103
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3.2 Results of the seismic measurements 

We conducted the seismic measurement using the DAS mode and ground surface seismometers. Two of the surface seismometers 

near the production wellhead showed very large artificial noise of 30 and 57 Hz, but such noise was not observed by the DAS in the 

borehole.  

For 4.5 days of continuous monitoring by DAS, we observed seven natural earthquakes from M = 0.8 to M = 5.2 (Table 1 and Figure 

6). Two examples of the observed earthquake records (EQ5 and EQ1) are shown in Figures 6 and 7, respectively. The first arrivals 

of P of both earthquakes were observed at the entire depth from 977 to 0 m at every 1-m interval.  

Table 1: List of earthquakes observed by DAS for 4.5 days. The area is shown in Figure 5. 

 

 

Figure 5: Seven natural earthquakes in 2018 (Table 1) were observed by the DAS and surface seismometers in the geothermal 

field. A: near Tanegashima (EQ5), B: near Tanegashima (EQ6), C: Kagoshima Bay (EQ1, EQ3), D: near Tokara 

(EQ2), E: Ohsumi Peninsula (EQ4)), and F: east of Ohsumi Peninsula (EQ7)). The Medipolis geothermal field is 

located in the (blue circle) southern end of Kyushu Island. The map is from GSJ. 

 

Figure 6: DAS records of EQ5 (M = 5.2) that occurred with recorded 100-km focal distance and 123-km focal depth. The 

vertical axis depth is from (top) 0 m to (bottom) 977 m. The horizontal axis indicates the arrival times in seconds. The 

P–S time of this earthquake is approximately 17 s. The part of the S arrivals is not shown in this figure.  

Origin time Latitude Longitude Depth(km) Magnitude Area
EQ1 2018/11/20/03:16 28.7 31°23.6'N 130°37.1'E 10 1.4 C
EQ2 2018/11/20/19:34 52.2 29°21.5'N 129°48.4'E 65 4 D
EQ3 2018/11/20/22:02 42.3 31°24.2'N 130°34.3'E 14 0.9 C
EQ4 2018/11/20/23:09 01.5 31°30.0'N 130°42.4'E 119 2.3 E
EQ5 2018/11/21/04:09 49.9 30°24.0'N 130° 9.0'E 123 5.2 A
EQ6 2018/11/21/04:59 29.1 30°26.9'N 130° 9.1'E 123 3.1 B
EQ7 2018/11/21/17:49 18.0 31°19.3'N 131°42.7'E 22 2.7 F
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We recognized the surface-reflected arrivals of the EQ5 earthquake (Figure 6). EQ1, which occurred at 15-km focal distances (Figure 

7 in the left) showed similar amplitude of the P first arrivals as the UD component in the surface seismometers. The S arrivals of EQ5 

(M = 5.2) observed by the surface seismometers were 17 s later than the first P arrivals, but we were not able to identify the S arrivals 

in the DAS records in this event. EQ6, which was an aftershock of EQ5, showed similar waveforms. For EQ1 (Figure 7), the phase 

around the S arrival in DAS was probably an S phase. Although the temperature at the depth of 914 m was 264 °C, any distinct 

attenuation of the observed seismic waves was not observed in both earthquakes. 

 

Figure 7: (Right) DAS records of EQ1 (M = 1.4, C in Figure 5). The horizontal axis indicates the depth in meters, and the 

vertical axis indicates the arrival time in seconds from 03:16, November 20, 2018. (Left) surface seismometer records. 

Each of the UD, NS, and EW is at a 1.9-km distance with 100-m spacing. The first P arrivals are identified from the 

depths of 977 to 200 m in the DAS records. The phase around the S arrival in DAS is probably an S phase. 

 

Figure 8: Observed DAS waveforms around the P arrivals in the six earthquakes. The red lines indicate the smooth fitting of 

the P arrival-time pickings to estimate the interval velocities. 

We obtained the apparent interval Vp profile using the DAS records (Figures 8 and 9). A summary of the interval Vp profile is shown 

in Figure 10. Vp of the earthquakes from south of Medipolis between 200 and 977 m was approximately 3.0 km/s. On the other hand, 

the earthquakes from the north demonstrated velocities between 4.5 and 3.0 km/s in the depth range.  

Kagoshima Bay EQ1

East of Ohsumi Peninsula EQ7

Near Tanegashima EQ5

Near Tanegashima EQ6

Near Tokara EQ2

Ohsumi Peninsula EQ4



Kasahara et al. 

 6 

 

Figure 9: Results of the apparent interval Vp profile of the six earthquakes. The vertical and horizontal axes in each figure 

denote apparent interval Vp in km/s and the depth in meters, respectively. Green line: Vp obtained by the first arrivals 

fitted by smooth curves. Red line: mean Vp from the bottom to the shallowest depth. Blue line: Vp obtained by the 

picking of arrival times. EQ1 and EQ4 come from the north, and EQ2, EQ5, EQ6, and EQ7 come from the south. 

 

Figure 10: Summary of the apparent Vp depth profile of the six earthquakes. The line numbers correspond to the EQ numbers 

in Table 1. Two earthquakes (EQ1 and EQ4) exhibit larger velocity gradients with depth than those in the earthquakes 

from the south. Three earthquakes from the south (EQ2, EQ5, and EQ6) display an almost constant velocity of 3.0 

km/s. 

 

To explain the discrepancies in apparent interval Vp between the earthquakes from north and south, we evaluated the effect of the 

borehole deviation [shown in Figure 11 (left)]. The borehole deviation to the west started from a depth of 500 m, and it reached 70 

m in the south. The azimuths of the incident seismic waves were from north to south corresponding to the earthquakes. We considered 

that Vp of the surrounding layer was 3.0 km/s for the depths from 0 to 1,000 m. When the seismic waves came from the south 

(azimuth 0°) with incident angle of 16°, apparent interval Vp was distributed between 3.15 km/s at the depth of 1,000 m and 3.0 km/s 

at the wellhead. When a similar case occurred in the north (azimuth 180°) and a 16° incident angle, apparent Vp was distributed 

between 3.5 and 3.1 km/s. When the incident angle was 30°, the Vp variation was between 4.3 and 3.5 km/s. Although we evaluated 

the ray paths in all earthquakes, the incident angles strongly depended on the hypocenters and shallow velocity structures near the 

borehole. Thus, the correct incident angles were difficult to estimate. Considering these problems, the current results shown in Figure 

10 could be explained by the effect of the well deviation. 

Kagoshima Bay EQ1 Near Tanegashima EQ5 Near Tokara EQ2

East of Ohsumi Penisula EQ7 Near Tanegashima EQ6 Ohsumi Peninsula EQ4
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Figure 11: (Left) NS and EW deviations of the IK-4 borehole. The borehole deviates toward the west from the depth of 500 

m to the bottom of the borehole (1,500-m deep). (Middle) We consider the case where Vp of the surrounding layer is 

3.0 km/s. The apparent travel times from the bottom to the wellhead are shown at three incident angles and four 

different azimuths of the natural earthquakes. The azimuths of EQ2, EQ5, and EQ6 are approximately 0°, and those 

of EQ1 and EQ4 are approximately 180°. Two incident angles between 16° and 30° are considered. (Right) Apparent 

interval Vp profiles corresponding to the middle. 

 

In some earthquake records, some surface seismometers showed a large arrival of the EW and NS components at 0.8 s after the first 

P arrivals of the vertical component (e.g., EQ5 in Figure 12). Similar phenomenon was often seen by the OBS observations (Kasahara 

et al., 1982). Such phase was interpreted to be a P-to-S conversion by the layer boundary between soft sediment and a hard-rock base. 

The large amplitudes of the horizontal components observed in this study were also considered as P-to-S conversion phases. The 

synthetic waveform estimation verified that this was caused by the P-to-S conversion at the Vp/Vs = 3 zone at an approximate deep 

of 4 km (Kasahara et al., 2019b).  

 

Figure 12: Possible P-to-S conversion arrivals seen in EQ5 observed by the surface seismometers. (Far left) DAS records. The 

vertical axis denotes the arrival time in seconds, and the horizontal axis denotes the distance. (Middle) UD component 

of the vertical component by the surface seismometer. (Far right) Surface seismometer records of UD, NS, and EW 

components. Each surface seismometer is located at 100-m spacing. Large amplitude arrivals are identified in the NS 

and EW components approximately 0.8 a after the first P arrivals observed in the UD component records.  
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A tremor-like noise was observed at a deep of approximately 350 m, and it disturbed the earthquake arrivals. Numerous kick-like 

events were observed (Figure 13). The earliest time suggested that the origin of events did not have the same depth for numerous 

events. One example of the kicks is shown in Figure 14. The duration time of this kick was very short. The earliest arrival was 

observed at 620 m and traveled upward and downward at 5 km/s. This velocity suggested that the seismic wave traveled through the 

casing pipes. The cause of the kicks could be acoustic emission or some extremely small bubbling.  

 

Figure 13: DAS 45-s-long records. The vertical axis indicates the depth, and the horizontal axis represents the time. The 

numerous vertical bars show the kick events.  

 

Figure 14: Enlargement of one of the kicks. The original depth of this kick is approximately 620 m and propagates upward 

and downward at 5 km/s.  

4. DISCUSSION AND CONCLUSIONS  

We carried out a feasibility study using the geothermal well in the Medipolis geothermal field. We measured the temperature and 

seismic waves in the IK-4 borehole down to a depth of 977 m using the DTS and DAS modes with the same optical fiber. The highest 

temperature was 264 °C at a depth of 914 m. In the DAS mode, we observed seven natural earthquakes that occurred near the Kyushu 

Peninsula. The sensitivity was comparable with that read by the surface seismometers. The result suggested that the optical-fiber 

deployment in the exiting borehole could provide reasonable coupling to the borehole casing. However, the S phase was not always 

detected because the incident angle of the earthquakes and the borehole were almost vertical. In addition, although we observed seven 

natural earthquakes, the incident angles of all earthquakes were almost vertical, and no reflected phases were observed from the deep 

intrusive body.  

We estimated the apparent interval Vp profile using the records. The estimated interval Vp profile exhibited large discrepancies for 

cases involving north and south incident earthquakes. The south incident earthquakes exhibited lower Vp of approximately 3.0 km/s 

from the depth of 1,000 m to the wellhead. On the other hand, the north incident earthquakes exhibited Vp between 4.5 and 3.0 km/s 

at a depth of 1,000 m. The discrepancies among the earthquakes could be explained when we considered the deviation in the IK-4 

well and the incidental angles and azimuth.  

No significant attenuation in the P arrivals was observed in the DAS records around the highest temperature zone at the depth of 914 

m. Between 800 and 977 m, the interval Vp profile in the borehole was 3.0 km/s, and it appeared to be less or not affected by the 

high-temperature zone. The reason for these results might be explained by the longer wavelength of the natural earthquakes because 

the dominant frequency of P was approximately a few hertz, the wavelength was on the order of kilometers, and the thickness of the 

high-temperature zone appeared to be less than a kilometer. If we use the higher frequency components provided by any sweep-type 

seismic source, we could observe the velocity dispersion depending on the thickness of the geothermal reservoirs.  

The surface seismometer records suggested the presence of P-to S-converted waves, and the conversion could happen just below the 

Medipolis field. By using a large-size active seismic source, we could obtain the PP or PS reflection from the possible P-to-S 

conversion zone.  

Tremor-like vibrations occurred at the depth of approximately 350 m. The cause of this tremor is under investigation. Numerous kick-

like events were observed. The depths of the kick-like events were variable, and their cause needs further investigation. 
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