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In this report, we briefly introduce the paper Tseng et al. (2020).  
https://doi.org/10.1186/s40623-020-01283-2 
 
Abstract 
We aimed to perform three-dimensional imaging of the underlying geothermal system to a 
depth of 2 km using magnetotellurics (MT) at around the Yugama crater, the Kusatsu–
Shirane Volcano, Japan, which is known to have frequent phreatic eruptions. We deployed 
91 MT sites focusing around the peak area of 2 km × 2 km with typical spacings of 200 m. 
The full tensor impedances and the magnetic transfer functions were inverted, using an 
unstructured tetrahedral finite element code to include the topographic effect. The final 
model showed (1) low-permeability bell-shaped clay cap (C1) as the near-surface 
conductor, (2) brine reservoir as a deep conductor (C3) at a depth of 1.5 km from the 
surface, and (3) a vertical conductor (C2) connecting the deep conductor to the clay cap 
which implies an established fluid path. The columnar high-seismicity distribution to the 
east of the C2 conductor implies that the flushed vapor and magmatic gas was released 
from the brine reservoir by breaking the silica cap at the brittle–ductile transition. The past 
magnetization/demagnetization sources and the inflation source of the 2014 unrest are 
located just below the clay cap, consistent with the clay capped geothermal model 
underlain by brine reservoir. The resistivity model showed the architecture of the 
magmatic–hydrothermal system, which can explain the episodic volcanic unrest. 
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Fig.1  
a Location of Kusatsu–Shirane Volcano, Japan.  
b Topography map of Kusatsu–Shirane Volcano with MT/AMT stations. The squares and triangles 
denote the MT and AMT stations, respectively. The red circles and open curves show the crater rims of 
past eruptions. The purple closed curves show the fumarole zones. The blue curves show the national 
road 292 as a location reference. SG, MS, and MZ denote the locations of Sesshougawara fumarolic 
area, Mt. Motoshirane, and Manza hot spring field, respectively. The long orange line denotes the AMT 
profile (Nurhasan et al., 2006)  
c A peak area [the red rectangle in (b)] of Kusatsu–Shirane Volcano with MT/AMT stations. The 
symbols are the same as in (b). Moreover, the black squares with red and with white edges denote the 
MT station with and without magnetic field data, respectively. KS denotes Mt. Shirane, and the red 
triangle denotes its peak. Y denotes the Yugama crater lake 
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Fig.2 The phase tensor ellipses (Caldwell et al., 2004) map with a the observed and b the calculated data 
from the final model. The phase tensor ellipses are filled by tan−1 Φ2, where Φ2 is the geometric mean 
of maximum and minimum of phase tensor. The blue and green arrows show the real and imaginary parts 
of the induction vectors with Parkinson convention. The black curve, red triangle, and blue circle with Y 
denote the national road 292, the peak of Mt. Kusatsu–Shirane and the Yugama crater lake, respectively. 
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Fig. 3 Depth slices at a 1800 m 
ASL, b 1400 m ASL, c 1000 m ASL, d 500 m 
ASL and e 0 m ASL from the 3-D resistivity 
inversion at the peak area of Kusatsu–Shirane 
volcano using the unstructured tetrahedral 
code (Usui, 2015; Usui et al., 2017). Seismic 
hypocenters are mapped as dots on each map 
within 200 m tolerance in depth. The white, 
black, and gray dots denote hypocenters for 
three periods before, during and after the 2014 
unrest, namely from August 2013 to February 
2014, from March 2014 to May 2014, and from 
June 2014 to February 2019. The white and 
black starts denote horizontal locations of 
magnetizations and demagnetizations 
corresponding to volcanic events from 1978 to 
2012 after Takahashi & Fujii (2014). The red 
circles and open curves show the crater rims 
of past eruptions. The rectangle in (b) denotes 
the fitting between the resistor R1 and the 
locations of historical eruptions. Major 
fumaroles (F1 and F2) are shown by white 
closed curves. 
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Fig.4  
a Depth slice at 1400 m ASL. The locations for W–E and S–N profiles for sections are shown by broken 
lines.  
b W–E and c S–N sections. The seismic hypocenters are mapped as dots on each map within 200 m 
tolerance normal to the sections. The white, black, and gray dots denote hypocenters before, during and 
after the 2014 unrest, respectively. The shallow seismicity (black dots) going through the clay cap (C1) is 
evident during 2014 unrest. The white and black stars denote the same as in Fig. 3. The blue X denote 
the point pressure  
d The 3-D view of the three major conductors. The blue surface shows the topography. The dots denote 
seismicity as in (a–c). 
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Fig. 5 a Simplified W–E resistivity section in Fig. 4b. The rectangles on the terrain denote the 
observation sites. The white and black stars and the green “X” symbols are the same as in Fig. 4. The 
swarm dots with bigger and with smaller circles denote the hypocenters of microseismic events during 
2014 unrest, and out of this active period, respectively.  
b Pressure–temperature projection of hydrothermal fluid phase diagram for H2O and CO2 (after Hutnak 
et al. 2009). Two curves which end with solid circles denote the liquid–vapor coexistence curves of pure 
CO2 and pure H2O with their critical points (CP). C2 may be an established fluid path from the 
supercritical fluid. In contrast, if episodic large gas flux breaks the silica cap (Fournier, 1999; Saishu et 
al., 2014), breakage of the silica cap over the brine (Afanasyev et al.,2018; Blundy et al. 2015) may 
flush the fluid upward in the hydrostatic domain. 
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