Estimation of spatial distribution and fluid fraction of a potential
supercritical geothermal reservoir by magnetotelluric data: a case
study from Yuzawa geothermal field, NE Japan

Keiichi Ishizu!, Yasuo Ogawa!, Keishi Nunohara?, Noriyoshi Tsuchiya®, Masahiro Ichiki?,
Hideaki Hase*, Wataru Kanda!, Shinya Sakanaka®, Yoshimori Honkura®, Yuta Hino', Kaori
Seki”, Kuo Hsuan Tseng®, Yusuke Yamaya®, and Toru mogi'

Wolcanic Fluid Research Center, Tokyo Institute of Technology

2Graduate School of Environmental Studies, Tohoku University

3Tohoku University

4Geothermal Energy Research & Development Co., Ltd.

>Unknown

6Tokyo Institute of Technology, Volcanic Fluid Research Center

"Kokusai Kogyo Co., Ltd.

8Department of Earth and Planetary Sciences, Tokyo Institute of Technology
9Fukushima Renewable Energy Institute, AIST

November 24, 2022

Abstract

Magmatic fluids within the crust may exist under supercritical conditions (e.g. >374°C and >22.1 MPa for pure water).
Geothermal systems using such supercritical fluids have gained attention as unconventional geothermal resources because they
can offer significantly more energy than conventional geothermal fluids with temperatures <350°C. Although an understanding
of the spatial distribution and fluid fraction of supercritical geothermal reservoirs is necessary for their resource assessment,
the spatial distribution and fluid fraction of supercritical geothermal reservoirs worldwide are poorly understood due to the
limited number of geophysical observations. Here, the magnetotelluric (MT) method with electrical resistivity imaging was
used in the Yuzawa geothermal field, northeastern Japan, to obtain information on the fluid fraction and spatial distribution
of a supercritical geothermal reservoir. Our MT data revealed a potential supercritical geothermal reservoir (>400°C) with a
horizontal dimension of 3 km (width) x 5 km (length) at a depth of 2.5-6 km. The estimated fluid fraction of the supercritical
reservoir was 0.5-2% with a salinity of 5-10 wt%. The melt was imaged below a supercritical geothermal reservoir. Based on
the resistivity model, we propose a mechanism for the evolution of a supercritical fluid reservoir, wherein upwelling supercritical
fluids supplied from the melt are trapped under less permeable silica sealing. As a result, supercritical fluids accumulate under
the silica sealing. This study is the first to present a detailed estimation of the spatial distribution and fluid fraction of a

potential supercritical geothermal reservoir.
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Key points:

e A supercritical geothermal reservoir of 3 km (width) x 5 km (length) was imaged by the
magnetotelluric method at a depth of 2.5—6 km.

e The fluid fraction of the supercritical reservoir was estimated to be 0.5-2% with a salinity
of 5-10 wt%.

e Upwelling supercritical fluids supplied from the melt were trapped under a less-
permeable silica sealing.

Abstract

Magmatic fluids within the crust may exist under supercritical conditions (e.g. >374°C and >22.1
MPa for pure water). Geothermal systems using such supercritical fluids have gained attention as
unconventional geothermal resources because they can offer significantly more energy than
conventional geothermal fluids with temperatures <350°C. Although an understanding of the
spatial distribution and fluid fraction of supercritical geothermal reservoirs is necessary for their
resource assessment, the spatial distribution and fluid fraction of supercritical geothermal
reservoirs worldwide are poorly understood due to the limited number of geophysical
observations. Here, the magnetotelluric (MT) method with electrical resistivity imaging was used
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in the Yuzawa geothermal field, northeastern Japan, to obtain information on the fluid fraction
and spatial distribution of a supercritical geothermal reservoir. Our MT data revealed a potential
supercritical geothermal reservoir (>400°C) with a horizontal dimension of 3 km (width) x 5 km
(length) at a depth of 2.5-6 km. The estimated fluid fraction of the supercritical reservoir was
0.5-2% with a salinity of 5-10 wt%. The melt was imaged below a supercritical geothermal
reservoir. Based on the resistivity model, we propose a mechanism for the evolution of a
supercritical fluid reservoir, wherein upwelling supercritical fluids supplied from the melt are
trapped under less permeable silica sealing. As a result, supercritical fluids accumulate under the
silica sealing. This study is the first to present a detailed estimation of the spatial distribution and
fluid fraction of a potential supercritical geothermal reservoir.

Plain language summary

As the demand for clean, renewable energy increases worldwide, geothermal energy has
emerged as a clean and renewable energy source. Subsurface fluids in a supercritical state (high
temperature and pressure of >374°C and >22.1 MPa) have gained attention as next-generation
geothermal resources because they can offer significantly more energy than conventional
geothermal fluids with temperatures <350°C. Supercritical geothermal fluids are believed to be
found in various volcanic areas worldwide. Although an understanding of the spatial distribution
and fluid fraction of supercritical fluids is necessary for their resource assessment, the spatial
distribution and fluid fraction of supercritical geothermal reservoirs are poorly understood.
Therefore, we used the magnetotelluric (MT) method to obtain information on the spatial
distribution and fluid fraction of a supercritical geothermal reservoir in the Yuzawa geothermal
field, northeastern Japan. Our MT data revealed a potential supercritical geothermal reservoir of
3 km (width) x 5 km (length) at a depth of 2.5-6 km with a fluid fraction estimated to be 0.5-2%
and a salinity of 5-10 wt%. This study presents the first detailed estimation of the spatial
distribution and fluid fraction of a potential supercritical geothermal reservoir.

1. Introduction

Magmatic fluids with high temperatures may exist in a supercritical state (e.g. >374°C and >22.1
MPa for pure water, and >406°C and >29.8 MPa for seawater salinity) at a depth of about 2—10
km beneath volcanic areas (Bali et al., 2020; Fournier, 1999; Fridleifsson et al., 2020; Ikeuchi et
al., 1998; Reinsch et al., 2017; Scott et al., 2015; Tsuchiya et al., 2016). In fact, several deep
drilling expeditions have found magmatic fluid in a supercritical state. An exploration well (WD-
la) in the Kakkonda geothermal area in northeastern (NE) Japan found magmatic fluid at 500°C
at a depth of 3729 m (Doi et al., 1998; Ikeuchi et al., 1998), wherein the fluid at the bottom of the
well was under supercritical conditions (Saishu et al., 2014; Tsuchiya & Hirano, 2007). Similarly,
an exploratory well drilled by the Iceland Deep Drilling Project (IDDP) also encountered a
reservoir of supercritical fluids at a temperature of 450°C in the Krafla volcanic system (Elders
et al., 2014; Scott et al., 2015).

Geothermal systems using supercritical fluids have recently gained attention as next-generation
geothermal resources (Fridleifsson et al., 2020; Okamoto et al., 2019; Parisio et al., 2019;
Reinsch et al., 2017; Stimac et al., 2017; Watanabe et al., 2017). Various countries, including
Japan, the USA, New Zealand, and Italy, are beginning to consider the development of power
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plants using supercritical fluids (Reinsch et al., 2017).. This newfound attention comes from the
fact that supercritical fluids have significant advantages as a source of energy: a higher enthalpy
per unit mass and a lower fluid viscosity than conventional geothermal fluids with temperatures
<350°C (Reinsch et al., 2017). Power generation systems using supercritical fluids are therefore
able to a large output from a single power plant. A test of the capacity of supercritical fluids
(wellhead temperature of 450°C) from IDDP-1 in Krafla revealed that the energy output was 10-
fold higher than that of conventional wells (Elders et al., 2014).

Gaining an in-depth understanding of the spatial distribution and fluid fraction of supercritical
geothermal reservoirs is necessary for their assessment as an unconventional energy resource
(Reinsch et al., 2017; Stimac et al., 2017). Deep drilling can be used to calculate the amount of
available resources of supercritical fluids (Doi et al., 1998; Elders et al., 2014; Fournier, 1999;
Fridleifsson et al., 2020; Ikeuchi et al., 1998). In one drill expedition, a core sample of the
Kakkonda granite in the WD-1a well near the bottom (3729 m depth) was found to have a
porosity of 1.7% (Muraoka et al., 1998). However, as a method to assess supercritical
geothermal systems, deep drillings are expensive (Elders et al., 2014). Owing to the limited
number of deep drilling points, the distribution and fluid fraction of supercritical geothermal
reservoirs remain poorly understood. Therefore, geophysical methods (e.g. electromagnetic and
seismic methods) are required to gain insights into the spatial distribution and fluid fraction of
supercritical geothermal reservoirs (Piana Agostinetti et al., 2017; Reinsch et al., 2017).

In this study, we used the magnetotelluric (MT) method with electrical resistivity imaging to
calculate the spatial distribution and fluid fraction of a supercritical geothermal reservoir in NE
Japan. The MT method is suitable for measuring the spatial distribution and fluid fraction of
subsurface fluids because electrical resistivity is sensitive to the existence of fluids (Comeau et
al., 2020; Ogawa et al., 2014; Unsworth et al., 2005; Wannamaker et al., 2009). The fluid
fraction of a supercritical geothermal reservoir was obtained from a resistivity model using MT
data. For the estimation of the fluid fraction, we assumed that the supercritical geothermal
reservoir consisted of solid rock and supercritical fluid in the solid-rock pore, and that the
supercritical fluid saturated the pore. The resistivity obtained using the MT method is bulk
resistivity, which includes contributions from the solid rock and supercritical fluid in the pore
(Chave & Jones, 2012; Hashin & Shtrikman, 1962). However, the contribution of solid rock
resistivity to bulk resistivity is limited (Ogawa et al., 2014), indicating that if the resistivity of a
supercritical fluid is known, we can obtain the fluid fraction of a supercritical geothermal
reservoir from the bulk resistivity. We considered magmatic supercritical fluids as NaCl-H,O
fluids because magmatic fluids mainly consist of water and chloride salts (Blundy et al., 2021;
Heinrich, 2005; Monecke et al., 2018; Richards, 2011; Sillitoe, 2010). The electrical resistivity
of NaCI-H,O fluids has been studied extensively in the relationship between subsurface
resistivity models and geological structures (Bannard, 1975; Nono et al., 2020; Quist & Marshall,
1968; Sakuma & Ichiki, 2016; Sinmyo & Keppler, 2016). Bannard (1975) measured the
resistivity of NaCl-H,O fluids for a wide range of pressure, temperature, and NaCl conditions,
including supercritical conditions (up to 200 MPa, 525°C, and 25 wt%). Thus, we used the
resistivity values of NaCl-H>O fluids reported by Bannard (1975) for the resistivity of
supercritical fluids.

NE Japan can be classified as a typical subduction zone, where the Pacific plate subducts beneath
the land area at a rate of ~10 cm/year (Hasegawa et al., 1991). The dehydration of the
subducting slab in the mantle wedge results in the upward migration of fluids (Tatsumi, 1989).
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Upwelling hot fluids from the mantle wedge were detected by low-velocity anomalies of S-wave
(so-called “hot fingers”). These hot fingers are distributed over NE Japan at intervals of several
tens of kilometers (Tamura et al., 2002) and indicate that a large number of supercritical fluid
reservoirs may exist in NE Japan (Okamoto et al., 2019). We selected the Yuzawa geothermal
field in NE Japan as the target area. Hot fingers exist around this geothermal field (Tamura et al.,
2002). Other geophysical and geochemical data (e.g. thermoluminescence, borehole temperature,
and seismic data) also suggest that supercritical fluids may exist at a depth of a few kilometers
(New Energy and Industrial Technology Development Organization, 1990; Nunohara et al.,
2021; Okada et al., 2014). We conducted an MT survey to reveal the spatial distribution and
fluid fraction of a potential supercritical geothermal reservoir in this field. Any information
obtained on a supercritical geothermal reservoir in this field is likely to be useful for the
estimation of spatial distribution and fluid fraction of other supercritical geothermal reservoirs in
NE Japan (e.g. Naruko, Onikobe, and Kakkonda areas). Here, we first provide a brief
introduction of the Yuzawa geothermal field and MT method. Then, we present our findings on
the estimation of the spatial distribution of a potential supercritical reservoir and its fluid fraction.

2. Yuzawa geothermal field in NE Japan

The Yuzawa geothermal field in NE Japan contains one of the largest geothermal systems in
Japan (Nunohara et al., 2021). This field is located in the inner part of the Sanzugawa caldera
(Figures la and 1b). The Sanzugawa caldera, which was first formed ca. 3 My ago, has a size of
30 km north-south and 20 km east-west (Takeno, 2000). A Quaternary volcano, the Takamatsu
volcano, or Takamatsu-dake, is found in this geothermal field (red star in Figures 1b and 1c).
The Takamatsu volcano is located 40 km west of the volcanic front (Tamanyu et al., 1998). The
volcano is composed of calc-alkaline andesite to dacite. The age of this volcano was estimated to
be 0.2-0.3 My by thermo-luminescence and K—Ar methods (Umeda et al., 1999). The magma
below the volcano is considered to be the heat source of this geothermal field (Takeno, 2000).
Geothermal features, such as hot springs and hydrothermally altered rocks, have been observed
extensively at the surface in this geothermal field, indicative of a well-developed hydrothermal
system (Nunohara et al., 2021). Two geothermal power plants (Uenotai: 28,500 kW and
Wasabizawa: 46,200 kW) are currently in operation using a hydrothermal system at temperatures
<300°C (Figure 1c).

Seismic imaging of NE Japan suggests that upwelling fluids exist beneath this geothermal field
at a depth of up to several kilometers (Nakajima et al., 2001; Okada et al., 2014; Tamura et al.,
2002). The high He*/He* in this field also indicates that fluids upwell to the surface from the
upper mantle (Horiguchi et al., 2010; Kita et al., 1992). Drillings conducted by the New Energy
and Industrial Technology Development Organization (NEDO) revealed that the thermal
gradient of the conduction-dominated profile at N63-MS-6 (blue square in Figure Ic) was
170°C/km (New Energy and Industrial Technology Development Organization, 1990). This
thermal gradient suggests that temperatures can reach >400°C at a depth of 2.5 km. These
geophysical observations strongly indicate the possible existence of a supercritical geothermal
reservoir (>400°C) in this field.
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Figure 1. Maps of the study area. (a) Location of the Yuzawa geothermal field, NE Japan
(orange star). (b) Regional map around the Yuzawa geothermal field. Dotted lines follow the
outline of the calderas (Yoshida et al., 2014). Red triangles denote the major Quaternary
volcanoes. (¢) Local map of the Yuzawa geothermal field. White triangles denote MT sites. Blue
circles denote hot springs. Magenta stars denote power plants (Uenotai: 28,500 kW and
Wasabizawa: 46,200 kW). The red triangle denotes the Takamatsu volcano. The light blue
square denotes the NEDO drilling site (N63-MS-6), reaching a depth of 1500 m (New Energy
and Industrial Technology Development Organization, 1990).

3. Methods

The MT method is a geophysical tool used to map the electrical resistivity structure of
subsurfaces (Araya Vargas et al., 2019; Arnason et al., 2010; Becken et al., 2011; Bedrosian et
al., 2018; Di Paolo et al., 2020; Heinson et al., 2018; Heise et al., 2008; Hyndman & Shearer,
1989; Ichihara et al., 2016; Ingham et al., 2009; Le Pape et al., 2015; Moorkamp et al., 2019;
Wise & Thiel, 2020). This method uses surface measurements of naturally occurring low-
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frequency electromagnetic variations to infer subsurface resistivity structures (Chave & Jones,
2012). Each MT station observes two electric field components (Ex and E,) and three magnetic
field components (Hx, Hy, and H:). The x, y, and z directions are consistent with the geographic
north, east, and vertical depths, respectively. The observed data were analyzed using the
impedance tensor Z and tipper T, as follows:

E, Zyx Zxy

H
Eyl=|Zyx Zyy [H:,] 1
H, Ty« sz

The complex impedance tenser in the frequency domain is expressed in terms of the apparent
resistivity and phase for data interpretation (Chave & Jones, 2012). The complex impedance
tensor is also expressed as a phase tensor since phase tensor is independent of the distorting
effects produced by localized near-surface resistivity heterogeneities (Caldwell et al., 2004).

The observed MT data were converted into a surface-to-subsurface resistivity model using
inversion analysis (Constable et al., 1987; Farquharson, 2008; Kelbert et al., 2014; Newman,
2014; Ogawa & Uchida, 1996; Siripunvaraporn & Egbert, 2009). We used WSINV3DMT for the
three-dimensional (3D) inversion of the observed MT data (Siripunvaraporn & Egbert, 2009).
WSINV3DMT seeks to minimize the function as follows:
U= (m-my)"C'(m—my) 2
+ 7{(d — F[m])TC'(d — F[m]) — x2}, @

where m is the resistivity model, my is the prior model, d is the observed data, F[m] is the
forward modeling response, C,, is the model covariance, Cy is a data covariance matrix, y= is the
desired level of misfit, and A" is a Lagrange multiplier. WSINV3DMT penalizes smoothed
deviations from a prior model with spatial covariance. Thus, the obtained resistivity model by the
regularized MT inversion is the smooth model away from a prior model.

4. Results

We collected MT data at 30 measurement sites to image resistivity structures in the Yuzawa
geothermal field (Figure 1c). Since the objective of this study is to image supercritical
geothermal reservoirs at depths of several kilometers, the MT site spacing is several kilometers.
The phase tensor ellipses at 20 Hz showed higher phase values around Takamatsu volcano and
power plants (Figure 2a). The phase tensor data suggest the existence of near-surface conductors.
The phase tensor showed increased values at 2.5 Hz and decreased values at 0.3 Hz, which
implies the presence of a deep conductor (Figure 2). The impedance and tipper data for each
observation site are shown in Figure S1-S6.

Inverse modeling with WSINV3DMT converted the observed MT data into 3D resistivity
structures (Siripunvaraporn et al., 2005; Siripunvaraporn & Egbert, 2009). The initial resistivity
model for inverse modeling consisted of the subsurface (100 ohm-m), ocean (0.3 ohm-m), and
air (10'° ohm-m). The prior resistivity model was set to be the same as the initial resistivity
model. The computational grid consisted of 74 x 74 x 70 cells, including boundary cells. In the
central region of the model (—10 km <x and y < 10 km), the mesh had a regular cell size of 300
m in the horizontal direction. Outside this central region, the horizontal mesh size increased with
increasing distance from the central region. For elevations between 1.3 km and 0 km, we set the
vertical mesh size to values ranging from 20 m to 50 m. Note that elevation is indicated as height
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above sea level in this study. For elevations below 0 km, the mesh size increased with an
increasing depth. The computations of the inverse modeling were performed on a computer
(@Xeon 3.10 GHz Gold 6254 central processing unit; Intel Corp.) with 3 TB of RAM. The
impedance tensor and tipper between frequencies of 0.001-100 Hz (17 frequencies) were used
for inverse modeling. Error floors of 5% for the impedance tensor and 15% for the tipper were
used. The root-mean-square (RMS) misfit for the initial model was 10.2. The inversion analysis
obtained a resistivity model with an RMS misfit of 2.34 after three iterations (Figure 3). The data
fits were good for almost all sites and frequencies (Figure S1-S6).

3D resistivity structures obtained from the inverse modeling identified a near-surface conductor
at an elevation between 1.3 and —0.5 km, as well as a deep conductor C1 at an elevation between
—1.5 and —12 km (Figure 3). The resistivity of the near-surface conductor was 5-20 ohm-m,
which was lower than that of the surrounding rock of 100 ohm-m. Near-surface conductors were
widely distributed in this area. The resistivity value of C1 was approximately 10 ohm-m. These
low resistivity anomalies are consistent with the features of the observed data (Figure 2 and
Figure S1-S6). C1 was imaged northeast of Takamatsu volcano and not immediately below the
volcano. The size of C1 was 3 km (width) x 5 km (length) x 10 km (height). Conductive zones
extended from the east and west ends of deep conductor C1 to the near-surface conductors
(Figure 3c). The conductor zone extending from the west end of C1 extended towards the
Wasabizawa power plant (Figure 3c). Although a deep conductor was imaged aty = 9 km
outside the coverage area of the receiver (Figure 3c), the MT data did not sufficiently constrain
resistivity structures outside the coverage area of the receiver. Therefore, we have excluded this
conductor from our discussions in this study.

The deep conductor C1 is potentially related to a supercritical fluid reservoir. It is known that the
MT method is uncertain, especially for deep resistivity structures, such as C1 (Ishizu et al., 2021).
We calculated the MT responses for models where the resistivity value of C1 was replaced by 1—
100 ohm-m to determine how well this resistivity value was constrained by the data (Figure S7).
The RMS misfit was minimum for 10 ohm-m and increased away from 10 ohm-m (Figure S7).
Reliability was measured based on F values with a 95% confidence interval (Gresse et al., 2021;
Yamaya et al., 2017). The threshold RMS misfit with a 95% confidence interval was 2.392.
Forward models associated with C1: 6.5 ohm-m < Cl < 35 ohm-m obtained a RMS misfit
<2.392. Forward models associated with low and high resistivities (i.e. <6.5 ohm-m and >35
ohm-m) showed RMS values higher than Frms = 2.392. In other words, these forward models
were statistically rejected with a 95% confidence interval. Hence, we conclude that the resistivity
range of C1 is 6.5 ohm-m < C1 <35 ohm-m.
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Figure 3. (a) 3D view with vertical slice at x = 0.5 km; (b) horizontal shce at an elevation of 2.5
km; (c) vertical slice at x = 0.5 km; (d) vertical slice at y = 0.5 km of the inverted resistivity
model from the MT data. C1 denotes conductive zones, which imply a supercritical fluid and
partial melting. Black triangles denote MT sites. Magenta stars denote power plants. The red
triangle denotes Takamatsu volcano. The light blue square denotes the NEDO drilling sites
(N63-MS-6). Contours of Vp/Vs ratio (Okada et al., 2014) are superimposed on the sections in
(c) and (d). Black triangles denote MT sites within =1 km of each profile line. Black dots denote
the relocated hypocenters of earthquakes within £150 m of each profile line (Okada et al., 2014).
White lines denote the depth of a local minimum of silica solubility, as presented in Figure 5.
Note that elevation is indicated as height above sea level, and x and y directions denote the
geographic north and east, respectively.
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5. Discussion

5.1 Shallow hydrothermal system

Initially, a shallow geothermal system was investigated using the obtained resistivity model. The
resistivity model revealed the near-surface conductor at an elevation greater than —0.5 km
(Figure 3). Similar near-surface conductors found in various volcanic areas have been interpreted
as smectite-rich zones (Cherkose & Saibi, 2021; Kanda et al., 2019; Ledo et al., 2021; Tseng et
al., 2020; Yoshimura et al., 2018). Drilling confirmed the smectite-rich zones in this field (New
Energy and Industrial Technology Development Organization, 1990). Moreover, the distribution
of near-surface conductors was consistent with the distribution of hydrothermal alteration zones
on the surface (Nunohara et al., 2021). These results indicate that the near-surface conductor was
a smectite-rich zone. Furthermore, the bottom of the near-surface conductors was roughly
consistent with the isotherm at 200°C (Figure 3d). Smectite under moisture-rich conditions can
be converted to illite at temperatures exceeding 200°C (Wersin et al., 2007; Yamaya et al., 2013).
The resistivity of illite was much higher than that of smectite (Ussher et al., 2000). Hence, we
interpreted the resistive zone below the near-surface conductors as an illite-rich zone transformed
from smectite above 200°C.

Conductive zones were found to extend from the east and west ends of deep conductor C1 to the
near-surface conductors (Figure 3c). The conductor zone extending from the west end of Cl
extended towards the Wasabizawa power plant (Figure 3¢). The 3He/*He and “He/*’Ne ratios of
the fumarolic gas at the Kawarage hot spring, located 3 km west of the Wasabizawa power plant,
were 9.5 x 107 and 180, respectively (Kita et al., 1992). This indicates that the helium at the
Kawarage hot spring originated from magmatic gas. These results suggest that these conductive
zones act as a path for magmatic fluid ascending from C1, resulting in anomalies in the helium
ratios at the Kawarage hot spring. A conductor extending from the deep parts (25 km depth) to
the surface at Naruko volcano also represented a path for ascending magmatic fluid (Ogawa et al.,
2014).

5.2 Supercritical geothermal reservoir

The low resistivity of C1 suggests that it includes fluids (magmatic fluids and melts). The
geometry of CI is consistent with low Vp and Vs zones, supporting that C1 contains magmatic
fluids and melts (Figure S8). The temperature of C1 was estimated to be above 400°C based on
the temperature profile (Figure 4a). While a few seismicities occurred inside C1, most occurred
around the edge of C1 (Figure 3). The depth of the seismicity cut-off was consistent with that of
Cl1, and it is known that the depth of the seismicity cut-off roughly corresponds to 400°C
(Mitsuhata et al., 2001; Ogawa et al., 2001; Okada et al., 2014). The correspondence between the
top of C1 and the seismicity cut-off also supports that C1 was >400°C.

Similar conductors at depths of 2—15 km in other volcanoes have been interpreted as magmatic
fluids and melts depending on the temperature and pressure (e.g., Mount St Helens: Bedrosian et
al., 2018, Geysers: Peacock et al., 2020, Laguna del Maule: Cordell et al., 2020, Kirishima:
Aizawa et al., 2014; Taupo: Bertrand et al., 2012, Krafla: Lee et al., 2020). A minimum solidus
temperature of 725°C at a pressure of 100 MPa (Bowles-Martinez & Schultz, 2020; Tuttle &
Bowen, 1958), suggested that the part of C1 at a temperature lower than 725°C was comprised of
magmatic fluid. The thermal gradient of 170°C/km suggests that the temperature at an elevation
of =4 km becomes 725°C (Figure 4a). Therefore, we considered the upper part of C1 at an



320
321
322

323
324
325
326
327
328
329
330
331
332
333

334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354

355
356
357
358
359
360
361
362
363
364

Journal of Geophysical Research: Solid Earth

elevation greater than —4 km as a potential supercritical fluid reservoir (>400°C) instead of melt.
The low Vp/Vs ratio (<1.7) in the upper parts of C1 (Figure 3 and Figure S8) also indicated that
the upper parts were mainly magmatic fluid instead of melt (Okada et al., 2014).

NaCl-H2O fluids can be found in different phases depending on the pressure, temperature, and
salinity conditions (Afanasyev et al., 2018; Driesner & Heinrich, 2007; Sillitoe, 2010; Weis et al.,
2012). Three fluid phases (1: single-phase, 2: vapor-liquid coexisting phase, 3: vapor-halite
coexisting phase) can be expected for supercritical fluids (Figure 5a). The fluid phase can affect
the resistivity of the NaCl-H>O fluids. The typical NaCl content of magmatic fluids is 5-10 wt%,
based on fluid inclusion analysis (Heinrich, 2005). Recent mantle xenolith studies reported the
NaCl content of fluids in the mantle wedge to be 5.1 wt% (Kawamoto et al., 2013). First, we
consider that the magmatic fluid has a 5 wt% NaCl equivalent. The pressure at the potential
supercritical reservoir is expected to be hydrostatic or lithostatic, or somewhere between the two
(Figure 4b). We calculated the hydrostatic pressure assuming a water density of 1000 kg/m? and
lithostatic pressure assuming a rock density of 2700 kg/m? (Saishu et al., 2014).

We consider the fluid phase of the reservoir top at an elevation of —1.8 km (temperature of
450°C) because shallow parts are easier to exploit than deeper parts. The phase of the
supercritical fluid is a vapor-halite coexisting phase at 450°C if the pressure is in the hydrostatic
condition (Figure 5a). We assumed that the halite is resistive at >10% ohm-m (Watanabe & Peach,
2002), while the vapor is resistive at 1000 ohm-m (Peacock et al., 2020). As a result, the vapor-
halite coexisting phase is estimated to be much more resistive than the 10 ohm-m of C1. The
phase of the supercritical fluid is a vapor-liquid coexisting phase at 450°C if the pressure is
below the average between hydrostatic and lithostatic conditions (e.g. 35 MPa) (Figure 5a). In
the vapor-liquid coexisting phase, the fluid exists as low-salinity vapor in equilibrium with a
small fraction of hypersaline brine (Driesner & Heinrich, 2007). Despite a lack of laboratory
measurement data for the resistivity of the vapor-liquid coexisting phase, to the best of our
knowledge, the two-phase zones have been reported as resistive zones of 100-1000 ohm-m
(Gresse et al., 2021; Samrock et al., 2018), which are much more resistive than 10 ohm-m of CI.
The phase of the supercritical fluid is single-phase at 450°C if the pressure is in the lithostatic
condition (Figure 5a). Bannard (1975) showed that the resistivity of a single phase is low. If we
consider a single-phase supercritical fluid under pressure close to the lithostatic pressure, 10
ohm-m can be reasonably explained. Therefore, the supercritical fluid was considered as a
single-phase fluid under pressure close to the lithostatic pressure. Although the magmatic fluid
was considered to have a 5 wt% NaCl equivalent, a higher pressure close to the lithostatic
pressure was also predicted for the magmatic fluid with 10 wt% NaCl equivalent to a single-
phase (Figure 5b).

If a connection exists to the surface from the supercritical fluid reservoir, the pressure should be
under hydrostatic conditions in the supercritical fluid reservoir. Hence, sealing to weaken the
connections should be considered as an explanation for the lithostatic pressure of the reservoir
(Scholz, 2019; Sibson, 2020). Silica sealing has been found above the potential supercritical
reservoir and may separate the hydrostatic and lithostatic regions (Fournier, 1999; Ingebritsen &
Manning, 2010; Lowell et al., 1993; Manning, 1994; Saishu et al., 2014; Weatherley & Henley,
2013). To consider the potential of silica sealing in this field, we calculated the silica solubility
using Loner AP software (Akinfiev & Diamond, 2009). The quartz solubility had a local
minimum for hydrostatic pressure, indicating that quartz precipitation could occur at this depth
from downward-moving fluids (surface to deep) (Figure 6). The depth of the local minimum was
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consistent with that of the top of C1. This suggests that silica sealing exists above C1. After the
development of silica sealing by downward-moving fluids with hydrostatic pressure, the
developed silica sealing weaken the connection from the supercritical fluid reservoir to the
surface. Moreover, upward-moving fluids with lithostatic pressure from the deep parts of the
crust can enhance the sealing if the upward-moving fluid encounters the fluids with hydrostatic
pressure due to differences in their silica solubility (Fournier, 1999; Saishu et al., 2014). These
mechanisms can explain why the silica sealing developed there and separate the hydrostatic and
lithostatic regions (Figure 4c). The silica sealing also plays a role in trapping the upwelling
supercritical fluids due to its low permeability.

We considered the fluid fraction of a potential supercritical reservoir using the obtained
resistivity model. We assumed that the potential supercritical reservoir is comprised of a
complex (supercritical fluid and solid phase). The bulk resistivity of the potential supercritical
reservoir was modeled using the Hashin—Shtrikman upper bound model (HS+) (Hashin &
Shtrikman, 1962). We used the resistivity values of NaCl-H>O fluids reported by Bannard (1975)
for the resistivity of supercritical fluid. The solid-phase resistivity was fixed at 1000 ohm-m.
Reservoir pressure was assumed to be under the lithostatic condition (Figure 4c). For the C1 top
at an elevation of —1.8 km (450°C and 60 MPa), 10 ohm-m resistivity of C1 required a fluid
fraction of 1% and 0.5% for 5 wt% and 10 wt% NaCl equivalent, respectively (Figure 7). Ishizu
et al. (2021) found that MT inversion often overestimates the resistivity of deep conductors by
modeling studies (i.e. the estimated resistivity is higher than the true resistivity). Thus, the true
resistivity of C1 is expected to be lower than 10 ohm-m. If we consider the lower bound F value
(6.5 ohm-m), the fluid fractions are 2% and 1% for 5 wt% and 10 wt% NaCl equivalent,
respectively (Figure 7). The 0.5-2% fluid fraction of the potential supercritical fluids estimated
by the resistivity model was consistent with the porosity (1.7%) of the core sample of the
Kakkonda granite near the bottom of the WD-1a well (Muraoka et al., 1998). The resistivity of
supercritical fluids depends on the temperature and pressure (Bannard, 1975; Nono et al., 2020).
Although measurement data of the resistivity values of NaCl-H>O fluids at higher temperatures
and pressures (e.g. 600°C and 100 MPa) is lacking, the resistivity was predicted to be higher than
that at 450°C and 60 MPa, according to the measurements reported by Bannard (1975). This
indicates that a fluid fraction higher than 0.5-2% is predicted for the bottom of the reservoir.
However, the bottom of the supercritical reservoir is not currently economically exploitable
because of the low permeability and high cost of deep drilling (Watanabe et al., 2017).
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Figure 4. (a) Temperature profile as a function of elevation at the NEDO drilling sites (N63-MS-
6), as presented in Figure 1b (New Energy and Industrial Technology Development Organization,
1990). The solid line denotes logging data and the dashed line denotes the extrapolated profile.
(b) The pressure profile as a function of elevation under hydrostatic pressure (black line) and
lithostatic pressure (grey line), respectively. We calculated the hydrostatic pressure assuming a

water density of 1000 kg/m? and lithostatic pressure assuming a rock density of 2700 kg/m?
(Saishu et al., 2014).
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Figure 5. (a) Pressure-temperature diagram of NaCIl-H;O solution for 5 wt% NaCl equivalent,
calculated using AqSo NaCl software (Bakker, 2018). The magenta circle denotes the critical
point (422°C and 34 MPa). Red, blue, and black crosses denote the pressure-temperature points
at an elevation of —1.8 km (450°C) under lithostatic, hydrostatic, and average of lithostatic and
hydrostatic, respectively. (b) Isothermal pressure—composition sections for 450°C. The red and
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blue lines denote pressure at an elevation of —1.8 km under hydrostatic and lithostatic conditions.
L, liquid, V, vapor, H, halite; for temperatures equal to or higher than the critical temperature of
the fluid, the notation F, fluid was introduced to underline that those fluid properties can

gradually change from liquid-like to vapor-like without crossing a phase boundary in this region
(Driesner & Heinrich, 2007).

/

Elevation (km)

Hydrostatic with NaCl 0 wt%

N
Top of C1 /‘

Lithostatic with NaCl 5 wt% |

0

500

1000

Quartz solubility, Si[mg kg '(H,0)]

Figure 6. Quartz solubility profiles as a function of depth, calculated using Loner AP software
(Akinfiev & Diamond, 2009). The solubility for pure H>O under hydrostatic conditions (salinity
= 0 wt%; black line) and the solubility for saline fluid under lithostatic conditions (5 wt% NaCl
equivalent; grey line) are shown. The red dashed line denotes the top of C1, as shown in Figure 3.
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Figure 7. The bulk resistivity of the complex (supercritical fluid and solid phase) at 450°C and
60 MPa as a function of fluid fraction and of NaCl content in the supercritical fluid. Supercritical
fluid resistivity was calculated based on the laboratory measurement results of Bannard (1975).
Bulk resistivity was calculated using Hashin—Shtrikman upper bound model (HS+) (Hashin &
Shtrikman, 1962). Solid phase resistivity was fixed at 1000 ohm-m. The gray zone denotes the
resistivity range with a 95% confidence interval for C1 based on F-test (6.5 ohm-m < C1 < 35
ohm-m).

5.3. Partial melt

The temperature at an elevation lower than —5 km was estimated to be above 800°C. This
temperature of 800°C was over the minimum solidus temperature of 725°C at a pressure of 100
MPa for silicic melts (Bowles-Martinez & Schultz, 2020; Tuttle & Bowen, 1958). Therefore, C1
may include a melt at an elevation lower than —5 km. Resistivity models are useful for inferring
the melt fraction in the subsurface (Feucht et al., 2017; Hata et al., 2015; Hill et al., 2009; Ichiki
et al., 2021; Lee et al., 2020; Peacock et al., 2015; Pifia-Varas et al., 2018; Samrock et al., 2018).
The resistivity of the melt has been well studied in the literature (Gaillard & Marziano, 2005;
Guo et al., 2017; Laumonier et al., 2015; Pommier & Le-Trong, 2011). Here, we assume that the
part of C1 with a temperature above 800°C consists of a complex (melt and solid phase).

A petrologic study revealed that dacitic and andesitic melts are likely to exist in this field (Ban et
al., 2007). The dacitic melt has a shallower origin than the andesitic melt (Ban et al., 2007;
Tatsumi et al., 2008). We assume that conductor C1 at an elevation of —5 km consists of the
complex (dacitic melt and solid phase), and used the resistivity value reported by Laumonier et al.
(2015) for dacitic melt. Bulk resistivity was calculated using the Hashin—Shtrikman upper bound
model (HS+) (Hashin & Shtrikman, 1962) The solid-phase resistivity was fixed at 1000 ohm-m.
The bulk resistivity of the complex (dacitic melt and solid phase) at 900°C and 150 MPa (=5 km
elevation) suggests that an 80% melt fraction with 2 wt% H>O is required to explain the 10 ohm-
m of C1. As mentioned above, the MT method may overestimate the resistivity values (Ishizu et
al., 2021). If we consider the lower bound of C1 (6.5 ohm-m), the 100% melt fraction is
considered for 2 wt% H>O. However, these melt fractions are not reasonable. The water content
in the dacitic melt can range up to 5.5 wt%, which is the water saturation condition (Wallace,
2005). If the dacitic melt was almost water-saturated (5 wt% H>O), the 20% melt fraction could
explain 10 ohm-m. Even if we consider the lower bound of C1 (6.5 ohm-m), the 30% melt
fraction was considered for 5 wt% H>O. These findings suggest that C1 at an elevation of =5 km
is a dacitic melt with 5 wt% H>O and a melt fraction of 20-30%.

The andesitic melt is expected to be located in the deep zones of this field (Ban et al., 2007). The
conductor C1 at an elevation of -9 km was assumed to consist of a complex (andesitic melt and
solid phase). The resistivity of the andesitic melt was calculated according to Guo et al. (2017).
To explain 10 ohm-m of C1 at 1050°C and 250 MPa (-9 km elevation), the melt fraction was
estimated to be 2% for 8 wt% H>O and 20% for 2 wt% H2O. Hence, our resistivity model
suggests that C1 at an elevation of —9 km consists of an andesitic melt with a melt fraction below
20%.
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Figure 8. (a) The bulk resistivity of the complex (dacitic melt and solid phase) at 900°C and 150
MPa as a function of melt fraction and water content in the dacitic melt. The resistivity of the
dacitic melt was calculated based on Laumonier et al. (2015). Solid phase resistivity was fixed at
1000 ohm-m. Bulk resistivity was calculated using Hashin—Shtrikman upper bound model (HS+).
(b) The bulk resistivity of the complex (andesitic melt and solid phase) at 1050°C and 250 MPa
as a function of melt fraction and water content in the andesitic melt. The resistivity of the
andesitic melt was calculated based on Guo et al. (2017). The gray zones denote the resistivity
range with a 95% confidence interval for C1 based on the F-test (6.5 ohm-m < C1 <35 ohm-m).

5.4. Mechanism of evolution of a supercritical geothermal reservoir

Our MT data revealed a potential supercritical geothermal reservoir, a melt, and a shallow
geothermal system in the Yuzawa geothermal field in NE Japan (Figure 3). Based on our
resistivity model, we propose a mechanism for the evolution of a supercritical geothermal
reservoir (Figure 9). The dacitic and andesitic melt below the supercritical geothermal reservoir
may supply magmatic fluids to the supercritical geothermal reservoir (Blundy et al., 2021;
Heinrich, 2005; Sillitoe, 2010). Upwelling supercritical fluids supplied from the melt were found
to become trapped under a less-permeable silica sealing, and supercritical fluids accumulated
below the silica sealing as a result (Figure 9). Silica sealing separates the hydrostatic and
lithostatic regions (Figure 4c). Hence, the supercritical geothermal reservoir below the silica
sealing is under lithostatic pressure, and the phase of the potential supercritical fluids is
interpreted as a single phase. Single-phase supercritical fluids show low resistivity (Bannard,
1975). Therefore, the supercritical fluid reservoir was imaged as a low resistivity anomaly of C1
(Figure 3). The fluid fraction of the supercritical reservoir was estimated to be 0.5-2% (Figure 7).
Episodic supplies of magmatic fluids from the melt increased the pressure of the supercritical
fluid reservoir, with high levels of pressure subsequently breaking the silica sealing. Fluids
leaking from the silica sealing moved to the surface (Figure 9). The fluids were detected as
conductive zones extending from the deep conductor C1 to the near-surface conductors (Figure
3c). The smectite-rich zones near the surface act as an impermeable cap-to-trap hydrothermal
fluid of mixed meteoric water and upwelling fluids owing to its low permeability (Revil et al.,
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2019). Power plants in operation in the area use hydrothermal fluids (<300°C) trapped below the
impermeable cap of smectite to generate electric energy (New Energy and Industrial Technology
Development Organization, 1990). Since our MT data revealed a potential supercritical
geothermal reservoir in this geothermal field, power plants in this field potentially may use
supercritical geothermal reservoirs to increase their power generation in the future.
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Figure 9. (a) West—east cross-section at x = 0.5 km of the inverted resistivity model. This cross-
section is the same as Figure 3c. Symbols are the same as in Figure 3. (b) Schematic model of a
geothermal system inferred from our resistivity model.

6. Conclusions

Supercritical geothermal reservoirs are next-generation energy resources that yield higher
productivity than conventional geothermal fluids with temperatures <350°C. Despite the fact that
understanding the fluid fraction and spatial distribution of supercritical geothermal reservoirs is
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513  necessary for their assessment as a energy resource, these characteristics remain poorly
514  understood. Therefore, to gain insights into the fluid fraction and spatial distribution of a
515  supercritical geothermal reservoir, we applied the MT method in the Yuzawa geothermal field in
516  NE Japan. As a result, this study is the first to present a detailed estimation of the spatial
517  distribution and fluid fraction of a potential supercritical geothermal reservoir. Our main findings
518  can be summarized as follows:

519 e The MT data revealed a supercritical geothermal reservoir, a melt, and a shallow
520 geothermal system in the Yuzawa geothermal field.

521 e The MT data revealed a supercritical geothermal reservoir (>400°C) with a size of 3 km
522 (width) x 5 km (length) at a depth of 2.5-6 km. The fluid fraction of the supercritical
523 reservoir was estimated to be 0.5-2% with a salinity of 5-10 wt%.

524 e Silica sealing may exist above the potential supercritical geothermal reservoir, separating
525 the hydrostatic and lithostatic regions. The potential supercritical fluids were considered
526 to be under lithostatic pressure, and the fluid phase was interpreted as being single-phase.
527 e The MT data indicate that dacitic and andesitic melts exist below the supercritical fluid
528 reservoir. The melt supplies magmatic fluid to the supercritical fluid reservoir.

529 e We propose a mechanism for the evolution of a supercritical fluid reservoir, wherein
530 upwelling supercritical fluids supplied by the melt are trapped under less permeable silica
531 sealing. As a result, supercritical fluids accumulate below the silica sealing.

532 e The supercritical fluid breaking from the silica sealing provides upward-moving fluids to
533 the surface.
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