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Abstract 

From April to July 2021, West Crater at Iwo-Yama, Kirishima Volcanic Complex, Japan, was repeatedly filled with 
hydrothermal water and subsequently evacuated. The overall cycle lasted 14–70 h, and the course of a single cycle 
followed this sequence of phases: (i) steam effusion disappeared 20–40 min before hydrothermal water discharge; 
(ii) hydrothermal water discharge occurred, generating a hydrothermal water pool; (iii) steam effusion resumed and 
gradually increased; and (iv) drain-back (evacuation) of the hydrothermal water occurred 1–1.5 h before the onset 
of the next hydrothermal water discharge. We used multi-parametric observations (optical camera, thermometer, 
electric self-potential (SP) electrodes, seismometer, acoustic sensor, and tiltmeter) to investigate the cause of the 
cyclic hydrothermal water discharge. A change in SP data occurred approximately 2 h before the onset of hydrother-
mal water discharge. However, the change in SP was small when hydrothermal water discharge did not occur. The 
temporal change in SP is inferred to have been caused by groundwater flow through the region below West Crater, 
implying that groundwater flow was occurring 2 h before hydrothermal water discharge. The polarity of SP change 
suggests that groundwater flowed toward the region underlying the vents. Seismic signals in the frequency range 
of < 20 Hz decreased 15–45 min after the onset of change in SP. This seismic signal pattern is inferred to have been 
caused by bubble activity in boiling fluid. We interpret that the inflow of cold groundwater inhibited boiling activity 
in the conduit, which in turn caused the cessation of both steam effusion and seismic activity. SP data suggest that 
the inflow of cold groundwater gradually decreased before hydrothermal water discharge. Pressurization sufficient to 
force the water in the upper part of the conduit to ascend could have built up in the lower part of the conduit owing 
to a decrease in the input of groundwater into the upper part of the conduit and the continuing supply of steam 
bubbles and hot water. This increase in pressure finally led to hydrothermal water discharge at the surface. We sug-
gest that the inflow of cold groundwater into the geyser conduit was the key control on the occurrence and cyclicity 
of hydrothermal water discharge in West Crater at Iwo-Yama.
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Graphical Abstract

Introduction
A geyser is a type of hot spring that intermittently dis-
charges hydrothermal water and steam. Geyser eruptions 
are characterized by a regular interval and duration and 
therefore show similarity to the cyclicity of Strombolian-
type eruptions and volcanic tremor (e.g., Kieffer 1984; 
Nishimura et  al. 2006; Hurwitz et  al. 2021). However, 
the study of geyser eruptions has advantages over the 
study of volcanic eruptions, as the former are smaller 
than the latter and occur more frequently. Therefore, 
geyser eruptions provide an opportunity to collect more 
observational data near the vent (Hurwitz and Manga 
2017; Hurwitz et al. 2021). Experimental studies are also 
helpful for understanding the diverse discharge style 
involved in geyser activity (Ingebritsen and Rojstaczer 

1993; Toramaru and Maeda 2013; Adelstein et  al. 2014; 
Namiki et al. 2016). The study of geysers has the poten-
tial to improve our understanding of volcanic eruptions 
by collecting data over a large number of eruption cycles 
(Nishimura et al. 2006; Vandemeulebrouck et al. 2014).

Geysers are rare, numbering fewer than 1000 world-
wide (Bryan 1995). Each geyser has its particular style 
of eruption and eruption duration and interval (fre-
quency), and these properties constitute the most basic 
information for understanding geyser activity (e.g., 
Manga and Brodsky 2006; Hurwitz et  al. 2008; Namiki 
et  al. 2014; Eibl et  al. 2020). Examples of geyser erup-
tion duration and interval include those for Onikobe 
geyser, Japan (50–100  s eruption duration with 10  min 
interval; Nishimura et al. 2006) and Old Faithful geyser, 
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USA (2–5 min duration with 30–100 min interval; Kedar 
et al. 1996). Strokkur geyser, Iceland, shows a mean erup-
tion frequency of 7 min and is unique in that it has one 
to six eruptions in one event (Eibl et al. 2020). At Strok-
kur, water fountains for multiple eruptions are spaced an 
average of 16.1  s apart, and the mean interval between 
events is 3.7 min after a single eruption to 16.4 min after 
sextuple eruptions (Eibl et  al. 2020). For geysers in Yel-
lowstone National Park, USA, it has been suggested 
that the change in eruption interval is related to climate 
change and/or seismic events (Manga and Brodsky 2006; 
Hurwitz et al. 2008).

Geyser formation is favored in regions with sufficient 
water supply, an underground fracture network (e.g., 
provided by landslides), and a low-permeability cap that 
prevents fluid ascent (Hurwitz and Manga 2017). The 
mechanism of geyser eruption has been studied since the 
nineteenth century. Mackenzie (1811) proposed that the 
plumbing system for a geyser includes an underground 
cavity termed a “bubble trap”, whereby ascending steam 
bubbles are trapped in the cavity, and a subsequent pres-
sure increase causes the geyser to erupt. Bunsen (1847) 
suggested that the plumbing system comprises a simple 
long vertical pipe, with eruptions being caused by decom-
pression boiling in the conduit resulting from over-
flow. The structure of geyser bubble traps has attracted 
increasing research attention in recent years. For exam-
ple, Belousov et al. (2013) described underground bubble 
trap structures from video observations of geyser conduit 
interiors in Geyser Valley, Kamchatka, Russia. Adelstein 
et al. (2014) characterized the bubble trap structure and 
its importance to upper-conduit heat transfer from visual 
observations and temperature measurements of a labora-
tory model.

The mechanism of geyser eruptions has been investi-
gated using various observational methods and modes. 
In addition to visual imaging in geyser conduits (e.g., 
Belousov et  al. 2013), geophysical observations at the 
surface have been conducted around geysers. For exam-
ple, the measurement of temperature (e.g., Nishimura 
et  al. 2006; Eibl et  al. 2021) and pressure (e.g.,Kedar 
et  al.  1996, 1998) in the conduit, seismic tremor (e.g., 
Kieffer 1984; Kedar et al. 1996,   1998; Cros et al. 2011; 
Vandemeulebrouck et  al. 2013; Wu et  al. 2017, 2019, 
2021), tilt motion (e.g., Nishimura et  al. 2006; Vande-
meulebrouck et al. 2014; Eibl et al. 2021), and acoustic 
waves (e.g., Nishimura et al. 2006; Johnson et al. 2013; 
Vandemeulebrouck et  al. 2014). Measurements at gey-
ser sites have revealed that water temperature increases 
at the time of geyser eruption (Nishimura et  al. 2006; 
Eibl et  al. 2021). Acoustic wave measurements of 
fountain-type geysers have shown that the timing of 
an eruption and its duration can be estimated from 

acoustic signals (Nishimura et  al. 2006; Johnson et  al. 
2013). Seismic signals recorded at Old Faithful Geyser 
in Yellowstone National Park, which has a vent open-
ing of approximately 2 m × 1 m, are generated by bub-
ble activity (i.e., the growth, collapse, or movement of 
bubbles) in boiling fluid within the geyser conduit (e.g., 
Kieffer 1984; Kedar et  al. 1996,  1998; Vandemeuleb-
rouck et al. 2013; Wu et al. 2019). At Old Faithful Gey-
ser in Yellowstone and Strokkur Geyser in Iceland, two 
locations of seismic sources have been reported, rep-
resenting the reservoir and conduit (Cros et  al. 2011; 
Vandemeulebrouck et al. 2013; Eibl et al. 2021). Meas-
urements of tilt motion at Onikobe Geyser in Japan, 
which has an eruption interval of about 10 min and an 
eruption duration of 50–100 s, reveal vent uplift before 
eruptions and subsidence during eruptions (Nishimura 
et al. 2006).

Electromagnetic data have also been collected from 
geysers and crater lakes (Nishi et al. 2000; Legaz et al. 
2009a and b; Lupi et  al. 2022). Legaz et  al. (2009b) 
reported a change in resistivity structure synchronous 
with water level fluctuations at Inferno Crater Lake in 
New Zealand. Cyclic changes in electric self-potential 
(SP) have also been observed around geysers (Nishi 
et al. 2000; Legaz et al. 2009a). Change in SP occurs via 
an electrokinetic mechanism by the flow of ground-
water through porous media (e.g., Ishido and Mizu-
tani 1981; Aizawa et  al. 2009). Therefore, SP provides 
information about local subsurface groundwater flow 
that cannot be estimated from other geophysical obser-
vations. However, in geysers, it is unclear what kind 
of groundwater flow induces change in SP and what 
mechanism triggers the groundwater flow.

In this study, we performed multi-parametric obser-
vations using an optical camera, thermometer, elec-
tric SP electrodes, seismometer, acoustic sensor, and 
tiltmeter. The observational target was the intermit-
tent hydrothermal water discharge and associated 
processes in West Crater of Iwo-Yama, Kirishima Vol-
canic Complex, Japan (Fig. 1a). The hydrothermal water 
discharge at Iwo-Yama started abruptly in April 2021 
and stopped in July 2021. Similar sudden activation of 
geysers has been reported for Shinyu hot spring gey-
ser, Shaman geyser in Russia, and Steamboat geyser 
in Yellowstone, USA (Fukui et  al. 2020; Kiryukhin and 
Karpov 2020; Reed et  al. 2021), although the cause of 
the sudden change in hydrothermalism has not been 
identified for these sites. Our study acquired a unique 
dataset extending from the initiation to termination of 
geyser activity, on which basis we were able to identify 
groundwater flow as the mechanism of the intermittent 
hydrothermal water discharge.
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Hydrothermal activity at Iwo‑Yama West Crater
Iwo-Yama is one of several active cones of the Kirishima 
Volcanic Complex (KVC) on southern Kyushu Island, 
Japan (Fig.  1a). At Iwo-Yama, a phreatic eruption 
occurred on 19 April 2018, and geothermal activity at 
the volcano is known to have been essentially continuous 
since around AD 1900. The geology of Iwo-Yama includes 
a debris avalanche deposit generated by phreatic erup-
tions at Karakuni-dake located southeast of Iwo-Yama 

(Fig. 1) at 4.3 ka (Tajima et al. 2014). Iwo-Yama volcano 
underwent a small phreatic eruption starting at 15:39 on 
19 April in Japan Standard Time (JST: UTC + 9 h), form-
ing several new craters (Tsukamoto et  al. 2018; Tajima 
et  al. 2020; Aizawa et  al. 2022), including (on 20 April) 
a new crater to the west of Iwo-Yama (Iwo-Yama West 
Crater; Muramatsu et al. 2021; Fig. 1). A hot spring pool 
with an active fumarole has existed in West Crater (here-
after referred to as “W4”; Fig.  2) since the formation of 

Fig. 1  Map of the Kirishima Volcanic Complex (KVC) and Iwo-Yama. a Location of Iwo-Yama West Crater (red star). The white square shows the 
location of the Ebino rainfall observation site of the Japan Meteorological Agency. The inset shows the location of the KVC. Topographic contours 
are in meters. b Aerial photograph of Iwo-Yama volcano and West Crater taken by a drone device on 29 May 2020 from the location shown by the 
white triangle in panel a 
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the crater in 2018. In August 2020, the temperature of 
the fumarole increased, and new vents were formed near 
W4 (Tajima et  al. 2021). Images captured from a Japan 
Meteorological Agency (JMA) monitoring camera during 
March 2021 showed that the fumarole of W4 often disap-
peared (Matsushima et al. 2021).

We performed multi-parametric observations from 
20 April to 4 May 2021 and identified intermittent 
hydrothermal water discharge. The details of observa-
tions are described in following section. During the 
period when the intermittent hydrothermal water dis-
charge occurred, three vents were identified inside W4, 
vents Fs, Fn, and Fc (Fig.  2), each with a diameter of 
approximately 10  cm. Vent Fn is positioned approxi-
mately 30 cm higher than vent Fs (Additional file 5: Fig. 
S1). A single cycle of hydrothermal water discharge and 
evacuation lasts for 14–70 h (see below section). These 
times are longer than those of typical geysers in the 
world. Similar intermittent long-duration hydrothermal 

water discharge phenomena have been reported from 
crater lakes. At Shinyu Hot Spring in Japan, the dura-
tion of spouting is approximately 10  days (Fukui et  al. 
2020). At Inferno Crater Lake in New Zealand, the 
water level fluctuates over a period of 40  days (Scott 
1994). Ruapehu Crater Lake in New Zealand has also 
shown cyclic heating and cooling with a period rang-
ing from 6 to 12 + months (Vandemeulebrouck et  al. 
2005). At West Crater, after the study period involving 
multi-parametric observations, we continued to col-
lect temperature and visual (camera) data and we con-
firmed the discharge activity terminated on 2 July 2021. 
After 2 July, there was no more hydrothermal water dis-
charge or steam effusion at West Crater. In addition, we 
observed a drastic change in discharge style (including 
interval) on 4 June 2021, two weeks before the complete 
cessation of discharge activity. Change in discharge 
style is discussed below in below section.

Fig. 2  Annotated drone photograph of the layout of observational equipment in and around crater W4. Red circles in the figure indicate the 
locations of the three vents (Fn, Fs, and Fc). White circles indicate the locations of the four self-potential electrodes
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Observations
Visual camera
Figure  2 and Table  1 present the locations of observa-
tional instruments and a summary of data acquisition, 
respectively. Movies were recorded by time-lapse cam-
eras (Brinno TLC200Pro) with an interval of 1 min from 
20 April to 4 May. Two cameras (“Camera 1” in Fig. 2 and 
Table  1) were set to focus on vents Fn and Fs, respec-
tively. Visual imaging was unable to be performed dur-
ing night-time (19:00–05:00). Recording was stopped 
at 19:30 on 1 May for vent Fs and at 00:32 on 3 May for 
vent Fn. We used movie image data mainly from vent Fs, 
as the camera for this vent captured the activity more 
clearly than that for vent Fn. After 4 May, we installed 
an infrared camera (Radiant40; “Camera 2” in Fig. 2 and 
Table  1) with an interval of 2  min until 20 September 
2021 to monitor vent Fs during night-time.

Thermometer
Pt100 resistance thermometers were installed at the 
heads of vents Fs and Fn. Temperature was recorded 
using a sampling frequency of 1 min from 20 April to 20 
September 2021. The elevation of West Crater is 1233 m, 
and the boiling point of pure water at this elevation is 
approximately 96 °C.

Electric self‑potential (SP)
Using non-polarizable electrodes (Pb–PbCl), wires, and 
an electric field logger (NT system design ELOG1K), 
the naturally occurring voltage difference (in mV) was 
recorded along two directions (radial and tangential to 
the vent Fs; Fig. 2) at a sampling frequency of 32 Hz. The 
voltage in two independent dipoles (30  m length, radial 
and tangential directions) was measured. In this study, 
we used 1 Hz down-sampled time-series data with arith-
metic averaging.

Seismometer
A seismometer (Lennartz LE3D-lite, eigenfrequency of 
1 s) was installed 8 m south of the vent Fs (Fig. 2). Three 

components [vertical or up–down (U–D), N–S, and 
E–W] of ground velocity data (μm/s) were recorded at a 
sampling frequency of 200 Hz.

Acoustic sensor
Acoustic signals were recorded using a Hakusan SI104 
microphone, which has a flat response in the 0.05–
1500 Hz range. The sensor was installed 8 m south of the 
vent Fs (Fig. 2), and acoustic waves (Pa) were recorded at 
a sampling frequency of 200 Hz. Time-series data of the 
seismometer and acoustic sensor were recorded using an 
HKS-9700 logger (Keisokugiken Corp.).

Tiltmeter
We installed a tiltmeter (Jewell 701-2A) in a hole of 30 cm 
depth, 8 m south of the vent Fs. The sampling frequency 
was 100  Hz. Time-series data for ground tilt (μ-radian) 
were recorded by an LS8800 logger (Hakusan Corp.). We 
recorded the E–W and N–S components. Equipment 
outage caused a period of missing data from 17:27 on 22 
April to 11:39 on 24 April.

Data
Camera (movie) data
Additional file 1: Movie S1 and Additional file 2: Movie S2 
show examples of intermittent hydrothermal water dis-
charge at W4. On the basis of the movie data for vent Fs, 
we divided the eruption cycle into four phases as follows: 
(i) cessation of steam effusion; (ii) onset of hydrothermal 
water discharge; (iii) active steam effusion; and (iv) drain-
back of the hydrothermal water pool at vent Fs. Here, we 
explain each phase on the basis of visual camera observa-
tions. (i) Effusion of steam from vents Fs and Fn stopped 
approximately 20–40 min before the onset of hydrother-
mal water discharge (Fig. 3b; Additional file 1: Movie S1 
and Additional file 3: Movie S3). (ii) Hydrothermal water 
discharge started slowly without steam from vent Fs. Dis-
charged water flowed into two parts: inflow into W4 and 
accumulation at vent Fs, which together formed a hydro-
thermal water pool (Fig.  3b; Additional file  1: Movie S1 

Table 1  Summary of data acquisition during 2021

Observation Sensor Observation frequency Duration

Camera 1 TLC200 Pro (Brino) 1 min 20 April to 4 May

Camera 2 Radiant40 2 min 4 May to 20 September

Temperature RTR505BPt100 (T&D) 1 min 20 April to 20 September

Electric self-potential Non-polarized (Pb-PbCl) electrodes 32 Hz 20 April to 4 May

Ground motion (seismicity) LE-3D/lite (Lennartz Electronic) 200 Hz 20 April to 4 May

Acoustics SI104 (Hakusan) 200 Hz 20 April to 4 May

Tilt 701-2A (Jewell) 100 Hz 20 April to 4 May
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and Additional file  3: Movie S3). (iii) Steam effusion at 
vents Fs and Fn gradually became active, and hot water 
in the pool of vent Fs gradually decreased (Additional 
file  2: Movie S2). (iv) Approximately 1–1.5  h before the 
next hydrothermal water discharge, drain-back of the 
hydrothermal water pool occurred at vent Fs (Additional 
file 2: Movie S2). The small water pool at vent Fs in some 
instances dried up before the timing of drain-back, in 
which case, drain-back of hydrothermal water could not 
be visually confirmed (Fig. 3).

Temperature data
Figure 3 shows the variation in temperature and SP dur-
ing the period of multi-parametric observations. Dur-
ing strong steam effusion, the temperatures of vents Fs 
and Fn were maintained at ~ 96 ℃, which is the boiling 
point at this elevation (1233 m; Fig. 3). The temperature 
decreased at both vents when steam effusion stopped. 
Approximately 20–40  min after the cessation of steam 
effusion, hydrothermal water discharge started, and the 
temperature at vent Fs increased rapidly (Fig. 3b). When 

Fig. 3  Temporal variations in temperature and electric self-potential (SP) associated with intermittent hydrothermal water discharge. a Temperature 
of Fs and Fn, tangential (T) and radial (R) SP signals, and rainfall data for the period 20 April to 4 May 2021. Rainfall data were obtained from the 
Ebino site (Fig. 1). b Data for temperature and SP for the period 04:00 to 10:00 on 21 April (JST), with snapshots from the movie data. The timings of 
onset of change in SP (dotted line), cessation of steam discharge (gray line labeled “i”), onset of hydrothermal water discharge (black line labeled “ii”) 
and active steam effusion (photograph “iii”) are shown. The onset time of change in SP was determined from the tangential component. c Data for 
temperature and SP data for the period 13:30 to 17:30 on 22 April 2021 (JST)
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hydrothermal water discharge began, the temperature 
was 80–90 ℃ but increased to 96 ℃ 7–14 min later. The 
temperature at vent Fn started to increase approximately 
12–20  min later than that at vent Fs, probably because 
the position of vent Fn was approximately 30 cm higher 
relative to vent Fs (Additional file 5: Fig. S1), and thus the 
upwelling hydrothermal water filled vent Fn later than Fs.

Electric self‑potential (SP) data
SP shows clear cyclic change (Fig. 3). Figure 3b exhibits 
a typical pattern of SP temporal change associated with 
surface hydrothermal water discharge, whereas Fig.  3c 
shows the pattern without surface hydrothermal water 
discharge. In the latter case, SP shows clear temporal 
change and is accompanied by a small change in tempera-
ture (0.2–0.9 ℃). At the time of initiation of the change in 
SP, we did not observe any corresponding changes at the 
ground surface. For events with hydrothermal water dis-
charge, the temporal change in SP starts approximately 
2  h before the onset of hydrothermal water discharge 
(Fig.  3b). For events without hydrothermal water dis-
charge, the temporal change in SP starts 1 to 3 h before 
a slight temperature rise (Fig. 3c). It should be noted that 
there was no fumarolic zone or hydrothermal water dis-
charge at the locations of four (two radial, two tangential) 
electrodes (Fig. 2). Therefore, a thermoelectric effect can 
be excluded as a cause of variation in SP. Previous stud-
ies in New Zealand of Iodine geyser with an average cycle 
of 160–180  s and Pohutu geyser with a cycle of several 
minutes have shown that cyclic SP change can be asso-
ciated with geyser eruptions (Nishi et  al. 2000; Legaz 
et  al. 2009a). The temporal change in SP at geysers has 
been explained by an electrokinetic mechanism involv-
ing groundwater movement through porous material 
(e.g., Mizutani et al. 1976; Ishido and Mizutani 1981). In 
a typical rock–water system, the downstream direction 
shows positive voltage (i.e., a positive SP zone represents 
the region to which groundwater flows). However, it has 
been suggested that variation in SP is controlled by the 
pH of porewater in the geyser field (Legaz et al. 2009a). 
The relationship between pH and variation in SP is dis-
cussed in following section. In this study, we similarly 
interpret a change in SP as being generated by subsur-
face groundwater flow. It is noted that the electrokinetic 
mechanism depends on the electric charge separation in 
an electrical double layer whose thickness is in the order 
of nanometers (e.g., Ishido and Mizutani 1981; Revil et al. 
1999). The surface area of the solid–water interface gov-
erns the amount of electric charge. Therefore, SP cannot 
be generated by groundwater flow in a pipe-like conduit 
or fractures owing to the insufficient electric charge in 
such structures but can be generated by groundwater 
flow in porous material. This is an important aspect to 

consider with respect to identifying the mechanism of 
intermittent hydrothermal water discharge.

A temporal change in electrical resistivity structure 
may partly contribute to a temporal change in SP. This 
possible influence has been indicated by theoretical 
work (Ishido and Pritchet 1999; Revil and Jardani 2013) 
and numerical simulations (Ishido 2004; Byrdina et  al. 
2013). Temporal change in resistivity beneath West Cra-
ter needs to be investigated in the future using time-lapse 
resistivity surveys. Legaz et al. (2009b) observed a change 
in resistivity structure synchronous with change in water 
level in Inferno Crater Lake, but did not observe any cor-
responding change in SP.

Seismic data
For seismic data, we divided signals into two frequency 
ranges: (A) signals in the frequency range of > 20  Hz, 
and (B) signals in the frequency range of < 20  Hz. Fig-
ure  4 shows an example of the multi-variable data for 
one cycle associated with the hydrothermal water dis-
charge. Figure 5 shows multi-variable data for four cycles, 
all of which show hydrothermal water discharge. Signal 
(A) started to decrease when drain-back occurred (“iv” 
in Fig. 4), but signal (B) started to decrease prior to the 
occurrence of drain-back. Approximately 1 to 4  h after 
the onset of hydrothermal water discharge (“iii” in Fig. 4), 
signal (B) increased rapidly (Figs.  4 and 5). However, 
there was no corresponding change in signal (A). Given 
these differing patterns, seismic signals (A) and (B) are 
thought to have different tremor sources.

Acoustic data
For acoustic data, we focused on signals in the frequency 
range of > 20  Hz because infrasound (< 20  Hz) is highly 
affected by wind. The acoustic signals decreased when 
drain-back occurred (“iv” in Fig.  4). After the onset of 
hydrothermal water discharge, the signals gradually 
increased (“ii” in Fig. 4). Approximately 1 to 4 h later, the 
signals increased more dramatically (“iii” in Figs. 4 and 5). 
We interpret that the acoustic signals with a frequency 
of > 20  Hz were generated from surface activity, such as 
splashing of the water surface of the hydrothermal pool 
at vent Fs. The acoustic signals and seismic signals with 
a frequency of > 20  Hz may have the same origin, as 
changes in both signal types occurred simultaneously 
(“iii” in Fig. 4).

Tilt data
Change in tilt associated with hydrothermal water 
discharge was identified from the measured tilt data. 
Because tilt data are strongly affected by long-term 
fluctuations (e.g., rainfall and temperature), we cal-
culated the moving average using a 4-h window and 
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subtracted it from the raw data to detrend long-term 
fluctuations. The use of shorter time windows yields 
similar results (Additional file  5: Fig. S2). Figure  4 
shows that E–W tilt (i.e., uplift in the direction toward 

the vent Fs) started to increase around the time of 
onset of change in SP. When hydrothermal water dis-
charge occurred, the E–W tilt showed subsidence in 
the direction toward the vent (“ii” in Fig.  4). When 

Fig. 4  Example of multi-observational data during a hydrothermal water discharge event [03:00 to 15:00 on 27 April 2021 (JST)]. The snapshots 
are from Camera 1 of vent Fs. The times of the photographs correspond to those in the time-series graph. a Temperature, b electric self-potential, 
c spectrogram of the seismic signal (up–down component), d spectrogram of the acoustic signal, and e tilt. Power spectral density (PSD; dB/Hz) 
is (μm/s)2/Hz for panel c and (Pa)2/Hz for panel d. The presented time series are part of Additional file 5: Fig. S1 and Additional file 1: Movie S1. The 
timings of onset of change in SP (dotted line), cessation of steam discharge (gray line labeled “i”), onset of hydrothermal water discharge (black line 
labeled “ii”), onset of active steam discharge (red line labeled “iii”), and onset of drain-back (photograph “iv”) are shown
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the seismic signals increased rapidly (“iii” in Fig.  4), 
the change in E–W tilt stopped. It is noted that such 
correlation is found in other cycles, but temporal 
change also occurred when no geophysical change was 
observed (Fig. 5 and Additional file 5: Fig. S3). Because 
the cycle of the hydrothermal water discharge was 

long, in the range of 14–70  h, the tilt data may have 
been affected by unknown noise.

Data after the period of multi‑parametric observations
After the period of multi-parametric observations 
(20 April to 4 May 2021), we continued camera and 

Fig. 5  Temporal variations in a temperature, b electric self-potential, c non-filtered seismic signal (up–down component), d spectrogram of 
the seismic signal, e spectrogram of the acoustic signal, and f tilt for the period from 13:00 on 26 April to 01:00 on 29 April (JST). The timings of 
onset of change in SP and onset of hydrothermal water discharge are indicated by dotted and black lines, respectively. We judged the timing of 
hydrothermal water discharge on the basis of images from Camera 1 and temperature data for vent Fs. The timing of rainfall and drain-back are 
indicated by black lines and green inverted triangle at the top of the figure, respectively
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temperature observations, which overall covered the 
period 20 April to 20 September 2021 (Table  1). This 
period of extended observations captured a significant 
change in the style of hydrothermal water discharge. Fig-
ure 6 shows temperature data measured at vents Fs and 
Fn, rainfall data recorded at the Ebino observation site 
(JMA; Fig. 2), and the timing of hydrothermal water dis-
charge. On the basis of these data, we defined three dis-
charge styles, as follows.

Style 1 (Additional file  2: Movie S2) involved hydro-
thermal water discharge from vent Fs and steam effusion 
from vent Fn. This style was observed during the period 
of multi-parametric observations (Fig. 3). The discharge 
interval was approximately 14–70  h. This style was 
mainly identified as occurring until 11 May 2021.

Style 2 (Additional file 3: Movie S3) was observed after 
heavy rain from 14 to 22 May and involved hydrother-
mal water discharge simultaneously from vents Fs and 
Fc from 22 May to 6 June. The discharge interval was 
approximately 18–40 h.

Style 3 (Additional file  4: Movie S4) was observed 
from 4 to 28 June. The upper panel in Fig.  6 shows the 
change in temperature and the timing of hydrothermal 
water discharge, revealing repeated hydrothermal water 
discharges from vent Fs with an interval of 1–2  h mul-
tiple times in a row. After multiple hydrothermal water 
discharges, steam effusion continued for a few hours 
until the next multiple hydrothermal water discharges 
occurred.

Discussion
Inflow of groundwater
The amplitude of SP was observed to increase before 
hydrothermal discharge (Fig.  3). To clarify the tempo-
ral relationship between SP and hydrothermal water 
discharge, we examined the temporal variation in SP 
amplitude for events with hydrothermal water discharge 
(Fig.  7a). The reference is the value of SP when the SP 
tangential components start to change (dotted lines in 
Figs.  3 and 5). The temporal variations in SP for each 
event (gray in Fig. 7a) and in the arithmetic mean of all 
events (colored) show that steam effusion ceased when 
SP amplitude reached its peak and that hydrothermal 
water discharge occurred when SP amplitude started 
to decrease. It is noted that the phreatic explosion dur-
ing the 2018 eruption of Iwo-Yama occurred when the 
SP amplitude measured at a distance of 500 m from the 
eruption vent started to decrease (Aizawa et  al. 2022). 
The analogy between hydrothermal water discharge 
and phreatic explosion is discussed below in following 
section.

We calculated SP particle motion (Fig.  7c and d) by 
assuming that the dipole length (length between elec-
trodes) is smaller than the spatial scale of regional SP 
change. As only one SP measurement site was employed 
in this study, we were unable to judge the validity of 
this assumption. However, particle motion may provide 
qualitative information about the direction of ground-
water flow (Aniya et  al. 2022). The SP particle motion 
showed a gradual increase in the radial component (i.e., 
SP increased at the electrode near the vent Fs) before the 
cessation of steam effusion (Fig.  7c). This suggests that 
groundwater flow toward the region underlying the vent 
Fs occurred before hydrothermal water discharge. Com-
pared with the events without hydrothermal water dis-
charge (Fig. 7d), the SP radial component of events with 
hydrothermal water discharge is larger, which suggests 
that the flow of groundwater toward the region underly-
ing the vent Fs contributed to the preparatory process of 
hydrothermal water discharge. In addition, the SP radial 
component was approximately zero at the onset of hydro-
thermal water discharge. This suggests that the ground-
water flow toward the region underlying the vent Fs 
decreased at the time of hydrothermal water discharge. 
We note here that the SP tangential component was 
measurable at the time of hydrothermal water discharge, 
on which basis we interpret that there was some tangen-
tial groundwater flow toward the region underlying the 
vent Fs at the time of hydrothermal water discharge. In 
accordance with the SP data, the uplift and subsidence of 
vent Fs in the tilt data (Fig. 4e and Additional file 5: Fig. 
S3) are interpreted as corresponding to the accumulation 
and discharge of groundwater, respectively. However, this 
interpretation regarding groundwater flow away from 
the SP sensor site is limited because of the single site 
employed and the locations of the electrodes.

In this study, we assumed a typical rock–water system 
(with negative zeta potential) that shows a positive volt-
age in the downstream direction. However, as the pH of 
the groundwater decreases, the zeta potential approaches 
zero, and its polarity can be positive (Ishido and Mizu-
tani 1981; Revil et  al. 1999; Aizawa et  al. 2008; Leroy 
et  al. 2008). In fact, the pH of the hydrothermal water 
pool in W4 is 1.00–1.43 (Ishibashi et  al. 2021), suggest-
ing that the downstream direction may show a negative 
voltage. In such a case, our interpretation of groundwa-
ter inflow would not be applicable. However, we infer on 
the basis of our multi-parametric observational data that 
the pH of cold groundwater is not as low as that observed 
on the hydrothermal water pool, and that groundwater 
inflow to the vent causes a change in SP before the dis-
charge of hydrothermal water. Our inflow interpretation 
is consistent with the tilt data, which show uplift of the 
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Fig. 6  Temporal variations in a long-term temperature and b rainfall for the period 20 April to 10 July. The period of multi-method observations 
was from 20 April to 4 May (Fig. 3). Rainfall data were obtained from the Ebino site (Fig. 1). Purple, green, and orange vertical lines in the upper and 
lower panels represent the timings of hydrothermal water discharge judged from the visual movie. We judged the timing of hydrothermal water 
discharge on the basis of images from cameras 1 and 2 (Fig. 2 and Table 1)



Page 13 of 18Tanabe et al. Earth, Planets and Space           (2023) 75:75 	

vent before hydrothermal water discharge. We infer that 
the low pH of the hydrothermal water pool is caused by 
mixing of deep volcanic volatiles and cold, near-surface 
groundwater.

Mechanism of intermittent hydrothermal water discharge
Plumbing system
Here, we discuss the mechanism of the observed inter-
mittent hydrothermal water discharge. First, we need to 
assume the underground plumbing system, as inferred 
on the basis of broad observational constraints. Geysers 

form and are active in regions with sufficient water sup-
ply and a source of heat (Hurwitz and Manga 2017). Iwo-
Yama is located in an active geothermal field that has 
been in operation since around AD1900 and underwent 
a small phreatic eruption in April 2018 (Tajima et  al. 
2020). Therefore, Iwo-Yama has sufficient groundwater 
and heat source to generate hydrothermal/geyser activity. 
In addition, geological features such as landslide depos-
its favor the formation of multiple complex systems of 
subterranean conduits and cavities (Belousov et al. 2013). 
The surface of Iwo-Yama is covered by debris avalanche 

Fig. 7  Temporal variation in electric self-potential (SP). a Temporal change in the amplitude of SP associated with hydrothermal water discharge, 
using data only from those events for which the occurrence of hydrothermal water discharge was confirmed by visual camera images. Gray lines 
correspond to events, and the colored line represents the average of all events. Black and red stars correspond to the timings of the cessation of 
steam effusion and the onset of hydrothermal water discharge, respectively (large stars show their averages). b Temporal change in the amplitude 
of SP without hydrothermal water discharge. Blue and yellow stars correspond to the timings of temperature rise and fall at vent Fs, respectively. 
c Particle motions of change in SP with the occurrence of hydrothermal water discharge. Note that the dipole lengths of the radial and tangential 
directions are the same (30 m). d Particle motions of change in SP without the occurrence of hydrothermal water discharge
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deposits generated by the 4.3  ka phreatic eruption of 
Karakuni-dake (Fig.  1; Tajima et  al. 2014), which may 
have favored the generation of a system of complicated 
conduits and reservoir (s). For examining the cycle of the 
intermittent hydrothermal water discharge, we assumed 
a simple plumbing system that consists of a vertical con-
duit and a cavity that acts as a hydrothermal water res-
ervoir (conduit–reservoir system). A vertical conduit 
and cavity may constitute a low-permeability fracture 

network inside the conduit–reservoir system (Ingebritsen 
and Rojstaczer 1993; Vandemeulebrouck et al. 2005).

Preparatory process of hydrothermal water discharge
Approximately 2 h before hydrothermal water discharge, 
groundwater started to flow toward the region underlying 
the vents (Fig. 8a), consistent with the temporal change in 
SP (Fig. 7) and the surface uplift toward the vents (Fig. 4e 
and Additional file 5: Fig. S3). The triggering mechanism 

Fig. 8  Schematic model of intermittent hydrothermal water discharge. Red and blue colors represent high and low temperatures, respectively. a 
Onset of change in SP, b cessation of steam effusion, c onset of hydrothermal water discharge, and d active steam effusion. Numerals “i” to “iii” in the 
panel titles correspond to those referred to in the main text
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of groundwater inflow is unclear and difficult to investi-
gate. One possible mechanism is gravitational instabil-
ity in the conduit–reservoir system (Vandemeulebrouck 
et al. 2005; Legaz et al. 2009b). When a liquid-dominated 
layer exists over a two-phase layer (Fig. 8a), gravitational 
instability or convection may occur, which may trigger an 
inflow of cold groundwater from the surrounding region. 
Vandemeulebrouck et al. (2005) proposed that changes in 
water level in Inferno Crater Lake are due to fluid phase 
changes in the heat pipe caused by gravitational instabil-
ity or convection.

At the onset of change in SP, seismic signals with a fre-
quency of < 20 Hz were recorded but started to decrease 
15–45 min after the onset of change in SP (Fig. 4c). We 
interpret that the seismic signal was generated by bub-
ble activity (growing, collapsing or moving) in boiling 
fluid (e.g., Kieffer 1984; Vandemeulebrouck et  al. 2013; 
Gresse et al. 2018; Wu et al. 2019). Boiling can be inhib-
ited by the inflow of cold water (Namiki et al. 2016), and 
we infer that in the case of the vents at W4 of Iwo-Yama, 
inflow of cold water inhibited water boiling in the con-
duit–reservoir system. A part of hydrothermal water 
can be replaced by inflowed cold water. This might have 
caused temporary discharge of hydrothermal water at 
depth, which is visually observed as drain-back of hydro-
thermal water from the pool in W4. SP data suggest that 
the inflow of cold groundwater gradually increased until 
the cessation of steam effusion (Fig.  7a). Therefore, we 
interpret that a large volume of groundwater flowed into 
the conduit–reservoir system and accumulated above the 
hot water within the lower part of the system (Fig.  8b). 
This may explain the cessation of steam effusion approxi-
mately 20–40  min before the onset of hydrothermal 
water discharge.

Onset of hydrothermal water discharge
SP data suggest that before hydrothermal water dis-
charge, the inflow of cold groundwater gradually 
decreased (Fig. 7a), and seismic signals with a frequency 
of < 20 Hz increased after the cessation of steam effusion 
(phases “i” to “ii” in Fig. 4). We interpret that pressuriza-
tion sufficient to force the water in the upper part of the 
conduit–reservoir system to ascend might have occurred 
in the lower part of the system owing to the decrease in 
the volume of inflowed groundwater in the upper part of 
the system and the continuing supply of steam bubbles 
and hot water (Fig. 8c). This interpretation is supported 
by the low temperature of the initially discharged water 
(80–90 ℃). Seismic signals with a frequency of < 20  Hz 
may have increased owing to the re-initiation of bubble 
growth after the cessation of steam effusion.

Active steam effusion
One to four hours after hydrothermal water discharge 
occurred, seismic signals with a frequency of < 20 Hz and 
acoustic signals with a frequency of > 20  Hz increased 
(“iii” in Fig.  4). These signals suggest an increase in the 
amount of boiling in the conduit–reservoir system and 
corresponding steam effusion from the vent Fs (Fig. 8d). 
We infer that after the onset of hydrothermal water dis-
charge, depressurization of the conduit–reservoir system 
occurred as a result of hydrothermal water outflow from 
the upper part of the system, which promoted boiling in 
the system (Fig. 8d).

Similarity of the geyser eruption system to volcanic 
eruptions
Inflow (influx) of cold groundwater has also been 
suggested as a contributing mechanism to the 2018 
phreatic eruption of Iwo-Yama. Aizawa et  al. (2022) 
measured a series of 13 temporal changes (events) in 
tilt, tremor, and horizontal electric field near the Iwo-
Yama eruption vent. One of these events occurred 
immediately before the onset of the 2018 phreatic erup-
tion. Those authors interpreted that a potential phreatic 
eruption was inhibited by flow of near-surface, cold 
groundwater toward the region underlying the active 
vent but that an explosive phreatic eruption occurred 
when the intrusion of hot water was shallow and 
groundwater flow was limited. Therefore, the presence 
and flow of near-surface groundwater is likely a key 
control on the occurrence of phreatic eruptions. In this 
study, we suggest that the inflow of cold groundwater 
into the conduit–reservoir system is also a key control 
on the observed cyclic hydrothermal water discharge. 
Our results suggest that electric field measurements as 
used at geyser sites may be useful for the study of vol-
canic eruptions.

Change in discharge style
We identified a change in discharge style over time 
from style 1 to style 2 to style 3 at vents in W4 (Fig. 6). 
It is known that the interval between geyser eruptions 
depends on a delicate balance between underground 
processes, such as the supply of heat and water (Wendel 
2014). Geyser activity can change according to variations 
in precipitation and climate, which influence the supply 
of groundwater that feeds the eruptions (Hurwitz et  al. 
2008, 2021).

In the previous section, we proposed that the inflow 
of cold groundwater into the conduit–reservoir sys-
tem controlled the cyclic occurrence of hydrothermal 
water discharge. Discharge style 2 (green in Fig. 6b) took 
place after high precipitation during mid-May, and style 
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3 (orange in Fig.  6b) took place after high precipitation 
during early June. The change in discharge style from 
style 1 to style 2 and style 2 to style 3 is thus inferred to 
be related to the occurrence of high precipitation. Tsu-
kamoto et  al. (2018) described a low-permeability, clay-
rich layer at depths of 200–700  m below the surface of 
Iwo-Yama, with this clay-rich layer being overlain by a 
groundwater-dominated layer. High precipitation may 
have increased the amount of water in this groundwa-
ter layer; therefore, the volume of inflow of groundwa-
ter into the conduit–reservoir system (Fig. 8b) may have 
increased as a result of the high precipitation and may in 
turn have caused the change in discharge style.

Conclusion
We investigated intermittent hydrothermal water dis-
charge at Iwo-Yama West Crater during April–July 2021. 
During the period of multi-parametric observations 
(20 April to 4 May), the cycle of the discharge lasted for 
14–70  h, and the course of a single cycle followed this 
sequence of phases: (i) cessation of steam effusion; (ii) 
onset of hydrothermal water discharge; (iii) active steam 
effusion; and (iv) drain-back (evacuation) of water from 
the hydrothermal water pool at vent Fs. However, the 
discharge style and cycle changed after the period of 
multi-parametric observations. The change in discharge 
style and cycle coincided with periods of high precipita-
tion, suggesting that an increase in the volume of inflow 
of groundwater into the conduit–reservoir system caused 
by the high precipitation may have led to the change in 
discharge style.

Observational data (movie, temperature, SP, seis-
mic, acoustic, and tilt) showed changes corresponding 
to the phases of the cycle of intermittent hydrothermal 
water discharge. In particular, change in SP generated by 
groundwater flow started approximately 2  h before the 
onset of hydrothermal water discharge and SP increased 
until the cessation of steam effusion. We interpret that 
the inflow of cold groundwater inhibited the boiling of 
water in the hydrothermal plumbing system and thereby 
caused steam effusion to cease. SP data also suggest that 
the inflow of cold groundwater subsequently gradually 
decreased, allowing a corresponding increase in pressure 
to occur in the lower part of the conduit–reservoir sys-
tem as a result of the decrease in the volume of inflowed 
groundwater in the upper part of the system and the con-
tinuing supply of steam bubbles and hot water. Boiling 
of the underlying hot water finally caused the ground-
water in the upper part of the conduit–reservoir system 
to ascend, generating hydrothermal discharge. Overall, 
the results of our study show that cyclic hydrothermal 
water discharge into West Crater of Iwo-Yama volcano 

was controlled by the inflow of cold groundwater into the 
conduit–reservoir system.
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