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Abstract 22 
A wideband magnetotelluric survey was performed in the Sengan geothermal region of 23 
northeastern Japan. A conductor with resistivity of < 30 Ωm was found at a depth of -1.8 24 
km in the Quaternary Kakkonda granite. Microseismic activity was not observed, 25 
suggesting a ductile zone with temperatures exceeding 370 °C. Under these conditions, 26 
H2O-NaCl fluids can exist as two-phase or single-phase types. The permeability of the 27 
upper reservoir surface is between 5.0E-17 and 5.0E-15 m2, indicative of an exploitable 28 
supercritical geothermal reservoir. Our results indicate that this is originated by heat and 29 
water supply system from deep magmatic fluids. 30 
 31 
Keywords: Supercritical geothermal system, magnetotellurics, resistivity, permeability, 32 
magmatic fluids  33 
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1. Introduction 34 
The Sengan geothermal region, located on the volcanic front of the Northeast Japan 35 

Arc, is one of the highest geothermal potential areas in Japan. Two geothermal power 36 
plants (GPP) are currently in operation in the southeastern part of the region, namely 37 
Matsukawa (23.5 MWe), which was the first commercial geothermal power plant in Japan, 38 
and Kakkonda (80 MWe). In the Kakkonda area, Quaternary intrusive granite (Kakkonda 39 
granite) has been found at a depth of approximately 3 km beneath the currently utilized 40 
reservoir. Kakkonda granite is considered the dominant heat source in the Kakkonda area 41 
(Doi et al., 1998); the WD-1a well reached the Kakkonda granite at 2,860 m depth, and a 42 
temperature of 500–510 °C was confirmed at a depth of 3,720 m (Ikeuchi et al., 1998). 43 
The Kakkonda granite is still a cooling intrusive rock whose deeper part is in a state of 44 
partial melting (Doi et al., 1998). 45 

The measured temperature at a depth of 3,100 m in the WD-1a well reached 380 °C 46 
(Ikeuchi et al., 1998). The pressure must be high at such depths, and the pore water in 47 
rocks may be in a supercritical state, possibly forming a supercritical geothermal system 48 
(Okamoto et al., 2019). Supercritical geothermal systems are very high-temperature 49 
geothermal systems located at depths near or below the brittle-ductile transition zone of 50 
the crust, where the reservoir fluid is assumed to be supercritical (Reinsch et al., 2017). 51 
These systems have received much attention in recent years as potential unconventional 52 
geothermal resources because of their very high enthalpy of the component fluids 53 
(Reinsch et al., 2017; Okamoto et al., 2019). However, high-level drilling technology is 54 
required to exploit these resources because of the high temperature and pressure 55 
conditions at depth (3–5 km) and the expected high corrosivity of the fluids (Reinsch et 56 
al., 2017; Yanagisawa et al., 2021). The IDDP2 project in Iceland was the first to reach 57 
supercritical geothermal fluids through drilling (Friðleifsson et al., 2017). The state of 58 
supercritical geothermal fluids and their surrounding conditions are important issues in 59 
research into utilizing such fluids for future power generation. Therefore, it is necessary 60 
to drill test wells to collect data on supercritical geothermal fluids and their reservoirs. As 61 
an important first step, the promising locations of supercritical geothermal reservoirs 62 
must be accurately estimated. It is also necessary to understand the lateral and vertical 63 
extent of potential supercritical geothermal systems to evaluate the available resources. 64 

Resistivity surveys can reveal the distribution of fluids in the subsurface. The 65 
resistivity of rock is sensitive to the amount of pore water it contains as well as pore water 66 
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salinity and temperature. The magnetotelluric (MT) method is a resistivity survey 67 
technique that exploits natural electromagnetic field variations. The resistivity structure 68 
at depths of several hundred meters to several tens of kilometers can be revealed by 69 
measuring the electromagnetic (EM) field variation at many stations on the surface over 70 
a wide area and analyzing the EM fields in a wide frequency band. In recent years, three-71 
dimensional (3-D) inversion of MT data has become increasingly practical (e.g., 72 
Siripunvaraporn et al., 2005; Kelbert et al., 2014; Usui, 2015; Usui et al., 2017), and 3-D 73 
resistivity structures can now be accurately estimated. Indeed, electrically conductive 74 
structures from the deep subsurface to geothermal and volcanic zones have been found in 75 
many locations using 3-D MT surveys (e.g., Ogawa et al., 2014, Bertrand et al., 2015; 76 
Yamaya et al., 2017a, Hata et al., 2018; Karlsdóttir, 2020; Lee et al., 2020; Tsen et al., 77 
2020; Ishizu et al., 2021). In most cases, conductive bodies are interpreted as migration 78 
paths and stagnation zones of magmatic fluids, including saline fluids and partial melts. 79 

Resistivity structures have also been estimated in the Kakkonda area of the Sengan 80 
geothermal region using the MT method (Uchida et al., 2000, 2003; Yamaya et al., 2017b). 81 
These studies have commonly estimated the conductive body corresponding to the 82 
Kakkonda granite. Yamaya et al. (2017b) used MT data similar to those of Uchida et al. 83 
(2003) to estimate the 3-D resistivity structure of the Kakkonda area. These authors found 84 
a significant conductor in the interior of the Kakkonda granite at a depth of 3 km or more. 85 
Yamaya et al. (2017b) suggested that the resistivity values could be explained by the 86 
presence of supercritical geothermal fluids based on their depth and temperature; however, 87 
their analyses did not consider topography, and the areal/lateral coverage of the 88 
observation stations was limited, which prevented them from discussing the structure at 89 
depth in detail. Therefore, MT measurements with observation stations located over a 90 
wider area are required along with an analysis that fully considers the topography. 91 

The purpose of this study is to clarify the location and size of the conductive body 92 
in the Kakkonda granite, which is expected to be a supercritical geothermal reservoir, and 93 
clarify the geothermal fluid supply system in this area by estimating the resistivity 94 
structure in deep and wide areas through MT exploration. In addition, a method for 95 
estimating permeability—an important parameter for supercritical geothermal reservoir 96 
modeling—from resistivity measurements is discussed. Based on the results of these 97 
approaches and on geophysical, geological, and geochemical information, we propose 98 
that the Kakkonda geothermal area is likely to contain supercritical geothermal reservoirs 99 
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that can be used for power generation. Thus, this study provides valuable preliminary 100 
information to inform future test drilling targeting supercritical reservoirs. 101 
 102 
2. Study area 103 

The Sengan geothermal region is located on the volcanic front of the Northeast Japan 104 
Arc (Fig. 1), within which the Kakkonda area has the greatest geothermal potential with 105 
a current installed capacity of 80 MWe. In this area, liquid-dominant reservoirs have been 106 
formed consisting of shallow reservoirs (0–1,500 m) and deep reservoirs (1,500–3,100 107 
m) (Hanano, 1995; Kato et al., 1998). Underneath these geothermal reservoirs sits the 108 
Quaternary Kakkonda granite intrusion, which acts as one of the main heat sources. The 109 
age of the Kakkonda granite is 0.2 Ma, which means that the magma was cooled during 110 
intrusion at a depth of 3 km (Doi et al., 1998). The New Energy and Industrial Technology 111 
Development Organization (NEDO) drilled the WD-1a exploration well in 1994–1995, 112 
reaching the Kakkonda granite at a depth of 2,860 m and terminating at a depth of 3,729 113 
m (Ikeuchi et al., 1998). The temperature in the well reached 380 °C at a depth of 3,100 114 
m, at which point the temperature profile changed from a hydrothermal convective type 115 
to a thermal conduction type (Ikeuchi et al., 1998). At a depth of 3,720 m, a temperature 116 
of 500–510 °C was observed (Ikeuchi et al., 1998). Pore water in rock above 380 °C at a 117 
depth of 3,100 m can exist in a supercritical state; however, no highly permeable 118 
supercritical geothermal reservoirs were identified by the WD-1a drilling. The depth 119 
distribution of the Kakkonda granite was subsequently estimated using well data and the 120 
microseismic distribution. Doi (2001) estimated the granite to have a symmetrical elliptic 121 
shape with its major axis at N30°W, covering an area of approximately 8 × 5 km at 2,200 122 
m below sea level (Fig. 1). 123 

The Matsukawa geothermal area is located approximately 7 km north of the 124 
Kakkonda area. The Matsukawa power plant was the first geothermal power plant in 125 
Japan, which began operation in 1966 and is currently generating 23.5 MW of electricity. 126 
Unlike Kakkonda, this is a steam-dominated geothermal reservoir (Hanano and Matsuo, 127 
1990). Kimbara (1983) considered that the geothermal areas of Kakkonda and 128 
Matsukawa are related because of the distribution of alteration zones, and estimated that 129 
they share the same heat source, located beneath the Kakkonda geothermal area. 130 

The active Iwate volcano is located in the eastern part of the study area, with a 131 
seismic swarm and crustal deformation since 1995. In September 1998, a M6.1 132 
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earthquake occurred at the southwestern foot of the volcano followed by a sharp decline 133 
in seismic activity. The migration of the seismic source distribution coincided with the 134 
pressure source of the geodetic deformation, suggesting that magma was supplied from 135 
the deep subsurface. Aizawa et al. (2009) estimated the resistivity cross-section of the 136 
Iwate volcano by conducting MT and audio-frequency MT (AMT) surveys. These authors 137 
identified a resistive body beneath the summit and interpreted this as a past, solidified 138 
magma intrusion that prevented new magma from moving upward, resulting in a 139 
westward migration. 140 
 141 
3. Methods 142 
3.1. Survey of existing resistivity structures 143 

Uchida et al. (2000; 2003) analyzed MT data measured in the Kakkonda area, 144 
assuming 2-D and 3-D structures. As a result, they estimated a relatively conductive body 145 
corresponding to the Kakkonda granite. Yamaya et al. (2017b) pointed out that the 3-D 146 
analysis by Uchida et al. (2003) was insufficient because they did not use the diagonal 147 
component of the impedance, and performed a 3-D inversion analysis using the full 148 
impedance components of the existing MT data. As a result, a remarkably sharp conductor 149 
was estimated for the Kakkonda granite. The estimated resistivity was as low as 10 Ωm, 150 
which is difficult to explain without the presence of conductive pore water or melt. 151 
Considering a temperature of 400–500 °C and lithostatic pressure at approximately 2,500 152 
m depth, Yamaya et al. (2017b) suggested that a supercritical reservoir may exist. They 153 
did not, however, consider topography, meaning that the depth of the low-resistivity body 154 
remains uncertain. In addition, the size of the conductor was not well determined because 155 
it extended outside of the observed area (survey area) and at depths where there was no 156 
sensitivity. Building on this work, we added new high-quality MT data and performed 3-157 
D analysis considering the topography. We also extended the scope of analysis to examine 158 
the relationships between deeper and wider structures, and considered whether similar 159 
structures exist in other locations (Fig. 2). 160 
 161 
3.2. MT data 162 

To cover the eastern part of the Sengan region including the Kakkonda and 163 
Matsukawa areas, existing and newly measured MT data were used. We assumed that the 164 
resistivity structure did not change during the observation period. The new MT data were 165 
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measured in 2017, 2019, and 2020, and the distribution of the MT stations is shown in 166 
Fig. 2. In the 2017 and 2020 surveys, we used the Metronix ADU-07e system and MFS-167 
06e or MFS-07e induction coils. In the 2019 survey, we used the Phoenix Geophysics 168 
MTU-5A system and MTC-50, MTC-80, and MTC-80H induction coils. Pb-PbCl2 169 
electrodes were used for all the electric field measurements. Two components of the 170 
electric field and three components of the magnetic field were measured, although the 171 
magnetic field measurements were omitted for some mountainous stations.  172 

The time-series data for 2017 and 2020 were processed using the ‘BIRRP’ software 173 
(Chave and Thomson, 2004). Remote reference processing (Gamble et al., 1979) was 174 
performed using magnetic data from a station 140 km south-southwest (Station A in Fig. 175 
1). Time-series processing of the 2019 data was performed using the SSMT 2000 system 176 
from Phoenix Geophysics, which was remotely referenced to magnetic data from a station 177 
approximately 120 km south-southwest (Station B in Fig. 1). The impedance and 178 
magnetic field transfer functions were calculated for each station and each frequency 179 
between 300 and 0.0003 Hz. 180 

As the study area is considered to have high geothermal potential, various surveys 181 
have been conducted since the 1980s, offering several other existing MT datasets (NEDO, 182 
1990, 1999; Ogawa et al., 1997; Uchida et al., 2000; Aizawa et al., 2009). However, 183 
because most investigations and analyses were conducted using old equipment and 184 
methods, high-quality data are limited. For our study, we checked the quality of the 185 
existing data and decided to use the data from the stations shown in Fig. 2 for the 3-D 186 
inversion analysis. Figure 3 shows the apparent resistivity calculated from the sum of 187 
squared elements (SSQ) invariants of the impedance (Rung-Arunwan et al., 2017) and 188 
the induction vector derived from the magnetic field transfer function for the observation 189 
station used for the inversion. 190 
 191 
3.3. 3-D inversion 192 

The 3-D inversion was performed using ‘WSINV3DMT’ software (Siripunvaraporn 193 
et al., 2005; Siripunvaraporn and Egbert, 2009). The input data consisted of four 194 
impedance components from 110 locations, and two components of the magnetic field 195 
transfer function from 56 locations with magnetic field data. The error floor was set to 196 
10%, and 16 frequencies between 30 and 0.001 Hz were used. Because several frequency 197 
tables were mixed owing to differences in the measurement equipment and data-198 
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processing software, the frequencies were represented by the nearest frequencies. The 199 
computational grid was 89 (x) × 92 (y) × 71 (z) with a minimum block size of 250 × 250 200 
× 40 m, increasing in size towards the sides and in the downward direction (Fig. 2). The 201 
overall model size was 452.5 × 454.5 × 223.5 km. For the initial and prior models, the 202 
resistivity of the land area was set to 100 Ωm. Topography was considered based on the 203 
numerical elevation model (10 m mesh) developed by Geospatial Information Authority 204 
of Japan, and the air resistivity was fixed at 108 Ωm. ‘ETOPO1’ (NOAA National 205 
Geophysical Data Center, 2009) and ‘J-EGG500’ 206 
(http://www.jodc.go.jp/data_set/jodc/jegg_intro.html) were used to obtain bathymetry 207 
information, and the seawater resistivity was fixed at 0.3 Ωm.  208 

The inversion analysis was conducted in two steps. First, five iterations were 209 
performed from the initial structure. The resistivity model with the smallest root-mean-210 
square (RMS) residual between the calculated and observed values was used as the initial 211 
and prior models for the second step of the inversion. The model with the smallest RMS 212 
residual in the second step was then used as the final model candidate. This procedure 213 
was performed by varying τ (Siripunvaraporn and Egbert, 2000; Siripunvaraporn et al., 214 
2005), which determines the model length in ‘WSINV3DMT’. The RMS residuals of the 215 
final model candidates were 1.292, 1.309, and 1.422 for τ = 2.5, 5.0, and 10, respectively. 216 
Because there are many wells in this area where resistivity logging has been conducted, 217 
we used the data from surveys reported by New Energy and Industrial Technology 218 
Development (NEDO, 1983, 1991, 1992a, 1992b, 1993, 1998) and unpublished data 219 
provided by the Tohoku Sustainable & Renewable Energy Co. Inc., Sendai, Japan. The 220 
goodness-of-fit between the long-normal resistivity logs at 79 wells and the resistivity of 221 
the final model candidate was 196, 144, and 923 Ωm for τ = 2.5, 5.0, and 10, respectively. 222 
Given these results, the τ = 5.0 model was selected as the final resistivity model. 223 

The apparent resistivities of the SSQ invariant and induction vector calculated from 224 
the final model are shown in Fig. 3; the calculated and observed values are in good 225 
agreement. The fits of the apparent resistivity, phase, and magnetic-field transfer 226 
functions are shown in Fig. S1. Similarly, the fit between the calculated and observed 227 
values is generally good, although for the observed data with large errors, the calculated 228 
values have large degrees of freedom. For these stations, future re-measurement is 229 
desirable to improve data quality. 230 
 231 
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3.4. Resistivity model 232 
The plan views and vertical sections of the final model are shown in Figs. 4 and 5, 233 

respectively. The general characteristics of the final model are as follows: 234 
• The surface layer of several hundred meters has a high resistivity up to 1,000 Ωm. 235 

In the Kakkonda and Matsukawa geothermal areas, conductive layers of less than 236 
10 Ωm are distributed in the shallow part below the surface layer. 237 

• From a few hundred meters to an elevation of -2 km, the eastern side shows a low 238 
resistivity layer of approximately 10 Ωm, reflecting the sedimentary layers to the 239 
north and south of the Iwate volcano. On the western side, there are resistive layers 240 
of several hundred Ωm or more, which correspond to the mountainous topography. 241 

• A high-resistivity layer of approximately 100 Ωm continues at elevations below -3 242 
km. 243 

A remarkable conductor is inferred in the interior of the Kakkonda granite at 244 
elevations below 1.8 km (Figs. 5b, 5e, and 10). The resistivity of this conductor is 245 
generally less than 30 Ωm, reaching less than 1 Ωm in the central part. Although the 246 
resistivity values vary slightly, the location of the relatively low resistivity values is 247 
consistent with the results of the existing 3-D analysis of the MT data (Uchida et al., 2003; 248 
Yamaya et al., 2017b). The upper part of this conductor is an important structure because 249 
it may be a supercritical geothermal reservoir, as the estimated temperature is 380–500 °C 250 
(Doi et al., 1998; Fig. 10).  251 

As the extremely low resistivity value at the center of the conductor might be due to 252 
the smoothing constraint in the inversion analysis, we examined the sensitivity to this 253 
value in more detail. We replaced the part of the resistivity lower than the test resistivity 254 
in the frame of Fig. 6 (elevations of -1.8 to 2.6 km, which likely encompasses the main 255 
zone of the reservoir) with the test resistivity. The test resistivity was assumed to be 1 to 256 
30 Ωm, and the MT response was calculated. The RMS residuals of the calculated and 257 
observed MT responses with respect to the test resistivity are shown in Fig. 7. The larger 258 
the test resistivity, the larger the RMS residuals; when the test resistivity was 10 Ωm, the 259 
RMS value was 1.326. Models with RMS smaller than this are within the 95% confidence 260 
interval of the F-test for MT resistivity models (Ichihara et al., 2014) and can be 261 
considered equivalent models. Therefore, it was ensured that the resistivity of the center 262 
of the conductor was at least 10 Ωm. Furthermore, because the RMS residuals remained 263 
stable when the lower limit of the resistivity was 3 Ωm or less, 3 Ωm was considered the 264 
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limit at which the resistivity value can be discriminated. 265 
Although previous studies did not detect a deeper extension of the conductor, we 266 

estimated that the conductor extends to -10 km beneath the Eboshidake volcano southwest 267 
of Kakkonda. The resistivity of this deep extended conductor was determined to be less 268 
than 30 Ω m using the F-test. In contrast, no other conductive anomalies were found in 269 
the survey area deeper than 3 km below the surface. However, because the observation 270 
points around the Iwate volcano were sparse and the data quality in the low-frequency 271 
band was poor, deep anomalies may have been missed. As a simple sensitivity test, we 272 
embedded a 4-km 1 Ωm conductive cube at an elevation of -2 km or deeper beneath the 273 
volcano. However, we found no significant change in the calculated response, nor was 274 
the difference significant based on the F-test. As such, detecting a conductive anomaly at 275 
this location remains challenging using existing datasets. 276 
 277 
3.5. Permeability  278 

For the development of supercritical geothermal reservoirs, it is necessary to create 279 
an accurate reservoir model, for which permeability is an important parameter. Here, we 280 
attempted to estimate the permeability of the conductive body in the Kakkonda granite 281 
based on resistivity and other existing information. 282 

Permeability is related to porosity because water flows only in the pores of rock. 283 
Glover et al. (2006) provided the RGPZ (Revil, Glover, Pezard, Zamora) equation to 284 
express the following relationships: 285 
  286 

𝑘!"#$ =
%!&"#

'()!  ,   (1) 287 

  288 
where d is grain size; φ is porosity; a is a constant related to particle packing, which is 289 
usually approximated as 8/3; and m is the cementation factor given by Archie’s (1942) 290 
equation: 291 

𝐹 = *$
*%
= 𝑎𝜑+) ,  (2) 292 

where ρb is the resistivity of the rock (bulk resistivity), and ρw is the resistivity of the pore 293 
water. The ratio of these resistivities, F, is called the formation factor. Substituting Eq. 294 
(2) into Eq. (1) gives: 295 
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The RGPZ equation (Eq. 3) has been applied to sandstone and mudstone, which 297 
constitute petroleum reservoirs but has not been validated in deep-seated rocks. We 298 
investigated the applicability of the RGPZ equation using the porosity and permeability 299 
measurements of core samples of the Kakkonda granite reported by NEDO (1998) and 300 
Fujimoto et al. (2000). Kanisawa et al. (1994) reported that the grain size of the Kakkonda 301 
granite was 0.5–1.5 mm. We assumed d = 1 mm and plotted the permeability with respect 302 
to porosity based on Eq. (3) for m = 1.5–2.2 (Fig. 8). The relationship based on the RGPZ 303 
equation for m = 1.8 fitted the laboratory measurements well, which can be applied to the 304 
Kakkonda granite assuming that there is no large-scale fracturing. 305 

Watanabe et al. (2021b) estimated the electrical conductivity of H2O-NaCl fluids in 306 
a supercritical geothermal reservoir based on the assumed temperature, pressure, and 307 
salinity in the reservoir, and estimated the bulk resistivity of fluid-saturated rocks. They 308 
assumed that m = 1.5 or m =1.8 and φ = 5%. These authors concluded that H2O-NaCl 309 
fluids in supercritical geothermal reservoirs can be vapor-like, two-phase dominant, or 310 
single-phase types depending on the reservoir pressure. Additionally, they showed that if 311 
the bulk resistivity of the reservoir is less than approximately 30 Ωm, the fluid state is 312 
likely to be either the two-phase dominant or single-phase type (Watanabe et al., 2021b). 313 
The conductor corresponding to the Kakkonda granite ranges from 3 to 30 Ωm, 314 
suggesting a two-phase dominant or single-phase reservoir. In addition, the upper surface 315 
of the conductor has a depth of approximately 2.7–3 km. Considering the temperature 316 
cross-section of the Kakkonda area reported by Doi et al. (1998) (Fig. 10), the temperature 317 
exceeds 380–400 °C at the depth of the upper surface of the conductor (2.7–3 km). These 318 
conditions are similar to those considered by Watanabe et al. (2021b); therefore, we 319 
estimated permeability using these temperature and pressure conditions. 320 

The two-phase dominated reservoir is assumed to be a moderate pressure condition 321 
(> 32 MPa assuming the maximum reservoir temperature is 500 °C; Watanabe et al. 322 
2021b). Because hydrostatic pressure is estimated to be approximately 25 MPa when the 323 
temperature reaches 380 °C at a depth of 3 km, the reservoir pressure was assumed to be 324 
35 MPa (+10 MPa). Based on Yanagisawa et al. (2021), the salinity of the pore water was 325 
assumed to be 6 wt%. The resistivity of the NaCl water was based on the fitting equation 326 
developed by Watanabe et al. (2021a) based on the experiments of Bannard (1975). The 327 
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resistivity of the 6 wt% NaCl water at 35 MPa and 380–400 °C was 0.036–0.045 Ωm. A 328 
resulting permeability corresponding to a bulk resistivity of 3–30 Ωm is calculated when 329 
m = 1.8 and d = 1 mm, resulting in the “Hydrostatic” curve shown in Fig. 9. Because the 330 
reservoir pressure of the single-phase type is similar to the lithostatic pressure, the 331 
reservoir pressure was assumed to be 78 MPa. The corresponding resistivity of 6 wt% 332 
NaCl water at 78 MPa and 380–400°C is approximately 0.03 Ωm, and permeability was 333 
calculated as the “Lithostatic” curve in Fig. 9. Because the actual pressure in the reservoir 334 
may lie between these two curves, the permeability was estimated to be between these 335 
two curves. 336 

The permeability corresponding to a bulk resistivity of 3 to 30 Ωm was estimated to 337 
be within the range of 5.0E-17 to 1.0E-13 m2. As resistivity was 10 Ωm or less at the 338 
center of the conductor based on the F-test of the resistivity model, we consider a 339 
permeability of approximately 5.0E-17 to 5.0E-15 m2 to be conservative estimate. 340 
 341 
4. Results and Discussion 342 
4.1. Conductor in the Kakkonda granite body 343 

A remarkable conductor was estimated in the interior of the Kakkonda granite at an 344 
elevation of -1.8 km or deeper (Fig. 10). The resistivity of this conductor is generally less 345 
than 30 Ωm and less than 1 Ωm in the central part. Importantly, our resistivity model 346 
includes topography, uses wide-area data, and explains the magnetic field transformation 347 
function in addition to impedance, meaning that the estimated structure of the conductor 348 
is more robust than in previous studies. 349 

Unlike other wells, as the resistivity structure obtained using MT does not match 350 
well with the logging data of WD-1a (Supplementary Fig. S2), this well may reflect the 351 
resistivity transition zone. The resistivity boundary is probably more complex, or the 352 
resistivity contrast is large, but it may be estimated as a smooth boundary owing to the 353 
smoothing constraint in the inversion analysis. The resistivity of the logging data is 354 
consistently higher than that of the resistivity model, resembling the resistivity structure 355 
outside the low-resistivity body. Therefore, WD-1a was probably located outside the 356 
conductor and did not, therefore, encounter a supercritical geothermal reservoir. As such, 357 
the conductor may have a different physical state from that derived from WD-1a. Indeed, 358 
as previously mentioned, a conductor below 30 Ωm at this depth and with a temperature 359 
above 380 °C implies a two-phase dominant or single-phase supercritical geothermal 360 
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reservoir.  361 
Supercritical geothermal reservoirs are thought to be formed by the precipitation of 362 

dissolved constituents, such as silica, in fluids released from magma to form caprocks 363 
(Fournie, 1999; Tsuchiya et al., 2016). Saishu et al. (2014) estimated the silica solubility 364 
profile of WD-1a and showed that the boundary depth between the hydrothermal 365 
convection zone and the thermal conduction zone coincides with the depth of the 366 
minimum quartz solubility. This indicates that a silica caprock could have formed at this 367 
depth. A silica cap would be resistive but may be too thin to be detected at the resolution 368 
of the MT method. Therefore, the conductor was analyzed as if connected to the upper 369 
conductive zone corresponding to the conventional reservoir. Okamoto et al. (2021) 370 
determined highly accurate hypocenters of microearthquakes that occurred in the 371 
Kakkonda geothermal area. They further suggested that earthquakes do not occur within 372 
the conductive anomaly of Yamaya et al. (2017b) but that it is a ductile zone hotter than 373 
370 °C. Seismic tomography results also suggest that there is no significant flow within 374 
the conductor, while fluid may flow laterally within the shallow convective reservoir 375 
(Okamoto et al., 2021). In other words, the conductive body within the Kakkonda granite 376 
is not hydrologically connected to a shallow reservoir. These results suggest that the 377 
conductor in the Kakkonda granite is likely to be a reservoir of supercritical fluids. Based 378 
on our analysis, the permeability of the upper part of the conductor at 380–400 °C is 379 
estimated to be between 5.0E-17 and 5.0E-15 m2 or higher, which is viable for steady 380 
steam production. 381 

Doi et al. (1998) noted that the deep geothermal gradient of WD-1a is approximately 382 
32 °C/100 m, and the temperature may exceed 800 °C at a depth of 5 km. This suggests 383 
that the granite is partially melted at depth. The conductor may, therefore, indicate partial 384 
melting and magmatic fluids, including brine, at these depths. 385 
 386 
4.2. Geothermal supply system in the Sengan geothermal region 387 

Figure 11 shows a 3-D cut model as a NE-SW cross-section. The conductor 388 
corresponding to the Kakkonda granite extends from an elevation of -10 km beneath the 389 
Eboshi volcano in the southwest of the Kakkonda area. The cross-section shows that this 390 
conductive body diverges at an elevation of -3 to -4 km and extends into the Kakkonda 391 
granite directly above and to a shallow northeast extension corresponding to the 392 
Matsukawa geothermal area. The low resistivity area is most likely indicative of 393 
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magmatic fluids, such as supercritical water or melts, as previously described. If the 394 
conductive body indicates a high-temperature fluid supply path from the deep subsurface, 395 
then the Kakkonda and Matsukawa geothermal areas, which apart approximately 7 km 396 
horizontally, may share a common heat source. Kimbara (1983) pointed out that the 397 
geothermal areas of Kakkonda and Matsukawa are related, considering the distribution 398 
of alteration zones. Indeed, Kimbara (1983) suggested that these two areas share a 399 
common heat source with heat supplied directly beneath the Kakkonda geothermal area. 400 
Our results support this and further suggest that the deep supply source is located in the 401 
southwest. Takahashi et al. (2004) estimated a conductive body (< 100 Ωm) with a 402 
diameter of approximately 15 km at 12–22 km below sea level beneath the Akita 403 
Komagatake volcano, slightly south of the Eboshidake volcano, based on an 80-km east-404 
west MT survey across this area. Our estimated conductive body is broadly consistent 405 
with that proposed by Takahashi et al. (2004); their conductor extends slightly further east 406 
at a deeper depth, reaching the Moho discontinuity. Collectively, the conductive bodies, 407 
which connect the Moho to the Kakkonda granite, may represent a heat and water supply 408 
system containing melts and supercritical geothermal fluids. This is similar to the 409 
structures shown at the Naruko volcano (Ogawa et al., 2014) and Shikotsu caldera 410 
(Yamaya et al., 2017), which are also located in the Northeast Japan Arc, implying a 411 
universal supply system for supercritical geothermal systems in subduction zones. 412 

There are, however, few MT stations near Eboshidake volcano and Mt. Mitsuishi 413 
owing to the steep terrain and dense vegetation. Therefore, it is necessary to increase the 414 
number of MT stations in these areas to further improve estimations. In addition, Ishizu 415 
et al. (2021) used numerical calculations to show that if such conductive columns are 416 
found in the inversion analysis, larger conductors may exist at depth. Specifically, these 417 
authors’ calculations were based on the conductor in the Kakkonda area estimated by 418 
Yamaya et al. (2017b), which adopted a similar MT station layout to our study. Therefore, 419 
based on similar interpretations, the conductor may extend in the north-south direction at 420 
depth, and the geothermal supply system at these depths needs to be carefully examined 421 
coupled with additional geophysical data including seismic velocity and/or attenuation 422 
distribution assessments. 423 
 424 
5. Conclusions 425 

A wideband MT survey was conducted in the eastern part of the Sengan region of 426 
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Japan. The resistivity structure estimated by 3-D inversion detected the conductor at an 427 
elevation of -1.8 km or deeper in the Kakkonda granite. The hypocenter distribution 428 
suggests that the conductor is located in the ductile zone with a temperature above 370 °C. 429 
The conductor is also located below the minimum quartz solubility profile of the WD-1a 430 
well (Saishu et al., 2014) and may be capped by silica at 380–400 °C or above. This 431 
conductor corresponds to two-phase dominant or single-phase type conditions in which 432 
supercritical geothermal reservoirs exist, as examined by Watanabe et al. (2021b). The 433 
permeability of the supercritical reservoirs was estimated from the resistivity of the 434 
conductor by applying the RGPZ equation proposed by Glover et al. (2006). The 435 
calculated permeability of the reservoir top surface was estimated to be between 5.0E-17 436 
and 5.0E-15 m2 or higher, implying that an exploitable supercritical geothermal reservoir 437 
exists in the Kakkonda granitic body. 438 

The low-resistivity body may represent magmatic fluids with melts at greater depths. 439 
At elevations below -4 km, the conductor extends beneath the active volcano on the 440 
southwest side. This is probably a conductive zone connected from the Moho 441 
discontinuity and may represent a typical supply system of supercritical geothermal fluids 442 
of the Northeast Japan Arc. We also suggest that this supply system could be a heat source 443 
not only for the Kakkonda area but also for the Matsukawa area. However, additional MT 444 
observation data and evidence from other geophysical sources including seismic velocity 445 
structure data are needed to validate our interpretations of these deep structures. 446 
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Figures 668 

 669 
 670 
Fig. 1: (a) Location of the Sengan geothermal region. Black dots indicate the remote 671 
stations used for the remote reference processing. (b) Location map of the study area. 672 
Blue dots indicate MT stations. Red triangles indicate Quaternary volcanoes. Black 673 
squares indicate geothermal power stations. The white square indicates the WD-1a well. 674 
The gray dashed line represents the outline of the estimated Kakkonda granite at 2,200 m 675 
below sea level after Doi (2001). The pink line indicates the resistivity profile shown in 676 
Fig. 10. Topography is based on the 10 m mesh DEM provided by the Geospatial 677 
Information Authority of Japan. 678 
 679 
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 680 
 681 
Fig. 2: MT stations and horizontal grid used for 3-D inversion analysis. The purple 682 
rectangle in the lower panel indicates the area analyzed by Yamaya et al. (2017). The gray 683 
dashed line represents the outline of the estimated Kakkonda granite at 2,200 m below 684 
sea level after Doi (2001).  685 
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 686 
 687 

Fig. 3: Apparent resistivity based on the SSQ invariant impedance and the real part of the 688 
induction vector (Parkinson’s convention) of the observed data (left) and that of the 689 
calculated from the final model (right). The observed induction vector is shown only at 690 
the station that measured the three components of the magnetic fields. Half a unit 691 
induction vector is shown in the “Observed” 30 Hz panel. 692 
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 693 
 694 
Fig. 4: Plan view of the resistivity model. The black dots indicate the MT stations. 695 
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 696 
 697 
Fig. 5: Resistivity sections along west-east (a–c) and south-north (d–g) profiles. 698 
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 699 
 700 

Fig. 6: Area where resistivity was fixed in the sensitivity tests. 701 
 702 
 703 

 704 
 705 

Fig. 7: RMS misfit with respect to the fixed resistivity values in the sensitivity tests. 706 
 707 
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 708 
 709 
Fig. 8: Relationship between permeability and porosity based on the RGPZ equation. 710 
Grain size was assumed as d = 1 mm. The black dots indicate data obtained in laboratory 711 
measurements (NEDO, 1998; Fujimoto et al., 2000). 712 
  713 
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Fig. 9: Predicted permeability of supercritical reservoirs with respect to bulk resistivity. 717 
 718 
 719 
  720 
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 722 
Fig. 10: Resistivity cross-section and its interpretation along a NW-SE profile (shown in 723 
Fig. 1) crossing the Kakkonda geothermal field. Geology, temperature, and reservoir 724 
types are superimposed after Doi et al. (1998). The solid gray line indicates the trace of 725 
the WD-1a well. 726 
  727 
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Fig. 11: Cutaway model of the resistivity structure and interpretation of the heat-730 
supplying system in the Sengan geothermal region. 731 
 732 
 733 


