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S U M M A R Y 

Although controlled-source electromagnetic (CSEM) methods have higher sensitivity to thin 

resistive bodies than the magnetotelluric (MT) method, their delineation by the inversion re- 
quires CSEM data with high signal-to-noise ratio (SNR). This study aims to enhance the SNR 

of CSEM data by increasing the number of stacks. To efficiently stack long-term data, we use 
an EM-accurately controlled, routinely operated signal system (A CR OSS), which can transmit 
accuratel y controlled w aveforms b y synchronizing the transmitting w aveforms with a 10 MHz 
Global Positioning System signal. We conducted a CSEM surv e y using the EM-A CR OSS in 

the Kusatsu-Shirane Volcano to demonstrate that the SNR can be improved by e xtensiv e obser- 
vation data and the CSEM inversion can delineate hydrothermal systems, including resistive 
bodies of vapour-rich reservoirs. Our EM-A CR OSS simultaneously transmitted waveforms 
from two dipoles during a 192-h of the surv e y; fiv e-component receiv ers located 4–6 km 

away from the transmitter captured EM-ACROSS signals ranging between 146 and 192 h. 
By stacking e xtensiv e observation data using a weighted method, the CSEM responses show 

minimal error levels, with standard errors < 2 per cent for most frequencies. The SNR roughly 

followed the square root of the stacking times. 3-D inversion of the collected CSEM data 
delineated a relati vel y resisti ve body, interpreted as a vapour-dominated reservoir below a 
cap-rock lay er, w hile the MT inversion failed to recover the same. This highlights the ability 

of an EM-A CR OSS-based CSEM surv e y to delineate hydrothermal systems including vapour- 
dominated reservoirs, and provides a compelling rationale for establishing CSEM as a standard 

methodology in hydrothermal imaging. Furthermore, this study suggests that the enhanced 

imaging capabilities of CSEM data can be further improved when integrated with MT data. 

Key words: Japan; Controlled source electromagnetics (CSEM); Magnetotellurics; Volcanic 
hazards and risks. 
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eafloor electrical resistivity structures and are useful for exploring
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Figure 1. Schematic diagram of the EM-A CR OSS transmitter. The time base of the waveform generator is synchronized with a 10 MHz GPS signal from 

the GPS clock, enabling signal control with high precision. Tw o po wer amplifiers boost the accurately controlled waveforms from the waveform generator 80 
times. The amplified waveforms are injected from the NS and EW dipoles to the ground. A data logger connected to the amplifiers records the output currents 
at a sampling rate of 1 and 10 kHz. 

Table 1. Coefficients described in eq. ( 1 ) for transmitting waveforms of our EM-A CR OSS; 
waveforms are modified from those in Tseng ( 2020 ). 

j 1 2 3 4 5 6 7 8 

A j 2 .3 1 .7 1 .3 1 .1 0 .7 0 .5 0 .3 0 .2 
f j (Hz) for NS 0 .2 0 .5 1 .1 2 .9 5 .9 10 .1 22 .7 46 .1 
f j (Hz) for EW 0 .3 0 .7 1 .3 3 .1 6 .1 10 .3 22 .9 46 .3 
φ j ( ◦) for NS –15 .3 24 .5 –41 .8 151 .7 115 .6 –28 .9 –36 .8 81 .4 
φ j ( ◦) for EW –28 .5 53 .7 161 .2 –16 .8 149 .9 69 .5 66 .0 –26 .9 
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freshwater aquifers (Blatter et al. 2019 ; Attias et al. 2020 ; Haroon 
et al. 2021 ) and hydrocarbon reservoirs (Eidesmo et al. 2002 ; Con- 
stable 2010 ; Hesthammer et al. 2010 ). The targets are detected by 
exploiting their resistivity properties that are higher or lower than 
those of the surrounding rock. 

Controlled-source EM (CSEM) methods, which use artificial 
sources, have been employed to detect resistive bodies, such as 
oil and gas (Myer et al. 2015 ; Schaller et al. 2017 ), gas hydrate 
(Weitemeyer et al. 2006 ; Schwalenberg et al. 2017 ) and freshwater 
(Gustafson et al. 2019 ; Micallef et al. 2020 ), due to their superior 
sensitivity to thin resistive bodies compared to the magnetotelluric 
(MT) method using natural plane-wave sources (Ziolkowski et al. 
2007 ; Constable 2010 ; Strack 2014 ; Streich 2016 ). CSEM methods 
also facilitate the acquisition of high signal-to-noise ratio (SNR) 
data in noisy environments by adjusting the source against a partic- 
ular noise (Streich et al. 2013 ; Grayver et al. 2014 ; V édrine et al. 
2023 ). Due to the higher sensitivity to thin resistive bodies and 
noise resistance, CSEM methods have also piqued the interest of 
researchers as a monitoring technique (Wirianto et al. 2010 ; Tietze 
et al. 2015 ; Minami et al. 2018 ; Darnet et al. 2020 ; Bretaudeau 
et al. 2021 ; Commer et al. 2022 ). 

Even with their above-mentioned advantages over the MT 

method, delineating thin resistive bodies by CSEM inversions re- 
quires high-SNR data, which can be obtained by either increasing 
the source dipole moment (dipole length × output current) or ex- 
tending the observation period for data stacking. In onshore areas, 
limitations on cable lengths and output currents of source dipoles 
are imposed due to poor accessibility and high-earth resistance. 
Therefore, we aim to enhance the SNR by extending the observa- 
tion duration for data stacking. Given that noise is Gaussian with 
zero mean, SNR will increase as the square root of the stacking 
times. To ef ficientl y stack long-term data, we use an EM-accuratel y 
controlled, routinely operated signal system (A CR OSS), which can 
transmit accurately controlled waveforms over long measurement 
interv als, such as se veral weeks b y synchronizing its w aveforms 
with a Global Positioning System (GPS) signal (Ogawa & Ku- 
mazawa 1996 ; Nakajima et al. 2000 ). Accurately controlling repet- 
iti ve w aveforms helps ef ficientl y stack long-term data as the spectra 
of transmitting currents only shows peak values at the signal fre- 
quencies without dispersion to other frequencies. The EM-A CR OSS 

waveforms consist of superposed sinusoids with a limited number 
of frequencies. Thus, our EM-A CR OSS surv e y can be classified as 
a frequency-domain CSEM approach. Receiver time is also based 
on GPS clocks, as EM-A CR OSS requires time synchronization be- 
tween the transmitter and receivers. 

We conduct a CSEM surv e y using the EM-A CR OSS in a vol- 
canic area. The EM-A CR OSS simultaneously transmit regulated 
waveforms from two dipoles using synchronization with a 10 MHz 
GPS signal. We deploy five-component receivers with offsets of 4–
6 km from the transmitter. The range of transmitting frequencies is 
set to 0.1–100 Hz to include both near and far-field data. Near-field 
data produce vertical currents yielding high sensitivity to resistive 
bodies compared to that of the MT method. Plane-wave assump- 
tion is valid for far-field data, resulting in comparable sensitivity 
to the MT method. The study area is the Kusatsu-Shirane Volcano 
in Japan, where phreatic eruptions have repeatedly occurred at the 
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Figure 2. Flow of data processing using the weighted stacking method. 
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Figure 3. Map of the study area. (a) Location of Kusatsu-Shirane Volcano, 
200 km NW of Tokyo, marked by a yellow star. (b) Enlarged map of Kusatsu- 
Shirane Volcano with transmitter dipole positions (blue and red lines) and 
receiver positions (white triangles). Blue and red lines indicate NS and EW 

dipoles, respecti vel y. The figures are plotted using GMT (Wessel et al. 2019 ). 
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ugama crater (Yaguchi et al. 2021 ). The MT method has been rou-
inely used for investigating various volcanic areas (Ingham et al.
009 ; Bertrand et al. 2022 ) including the Kusatsu-Shirane Volcano
Tseng et al. 2020 ). Ho wever , due to its lower sensitivity to resistive
odies, the MT method can fail to detect resistive bodies of vapour
eserv oirs, w hich are necessary for the in-depth understanding of
ydrothermal systems in volcanic areas and forecasting phreatic
ruptions (Stix & de Moor 2018 ). 

The objectives of this study are to demonstrate that stacking can
mprove SNR of the CSEM data obtained using the EM-A CR OSS
nd inversion of the measured CSEM data can delineate hydrother-
al systems up to 2 km in depth, including resistive bodies of vapour

eservoirs. We first describe our EM-A CR OSS instruments and a
eighted stacking method for data processing. Then, we present

he result of the EM-A CR OSS application to the Kusatsu-Shirane
olcano, focusing on relation between SNR and stacking time and
omparison of CSEM and MT data inversion results. 

 M E T H O D S  

.1 CSEM instrument 

he developed EM-A CR OSS transmitter (Fig. 1 ) is an improved
ersion from the prototype by Tseng et al. ( 2019 ). The time base
f our waveform generator (WF1974; NF Corporation, Yokohama,
apan) was synchronized with a 10 MHz signal from the GPS clock
Syncserver S650, Microchip Technology Inc., Chandler, AZ, USA)
o repeatedly transmit accurately controlled waveforms. Two power
mplifiers (AA2000XG2; Takasago International Corp., Ltd, Tokyo,
apan) were used to amplify the accurately controlled waveforms
enerated by the waveform generator by a factor of eighty in voltage-
ontrolled mode. The amplified waveforms were transmitted from
orth–south (NS) and east–west (EW) oriented dipoles. A data log-
er (SC-ADH10K; Scimolex Corp., Inc., Yamanashi, Japan) con-
ected to the amplifiers recorded the output currents at sampling
ates of 1 and 10 kHz. Receivers (MTU-5C; Phoenix Geophysics
td, Scarborough, Canada) recorded electric fields in the NS ( E x )
nd EW ( E y ) directions as well as magnetic fields in the NS ( H x ), EW
 H y ) and vertical directions ( H z ). The x -, y -, and z -directions rep-
esent the geographic north, east and vertical depths, respecti vel y.
he MTU-5C receivers used the same gain and resolution settings
s typical MT measurements. The SC-ADH10K data logger and
TU-5C receivers also used GPS clocks for time synchronization.
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Figure 4. Waveform of EM-A CR OSS transmitter in the Kusatsu-Shirane 
Volcano. (a) Measured transmitting current as a time-series injected from 

NS and EW dipoles, 17:00 (JST) on 2020 September 25. The period of 
both waveforms is 10 s. (b) Amplitude spectra of the transmitting currents 
for 10 min from 17:00 (JST) on 2020 September 25. Blue and red represent 
values for NS and EW dipoles, respecti vel y. NS current v alues is higher than 
EW values due to lower earth resistance for NS dipole and use of constant 
voltage mode of the amplifiers although A j in Table 1 are set same for both 
dipoles. 
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Our EM-A CR OSS waveforms consisted of superposed sinusoids 
with eight different frequencies (Tseng 2020 ): 

I ( t ) = 

8 ∑ 

j= 1 
A j cos 

(
2 π f j t + φ j 

)
(1) 

where I is source current (A) for time t (s), A j is amplitude (A), 
f j is frequency (Hz) and φ j is phase shift ( ◦) for index number 
j . Table 1 lists the coefficients of EM-A CR OSS waveforms. The 
period of the waveforms for both the NS and EW dipoles was 10 s. 
The frequency ranges for the NS and the EW dipoles were 0.2–46.1 
and 0.3–46.3 Hz, respecti vel y. The frequency of the NS waveform 
Table 2. Start and end times of transmitter an

Start time (JST) E

Transmitter 17:00 on Sep 25 17
Rx1 17:00 on Sep 26 14
Rx2 17:00 on Sep 25 14
Rx3 17:00 on Sep 25 14
Rx4 17:00 on Sep 25 14
Rx5 17:00 on Sep 25 17
Rx6 17:00 on Sep 25 17
Rx7 13:00 on Sep 27 15
Rx8 14:00 on Sep 26 17
dif fered slightl y from that of the EW waveform, allowing for si- 
multaneous receiver recording without interference. Fur ther more, 
as EM-A CR OSS transmission onl y af fects the MT signals at a re- 
stricted number of frequencies (i.e. 16 frequency number), MT data 
can be acquired while the EM-A CR OSS transmission is running. 
The amplitude of A j was set to higher values at lower frequencies 
(Tseng 2020 ) to overcome natural noise, which is often higher at 
lower frequencies (Macnae et al. 1984 ). Different phase shifts of φ j 

were used to lower the peak amplitude value (Tseng 2020 ). 

2.2 Weighted stacking method 

The weighted stacking method (Nagao et al. 2003 , 2010 ) was used 
to enhance the SNR of the EM-A CR OSS data. It incorporated noise- 
level information into stacking weights. We acquired EM-A CR OSS 

data over two weeks, during which the noise level substantially 
changed. Stacking noisy data without down-weighting can decrease 
the SNR of the EM-A CR OSS response. Therefore, noise-level in- 
formation should be integrated into the data processing. 

The weighted stacking method divided receiver time-series data 
into segments, conducted a Fourier transfor mation, perfor med noise 
estimations, computed weights based on the estimated noise levels, 
and calculated the CSEM response with weights (F ig. 2 ). F irst, we 
divided the entire data by the duration of each segment T s (s), yield- 
ing M segments, with each segment represented by m (1 to M ). We 
removed the linear trend from the time-series data in each segment 
of m , subsequently transforming the time-series data into frequency 
domain spectra X ( f ) using a fast Fourier transform (FFT), where f 
represents the frequency. The spectra X ( f j ) at signal frequency f j are 
referred to as signal channels, and the other spectra, excluding the 
signal channels, are referred to as noise channels. The noise level 
n mj for segment m and signal channel j was estimated using noise 
channels as follows (Nagao et al. 2010 ): 

n mj = 

√ √ √ √ 

1 

2 L 

K ∑ 

k =−K ,k �= 0 
| X ( f j + k� f ) | 2 (2) 

where K is the one-side search number for noise channels around 
the signal channel j , k is the integer index for the noise estimation 
( −K ≤ k ≤ K ), � f is the frequency interval of the spectra, calcu- 
lated as 1/ T s , and L is the total number of noise channels used in 
the noise estimation. If X ( f j + k� f ) for −K ≤ k ≤ K excluding 
k = 0 does not include signal channels, L becomes 2 K . The weight 
w mj for segment m and signal channel j was computed as follows 
(Nagao et al. 2010 ): 

w mj = 

1 /n 

2 
mj ∑ M 

m = 1 1 /n 

2 
mj 

(3) 
d receiver data used for the analysis. 

nd time (JST) Duration (hr) 

:00 on Oct 03 192 
:00 on Oct 03 165 
:00 on Oct 03 189 
:00 on Oct 03 189 
:00 on Oct 03 189 
:00 on Oct 03 192 
:00 on Oct 03 192 
:00 on Oct 03 146 
:00 on Oct 03 171 
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Eq. ( 3 ) indicates that when the noise level n mj is low, the weight
 mj is large. 
We also separated the time-series data of the injected current

f the transmitter for each duration T s , which were transformed
nto a spectrum S ( f ) in the frequency domain using FFT with a
ime window of T s . The duration of each segment T s was same for
he receiver and transmitter data. CSEM transfer function G mj for
egment m and signal channel j was computed as follows: 

G mj = 

X mj 

S mj 
, (4) 

here X mj and S mj represent the spectra of X and S for segment m
nd signal channel j , respecti vel y. The stacked transfer function G j 

or signal channel j was computed using the weight: 

G j = 

∑ M 

m = 1 w mj G mj ∑ M 

w mj 

(5) 

m = 1 
nd its standard error S E j of G j was estimated as 

 E j = 

√ √ √ √ 

∑ M 

m = 1 w mj 

∣∣G mj − G j 

∣∣2 

M 

∑ M 

m = 1 w mj 

(6) 

The error bar is defined as S E j . Using the weighted stacking
ethod described above, we computed the transfer function of five-

omponent CSEM data ( E x , E y , H x , H y and H z ). 

 R E S U LT S  A N D  D I S C U S S I O N  

.1 Measured CSEM data 

e deployed our EM-A CR OSS transmitter with a 486 m NS dipole
nd a 961 m EW dipole at the Ishizu sulfur mine ruins (Fig. 3 ). The
urrents injected from the transmitter were ∼5 and ∼3 A for the
S and EW dipoles, respecti vel y (Fig. 4 a). This dif ference w as due

o the use of the constant voltage mode in the amplifiers and lower

art/ggae431_f5.eps
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earth resistance for the NS dipole although A j were set as same for 
both dipoles (Table 1 ). The transmission time used in our analysis 
was 192 h, beginning at 17:00 on 2000 September 25, and ending at 
17:00 on 2020 October 3 (Table 2 ). Note that the times in this study 
are indicated by Japan Standard Time (JST). We divided the time- 
series data of the transmitted current recorded at a sampling rate of 
1 kHz into M segments of T s = 600 s each. The time-series data of 
each segment were transformed to the frequency domain using FFT 

with a time window of 600 s. The spectra of the injected current 
S ( f ) exhibit peaks only in the signal channels (Fig. 4 b). Moreover, 
during the 192 h, the largest phase changes relative to the phase 
values at their starting points were only 0.05 ◦ and 0.1 ◦ for the NS 

and EW dipoles, respecti vel y (Figs 5 a and b). The phase change 
is defined as R j − R 1 where R j and R 1 are the phases at segment 
j and the first se gment, respectiv ely. These findings illustrate that 
our EM-A CR OSS can repeatedly transmit accurately controlled sig- 
nals for 192 h. The diurnal phase variation suggests that temperature 
effects in the transmitter electronics probably caused the phase vari- 
ation. In contrast, the amplitudes decreased by 4 per cent relative 
to their initial levels (Figs 5 c and d). The amplitude change is de- 
fined as 100 × ( R j − R 1 ) / R 1 where R j and R 1 are the amplitudes 
at segment j and the first se gment, respectiv ely. The automated me- 
teorological data acquisition system reported that the accumulated 
precipitation for the first and second days (September 25 and 26) of 
transmission was 52 mm, while the accumulated precipitation for 
the remaining days from the third day (September 27) to the final 
day of transmission (October 3) was 1 mm. The amplitude changes 
at the transmitter were aligned with precipitation data and consistent 
across all frequencies and indicating that the near-surface resistivity 
changes caused by wetting and drying in the near-surface soils were 
responsible for the amplitude changes. Additionally, the amplitude 
changes might be contributed by the deterioration of electrodes due 
to corrosion over the 192 hr of continuous transmission. 

Eight receivers were placed around the Yugama crater and at 
4.5–6 km from the transmitter (Fig. 3 ). The times used for the data 
anal ysis v ary among the recei vers because of their installation and 
collection periods (Table 2 ). The shortest and longest times were 146 
and 192 hr, respecti vel y. The recei ver time-series data, sampled at 
150 Hz, were processed using the weighted stacking method. First, 
the time-series data were separated for each T s = 600 s segment. 
The time-series data from each segment was then transformed to the 
frequency domain using FFT with a time window of 600 s. Conse- 
quently, a frequency resolution of the spectra � f was 1/600 Hz. 
The noise levels in the signal channels were estimated using 
K = 50. 

The noise levels in the observed data changed substantially over 
time. Fig. 6 shows fluctuations in the noise level for E x at a fre- 
quency of 0.2 Hz at Rx6, which is 4.5 km away from the transmitter. 
The changes were periodic, with noise levels at night (18:00–04:00) 
being 5–10 times higher than those during the day. Numerous cab- 
bage farms in the vicinity of the study site use electric fences as 
a deterrent to wild animals, typically activating them only during 
nocturnal hours. This nocturnal acti v ation pattern likel y contributes 
to the ele v ated noise le v els observ ed at night. In addition to the peri-
odic nighttime noise, strong pulse noise was detected on September 
29 from 06:00 to 07:00. These fluctuations in the noise level over 
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Figure 8. SNR improvement through stacking for Rx6. Blue solid and 
dashed lines represent the SNR at a frequency of 0.2 Hz for the NS trans- 
mitting dipole obtained through weighted and conventional stacking, re- 
specti vel y. Similarl y, the red solid and dashed lines represent the SNR at a 
frequency of 0.3 Hz for the EW transmission. The black dotted line indicates 
the values scaled by the square root of the stacking times from the initial 
SNR. Vertically, from top to bottom, the panels represent those of for E x , 
E y , H x , H y and H z . 

Figure 9. Comparison of the weighted and conventional stacking methods 
for E x at Rx6. (a) Amplitude and (b) phase obtained using the weighted 
stacking and conventional stacking methods. Blue and red circles indicate 
responses obtained using the weighted stacking for NS and EW dipoles, 
respecti vel y. Black inverse and normal triangle indicate responses obtained 
using the conventional stacking for NS and EW dipoles, respecti vel y. 
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ime imply that a weighted stacking method is required to address
he noise level changes. Note that the CSEM signals before stacking
ere still within the noise at the frequency, thus the signal ampli-

udes were coherent with the noise level. 
The SNR of the CSEM response obtained using the weighted

tacking method improved with increasing stacking time. For the
tacking periods of 3 and 20 hr, the noise levels were greater than the
ignal levels at frequencies of 0.2 and 0.3 Hz of E x at Rx6 (Fig. 7 a).
n contrast, stacking for 192 hr significantly lowered the noise level
nd yielded the SNR of ∼6 for data at 0.2 and 0.3 Hz. SNRs for
ata at 46.1 and 46.3 Hz also improved with increasing stacking time
Fig. 7 b). The stacking period of 192 hr yielded a high SNR of > 50
t frequencies of 46.1 and 46.3 Hz. This result demonstrates that
ur EM-A CR OSS could significantly increase the SNR by stacking
ata with a suf ficientl y long observ ation time, as expected based on
he system design. 

Given that noise is Gaussian with zero mean, SNR increases as
he square root of the stacking number. Fig. 8 shows the relationship
etween SNR and stacking number for Rx6 at frequencies of 0.2
nd 0.3 Hz. SNR of the five-component CSEM data has improved
ith increasing stacking numbers for both conventional stacking

nd weighted stacking methods. The conventional stacking method
efers to using the same weights for all segment data. The improve-
ent in SNR is more significant with weighted stacking compared

o conventional stacking. The improvement is attributed to appropri-
tely setting weights based on noise levels. The SNR improvement
oughly followed the square root of the stacking times. This agree-
ent suggests that if the noise level is measured at the beginning of

he observation, the user can optimize the stacking time based on
he required SNR level. 

As the weighted stacking method obtained higher SNR than
he conventional stacking method (Fig. 8 ), the weighted stacking

ethod yielded CSEM responses with fewer errors compared to
he conventional stacking method (Figs 9 and 10 ). We compared
 x data at Rx6 computed using both the weighted and conventional
tacking methods (Fig. 9 ). Both methods utilized a stacking time of
92 hr. Error bars for E x amplitude at 46.1 Hz were 2.6 per cent for
he weighted method and 21 per cent for the conventional method
Fig. 9 a). Additionally, the weighted stacking method improved re-
ponse estimations for phases (Fig. 9 b). Enhancements achieved
y the application of the weighted stacking method are discernible
cross all five components and receivers (Fig. 10 ). These results
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suggest that utilizing EM-A CR OSS with a long stacking duration 
in conjunction with the weighted stacking method enables accurate 
estimation of the CSEM responses. 
We compared the MT responses at Rx4 acquired with and with- 
out EM-A CR OSS transmission running to demonstrate that MT 

data can be collected concurrently with EM-A CR OSS data. Rx4 
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Figure 11. Comparison of the MT data at Rx4 acquired with and without EM-A CR OSS transmission running. (a) Apparent resistivity and (b) phase of the 
MT data without (square) and with (cross) EM-A CR OSS transmissions. Red and blue show the xy and yx components of the impedance tensor, respecti vel y. 
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as deployed three days before starting EM-A CR OSS transmis-
ion. Therefore, its recordings include data both during and before
M-A CR OSS transmissions. The gain and resolution settings same
s for typical MT measurements were applied to MTU-5C receivers
or both data acquisition with and without EM-A CR OSS transmis-
ion running. The processing time for both MT data without (06:00
n September 23 to 06:00 on September 24) and with EM-A CR OSS
ransmissions (06:00 on September 29 to 06:00 on September 30)
as 24 hr. We employed the EMpower software (Phoenix Geo-
hysics Ltd) to process the MT data, whose frequencies were se-
ected to avoid the EM-A CR OSS signal frequencies. Note that MT

easurements include burst cycles of higher acquisition rates in
ddition to 150 Hz sampled data. Fig. 11 shows the consistency of
he MT data acquired with and without EM-A CR OSS transmis-
ion, indicating that the MT data can be collected concurrently.
his gives EM-A CR OSS an advantage over other CSEM systems

hat interfere with simultaneous MT data collection. The apparent
esisti vity data significantl y dif fered between frequencies ranging
rom 0.1 to 3 Hz, corresponding to the MT dead band with a weak

T source (Egbert & Li vel ybrooks 1996 ). We infer that the de-
iation arises from low SNR for either the observation time with
nd without EM-A CR OSS transmission or both. In contrast, stack-
ng for 192 hr of the EM-A CR OSS data yielded lo w-error CSEM
esponses at frequencies of 0.1–3 Hz (Fig. 12 ), suggesting that a
SEM surv e y using the EM-A CR OSS is ef fecti ve in capturing low-
rror responses in an environment where obtaining low-error MT
esponses is challenging. 

.2 Inverted r esisti vity structur e 

o obtain the 3-D resistivity structure, we inverted the CSEM data
t the eight receivers using the inversion code with the data-space
ccam algorithm de veloped b y Ishizu & Ogawa ( 2021 ) and Ishizu

t al. ( 2022b ). Forward modelling of the inversion code employed
he finite difference method with a primar y-secondar y field ap-
roach. To avoid numerical singularities at the source positions,
he total EM fields were divided into primary and secondary fields.
he primary fields were anal yticall y computed from a 1-D primary
odel. 
The inversion code received five-component EM data ( E x , E y ,
 x , H y and H z ) as log 10 -scaled amplitude and linear-scale phase
alues. The primary, initial and prior models consisted of a 10 �m
ubsurface layer and a 10 8 �m air layer above the ground surface.
he models were divided into 80 × 70 × 81 cells in x- , y- and z -
irections. x = 0 and y = 0 m were set at the centre of the receivers,
hereas z = 0 m was set at the ground surface. For horizontal cells,
0 m size was used in a surv e y area of –1.0 km < x < 1.0 km;
0.8 km < y < 0.8 km, and the cell size outside the surv e y area
 as exponentiall y increased to the boundar y positions. For ver tical

ells, the smallest size of 5 m was used for the ground to a depth
f 100 m, and the size gradually increased toward the bottom. A
umerical singularity develops if the primary and inverted resis-
i vity models v ary at the source positions. To a void this, w e fixed
he resistivity values at a specific location around the source sites
o 10 �m; this value was the same as the resistivity of the sub-
urface layer of the primary model. Other CSEM inversion studies
lso employ ed comparab le approaches to prevent the occurrence
f numerical singularities (Grayver et al. 2014 ; Peng et al. 2023 ).
s the transmitter and receiver offsets were more than five times

he source dipole lengths, we modelled the transmitter dipole as a
oint source, resulting in minor numerical errors (Streich & Becken
011 ). We applied a minimum error setting of 5 per cent to the data
o avoid overfitting the inversion to the observed data. The root
ean square (rms) misfit of the initial model was 19.3. After 27

terations, the inversion yielded a model (Fig. 13 a) with an rms
isfit of 1.5 that fits observed data (Figs 12 , 14 and Figs S1–S7,
uppor ting Infor mation). 
The resulting resistivity model specified conductive and resistive

tructures related to volcanic activity (Fig. 13 a). A conductor C1c
elow the Yugama crater is consistent with a conductor, pre viousl y
pecified by an audio-frequency MT (AMT) survey (Nurhasan et al.
006 ; Tseng et al. 2020 ). Tseng et al. ( 2020 ) interpreted the con-
uctor as a low-permeability smectite layer that functions as a cap-
ock layer for underlying hydrothermal fluids. Here, we follow the
nterpretation of Tseng et al. ( 2020 ) for C1c. The cap-rock layer
1c is thin at the centre of the Yugama crater and thick towards the
ast. We infer that smectite–illite transformation ( ∼200 ◦ C) takes
lace deeper towards the east than the centre of the Yugama crater
ue to lower subsurface temperature. Our model revealed a con-
uctor C2c beneath the Yugama crater and the western edge of
1c. The significantly low resistivities ( ∼0.5 �m) indicate that C2c

s a hydrother mal reser voir with a high concentration of chloride.
eochemical study in the Kusatsu-Shirane Volcano (Ohba et al.
000 ) suggests that the chloride concentration resulted from the
nput of magmatic fluids. Tseng et al. ( 2020 ) also reported conduc-
ive structures (C2 and upper part of C3 underlying C2 in Tseng
t al. 2020 ) at the C2c location. They interpreted C3 as a brine
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Figure 12. Data fitting for Rx4. (a) Amplitude and (b) phase of the five-component CSEM data ( E x , E y , H x , H y and H z ). Points with error bars and lines 
indicate the observed data and the response from the inverted model in Fig. 13 (a), respecti vel y. Error bars are defined as standard errors of the data. Blue and 
red represent data for NS and EW transmitter dipoles, respecti vel y. 
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reservoir and C2 as the fluid path upwelling from the C3 reservoir, 
associating C2 with the microseismic hypocentres. Thus, C2c in 
our CSEM model is also linked to upwelling fluids observed as 
microseismic activities. Meanwhile, a seismic tremor study sug- 
gested that a two-phase liquid–gas reservoir exists at a depth of 
300 m below the Yugama crater (Nakano et al. 2003 ); the resistive 
structure of R1c is imaged there. We interpret that R1c is a two- 
phase liquid–gas reservoir underlying the cap-rock layer. Due to the 
high-resisti vity v alues, we infer that R1c is a vapour-dominated two- 
phase liquid–gas reservoir. Of note, gas-phase resistivity is typically 
much higher than that of liquid phase (Milsch et al. 2010 ; Watanabe 
et al. 2021 ). 

The MT data at the eight receivers were inverted to compare the 
CSEM and MT models. We used WSINV3DMT (Siripunvaraporn 
& Egbert 2009 ) for the MT data inversion. The initial and prior 
models, as well as model discretization for the MT inversion, were 
the same as those used for the CSEM inversion. The MT data com- 
prised impedance tensors and tippers at eight frequencies ranging 
from 0.1 to 100 Hz; this frequency range was similar to that of 
the EM-A CR OSS data. We applied the minimum error settings of 
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 per cent of 
∣∣Z xy Z yx 

∣∣1 / 2 
for the impedance tensor; 10 per cent of

ach component for the tipper. Z xy and Z yx represent xy and yx com-
onents of the impedance tensor. After two iterations, the inversion
ielded the model (Fig. 13 b) with the rms misfit of 3.5. 

The MT model (Fig. 13 b) aligns with the CSEM model but dis-
lays distinct features. The conductive body C1m in the MT model
orresponds to the cap-rock layer C1c identified in the CSEM data.
o wever , the MT model reveals the differing characteristics below

he cap-rock layer: resistor R1c is detected in the CSEM model,
hereas conductor C3m is identified in the MT model. This dis-

repancy may be due to the higher CSEM sensitivity to a resistor
han the MT data (Ishizu & Ogawa 2021 ). To demonstrate the sen-
iti vity dif ference, we present the near -field and far -field zones for
he impedance of the observed CSEM data (Fig. 15 ). In the far-field
one, the CSEM data align with the MT data due to the valid plane-
a ve assumption. How ever, the presence of vertical electric current

n the near-field zone causes the CSEM data sensitivity to differ
rom the MT data. The near-field effect is notable at frequencies
 3 Hz in the observed data (Fig. 15 ). This effect can be supported

y the synthetic response of the 10 �m half-space model at fre-
uencies < 3 Hz: apparent resistivities deviate from 10 �m; phases
f xy and yx components shift from 45 ◦ and –135 ◦ to 0 ◦ and –180 ◦,
especti vel y (Fig. 15 ). Because of these characteristics, CSEM data
re more sensitive to a resistive body of a vapour -dominated reser -
oir than MT data. 

Additionally, while our CSEM inversion identifies the conductor
2c, our MT inversion detects a moderatel y low-resisti vity zone
2m to the west of C2c. A previous study using the inversion of
MT data from 91 sites also reported conductors (C2 and upper
art of C3 underlying C2 in Tseng et al. 2020 ) at the C2c location;
nd resisti vity v alues of C2 and C3 in Tseng et al. ( 2020 ) are more
onsistent with C2c than C2m. Given that the inversion of AMT data
rom the 91-sites yielded a reliable model for these conductors, the
omparison indicates that the CSEM data recovered the conductor
2c more accurately than the 8-site MT data. We infer that this

mproved delineation is a result of lower errors in the CSEM data
ompared to the MT data. Ho wever , it is important to note that
T data using frequencies < 0.1 Hz can explore deeper depths than
SEM data. The joint inversion of CSEM and MT data has the
otential to enhance inversion results by filling in low-sensitivity
ones in each data set. 

The cap-rock layer and the hydrothermal reservoirs are crucial
tructures for the hydrothermal system in the Kusatsu-Shirane Vol-
ano. Inversion of the EM-ACROSS data delineate them, indicating
ts ef fecti v eness for inv estigating v olcanic areas. The cap-rock lay er
nd hydrother mal reser voirs are associated with the occurrence of
hreatic eruptions in the Yugama crater (Ohba et al. 2000 ). Their
onitoring is valuable for understanding the mechanism of phreatic

ruptions and forecasting their likelihood. The EM-A CR OSS can
e used for monitoring as it can repeatedly transmit an accurately
ontrolled signal over extended measurement intervals. We plan
o use the EM-A CR OSS to elucidate the temporal changes in the
ap-rock layer and hydrothermal reservoirs. 

 C O N C LU S I O N S  

e conducted a CSEM surv e y using the EM-A CR OSS in the
usatsu-Shirane Volcano to demonstrate that stacking can improve
NR and CSEM data inversion can delineate hydrothermal sys-

em including resistive bodies of vapour-rich reservoir. The EM-
 CR OSS transmitted waveforms accurately controlled by synchro-
izing with a 10 MHz signal from the GPS clock from 0.5 km NS
nd 1.0 km EW dipoles. Accurately controlling waveforms helps ef-
ciently stack long-term data as the spectra of transmitting currents
nly shows peak values at the signal frequencies without disper-
ion to other frequencies. The CSEM surv e y, with a long stacking
uration of 146–192 h paired with the weighted stacking method,
ielded high SNR > 5 at five-component receivers placed 4.5–6 km
rom the transmitter. The SNR increased with stacking time, scal-
ng approximately with the square root of stacking time. MT data
ould be collected concurrently with EM-A CR OSS data because
he EM-A CR OSS transmitted signals with a limited number of fre-
uencies without frequency leakage and our receivers used gain
nd resolution settings same with typical MT measurements. This
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is an advantage of the EM-A CR OSS over other CSEM systems that 
interfere with simultaneous MT data. We applied 3-D inversion to 
the CSEM data from eight receivers. The inverted resistivity model 
specified a cap-rock layer and hydrothermal reservoirs below the 
cap-rock layer. The high- and low-resistivity regions estimated in 
the hydrothermal reservoirs were interpreted as a vapour-dominated 
two-phase reservoir and a liquid-dominated hydrothermal reservoir 
with high-chloride contents, respecti vel y. The MT inversion yielded 
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Figure 15. Apparent resistivity and phase of impedance of CSEM data at Rx4 to show near and far field zones. (a) Apparent resistivity and (b) phase of 
impedance of the observed CSEM data (solid line) and the synthetic response of the 10 �m half-space model (dashed line). Red and blue lines show the xy and 
yx components of the impedance tensor, respecti vel y. 
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 model that aligned with the CSEM model but failed to recover the
esistive body of vapour-dominated two-phase reservoir detected by
he CSEM inversion. Although we demonstrate the ef fecti veness of
he EM-A CR OSS b y appl ying it to the K usatsu-Shirane Volcano,
he high sensitivity to thin resistive bodies and noise resistance in-
icates that it is also useful for exploring various targets including
ydrocarbons, metal deposits and geothermal resources. 
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