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Abstract

Kirishima volcano consists of more than 20 eruptive centers. Among them, Shinmoe-dake had magmatic eruptions
in October 2017 and March 2018. Subsequently, another active cone, lwo-yama, had phreatic eruptions in April
2018.These events were unigue in that the 2018 eruption was the first effusion-dominated eruption of Shinmoe-
dake and the first simultaneous activity of two cones of the Kirishima volcanic group ever documented. We report
the detailed sequence of the events by combining areal photos, satellite images, and seismo-acoustic data analy-
ses with the other published information. The seismo-acoustic data clarify the eruption onset and the transitions

of the behaviors in three stages for each of the 2017 and 2018 eruptions. For both eruptions, we present regularly
repeated tremors or ‘drumbeat’ earthquakes in the second stage, which interpret as gas separation from magma,
leading to the ash-poor plume in the 2017 eruption or the effusive eruption in the 2018 event. We also propose
that the 2017 and 2018 eruptions of Shinmoe-dake and the 2018 eruption of lwo-yama are sequential events linked
by the degassing of magma beneath Shinmoe-dake. An eruption like the 2017-2018 eruptions of Shinmoe-dake
would leave few geological records and could be captured only by modern techniques. Although Shinmoe-dake
has been believed to be an example of less-frequent eruptions, effusive eruptions like the 2018 case might have
occurred more frequently in the past, but the following eruptions had obscured their records. The timelines summa-
rized in this study will be useful in future studies of Kirishima volcanoes and world equivalences.
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Introduction

Kirishima volcano, located in southern Kyushu, is one of
the most active volcanoes in Japan. The volcano is char-
acterized by having more than 20 eruptive centers dis-
tributed along a 30 km northwest—southeast axis and a
20 km northeast—southwest axis (Fig. 1a, b). Each erup-
tion center is characterized by an isolated or near-iso-
lated edifice such as a pyroclastic cone, a strato-volcano,
or a maar. Imura (1994) pointed out that many eruptive
centers have large craters relative to the edifice volumes,
indicating that the eruptions were explosive. In the vol-
canic group, Shinmoe-dake and Ohachi had magmatic
eruptions in the historical periods, and Iwo-yama was
born in the sixteenth to seventeenth century (Imura
1994; Imura and Kobayashil 2001; Tajima et al. 2014).
Although Ohachi had many magmatic eruptions since
the 8th century, Shinmoe-dake and Iwo-yama had only a
few historical events before the recent eruptions (Imura
1994; Imura and Kobayashil 2001; Tajima et al. 2014,
2020).

Shinmoe-dake had major magmatic activity in 2011
and 2017-2018. Subsequently, Iwo-yama had phreatic
eruptions in 2018. Many studies have already been pub-
lished for the 2011 event sequences (e.g., Kato and Yama-
sato 2013; Miyabuchi et al. 2013; Nakada et al. 2013b;
Nakao et al. 2013; Ozawa and Kozono 2013; Suzuki et al.
2013a; Takeo et al. 2013; Ueda et al. 2013; Ichihara and
Matsumoto 2017), the long-term seismic and geodetic
activity including both 2011 and 2018 eruptions (e.g.,
Kurihara et al. 2019; Yamada et al. 2019; Nishida et al.
2020; Yamazaki et al. 2020; Ichihara et al. 2023), the
updated image of magma and fluid supply systems (e.g.,
Suzuki et al. 2013b; Aizawa et al. 2014; Nagaoka 2020;
Ohba et al. 2021; Tajima et al. 2022; Tsukamoto et al.
2022), and the 2018 Iwo-yama eruption sequences (e.g.,

Tajima et al. 2020; Muramatsu et al. 2021). However, the
timeline of the 2017-2018 Shinmoe-dake eruption and
the transition to the 2018 Iwo-yama eruption have not
been sufficiently resolved.

Yamada et al. (2019) reported the chronology of the
2017-2018 Shinmoe-dake eruption based on the mul-
tiparametric observation data obtained by the Japan
Meteorological Agency (JMA), the National Research
Institute for Earth Science and Disaster Resilience
(NIED), the Geospatial Information Authority of Japan
(GSI), and the Geochemical Research Center of the
University of Tokyo. Matsumoto and Geshi (2021) ana-
lyzed the frequently collected samples from March 2
to April 5, 2018, and revealed the change of the magma
ascent conditions during the 2018 Shinmoe-dake erup-
tion sequence. Tajima et al. (2022) discussed Shinmoe-
dake’s long-term and recent eruptions (including the
2018 eruption) and its magma plumbing system, based
on geological and geophysical observations. Kurihara
and Kato (2022) made detailed analyses of the deep low-
frequency (DLF) earthquakes and discussed the relation-
ship between their occurrences and the Shinmoe-dake
and Iwo-yama activity. We combine their results with our
data set to confirm and detail the timeline.

Compared with the previous activity summarized
in the next section, the 2017-2018 event was unique
for Shinmoe-dake in the following points. First, it was
a major magmatic eruption only seven years after the
2011 event. Second, the eruption was dominated by the
lava effusion, lacking the sub-Plinian phases. Third, it
was the first recorded successive eruptions of two cones
in the Kirishima Volcanic Group (Shinmoe-dake and
Iwo-yama). Investigating the event will improve our
knowledge of Kirishima and other volcanic groups with



Ichihara et al. Earth, Planets and Space (2023) 75:144

nc’)-daﬂ(e' Fudo-ike
Ebiﬁo-dake c i )
: Karakuni-dake /
; y Qhata-yam;
J = Shishiko-dal‘(e
hnami-ike

f;, Shinmoe-dak‘e

d
4 zgka :’ “Ar 3 z
I e
- c00ka— 20ka [t e
J A 300ka—c100ka SR ) o

Page 3 of 21

130°E

40°N
e

A Eruption centers

8 ERI stations

® JMA stations

® NIED stations

| 9 Monitoring camera
; @ GSJ stations of GNSS

[N} S

51 S
130°46' 47' 48' 49' 50' 51" 52' 53' 54’ 55' 56' 57" 58' 59

Fig. 1 a Location of Kirishima volcano. b Location of each eruption center of the Younger stage of the Kirishima volcano. Eboshi-dake,
Shishiko-dake, Kurino-dake and Ya-dake were formed from 300 ka to ~100 ka; all of these centers currently have dissected edifices (blue triangles).
Shiratori-yama (main), Ebino-dake, Ohnami-ike, Hinamori-dake, Ryuo-dake, Futago-ishi, and Ohata-yama (main) formed from ~100 ka to 29

ka (green triangles). Maruoka-yama, limori-yama, Koshiki-dake, Karakuni-dake, Shinmoe-dake, Shiratori-yama (younger), Rokukannon-mi-ike,

and Naka-dake were formed after widespread deposition of the AT (Aira-Tanzawa) tephra at 29 ka (yellow triangles). More recently, Takachiho-dake,
Mi-ike (4.2 ka), Ohachi, Ohata-yama (younger), Fudo-ike, and Iwo-yama (AD 1768) were formed after 9 ka (red triangles). Historic records exist

for volcanic activity at Shinmoe-dake, Ohachi, and lwo-yama, which have remained active until the present (Imura and Kobayashi 2001; JMA 2013).
¢ Iwo-yama and the surrounding areas. d The summit area of Shinmoe-dake. The red circle shows the location of the main eruption in the 2017
activity JMA (2017a). e The station locations used in this study. The circles show the seismic stations, of which those used for the tremor source

location are colored red.

less-frequent eruptions. The timeline described in this
study will help future studies.

Geological overview and eruption activities
Kirishima volcano

Kirishima volcano locates on the southern margin of
the Kakuto caldera. The volcano comprises the Younger
Kirishima volcano, which forms the present edifices of
the Kirishima volcano, and the Older Kirishima volcano,
which constitutes the basement of the volcano. Kakuto
pyroclastic flow from an eruption of approximately
300 ka is seated between them (Imura 1994; Imura and
Kobayashil 2001). The products of the Older Kirishima
volcano are composed primarily of andesite, while the

Younger Kirishima volcano has a broad composition,
ranging from basalt to dacite (Imura 1994; Imura and
Kobayashil 2001). Imura and Kobayashil (2001) divided
the eruption centers of the Younger Kirishima volcano
into the following four age groups: (1) 300 ka—ca. 100 ka;
(2) ca. 100 ka—29 ka; (3) 29 ka—present; and (4) 9 ka—pre-
sent. The active cones belong to (3) and (4). The distribu-
tion of each eruption center is shown in Fig. 1b.

The electromagnetic studies in the 1990s (Utada et al.
1994; Kagiyama et al. 1996, 1997) suggested that the
northwestern group, including Shinmoe-dake and Iwo-
yama, had a common magma reservoir at a depth of
10 km, from which magma rises to the shallow depth
beneath each active volcano. They considered the
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southeastern group, including Ohachi, to have a sepa-
rated and even deeper reservoir. Seismological structural
studies also showed low-velocity anomalies at a depth of
10-15 km (Yamamoto and Ida 1994; Nagaoka 2020). The
three-dimensional electromagnetic analyses resolved a
conductive layer at a corresponding depth and conduc-
tive pathways to Shinmoe-dake and Iwo-yama (Aizawa
et al. 2014).

The existence of a shallow magma reservoir around
5 km was suggested by the petrological studies for the
2011 eruption products (Suzuki et al. 2013b). Based on
resistivity studies, Utada et al. (1994) suggested magma
storage at ~5 km bsl beneath Iwo-yama as well as the
one beneath Shinmoe-dake, and Aizawa et al. (2014)
revealed a sub-vertical conductive body at a depth of ~
5 km between Iwo-yama and Shinmoe-dake, which they
interpreted as a pathway of magmatic fluid. Yamamoto
and Ida (1997) analyzed the P-wave attenuation structure
and found a high attenuation at a depth of about 5 km
beneath Karakuni-dake. The attenuation was significant
for a specific frequency range of around 8 Hz, which the
authors explained by a shill-like magma body. However,
no movements have been detected at this depth by geo-
physical methods.

Shinmoe-dake
Shinmoe-dake is at the central, southeastern part of the
Kirishima volcano and has a conical edifice that is 1421
m high with a crater measuring 800 m in diameter at the
summit (Fig. 1b, d). The basal and upper parts of the edi-
fice are composed of lava flows (Shinmoe-dake lava) and
a pyroclastic cone, respectively (Imura and Kobayashil
2001). Kobayashi pumice ejected from Karakuni-dake
was deposited on the western slope of Shinmoe-dake,
indicating that the main body of Shinmoe-dake formed
before 16 ka (Imura 1994; Imura and Kobayashil 2001).
Shinmoe-dake had undergone repeated magmatic
eruptions with intervals lasting hundreds to thousands of
years (Tajima et al. 2013; Tajima 2021). The first historic
event occurred in 1716-1717. The eruption began with
phreatic explosions, followed by sub-Plinian eruptions
with pyroclastic flows and Vulcanian events. The total
mass of tephra was estimated at about 200x 10° kg (Imura
and Kobayashil 1991; Oikawa et al. 2012). Eruptions also
occurred in 1822 and 1959. Imura and Kobayashil (1991)
estimated that each eruption produced several 10° kg of
tephra and considered the 1822 event included magmatic
activity. They characterized the Shinmoe-dake erup-
tion by the initial phreatic explosions and the transition
to explosive magmatic eruptions based on their geologi-
cal studies of the past magmatic activities (1716—-1717
and 1822). Oikawa et al. (2012) reviewed the subsequent
studies on Shinmoe-dake’s historical eruptions and noted

Page 4 of 21
Table 1 Erupted masses at Shinmoe-dake
Event Tephra mass (x 10° kg) Lava mass

(x10° kg)

2018 <1 309
2017 <1 -
2011 18-410 30¢
2008 0.2 -
1991-1992 0.000364 -
1959 3_gef _
1822 0'3_3E,f _
1716-1717 200

9 Matsumoto and Geshi (2021); Kozono et al. (2023)
b Maeno et al. (2014); Miyabuchi et al. (2013)

¢ Ozawa and Kozono (2013)

9 Geshi et al. (2010)

€ Oikawa et al. (2012)

f Imura and Kobayashil (1991)

that the 1822 eruption was minor (< 10° kg of tephra),
while the tephra from the 1959 eruption might have been
as large as ~ 9 x 10° kg and included some juvenile mate-
rials. There were minor phreatic eruptions in 1991-1992
and 2008-2010 (Imura 1992; Geshi et al. 2010; Nakada
et al. 2013b).

The 2011 eruption at Shinmoe-dake

Inflation of the Kirishima volcano was initially observed
from the end of November 2009, centered at a depth of
6—10 km and about 7 km to the northwest of Shinmoe-
dake, around the Ebino-dake area of Fig. 1b (Imakiire
and Oowaki 2011; Nakao et al. 2013). Small, possibly
phreatic eruptions occurred intermittently from March
to July 2010 (Kato and Yamasato 2013). Thereafter,
inflation of the volcano continued (Kato and Yamasato
2013; Nakao et al. 2013). On January 19, 2011, a small
phreatomagmatic eruption occurred (Kato and Yama-
sato 2013; Suzuki et al. 2013a). Seven days later, on the
morning of January 26, the ejection of ash was observed
before activity shifted to a sub-Plinian eruption in the
afternoon (Nakada et al. 2013b). Three sub-Plinian erup-
tions occurred until the following evening (Nakada et al.
2013b). On January 28, a tip of effusing lava was observed
in the summit crater. The lava flow increased gradually
in size over the period January 28-31, finally becom-
ing a circular-shaped lava flow with a diameter of 600 m
(Ozawa and Kozono 2013). The summit crater had exhib-
ited a funnel-shaped topography before the 2011 erup-
tion and was half-filled with lava after the event. During
the sub-Plinian and effusive stages, the deep geodetic
source that had exhibited a-year-long inflation deflated
coherently to the magma discharge, confirming the
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Fig. 2 a Northwesterly view of the Shinmoe-dake summit

during the 2017 activity, taken by S. Nakada (14:29, October 11,
2017). b Eruption plume of the 2017 Shinmoe-dake eruption viewed
from Shinyu hot springs on the southwestern foot of the edifice taken
by T. Kaneko (October 12, 2017). € Southwesterly view of the summit
during the 2018 Shinmoe-dake activity, taken by S. Nakada (shortly
before 10:00, March 3, 2018). d Northeasterly view of the effusing
lava in the Shinmoe-dake summit crater taken by Mainichi Shinbun
(5:20, March 6, 2018). e Close-up photograph of the effusing lava

in the Shinmoe-dake summit crater taken by Mainichi Shinbun

(5:17, March 6, 2018). f Westerly view of the Shinmoe-dake

summit crater taken by S. Nakada (17:26, March 9, 2018). The tip

of the northwestern margin of the lava filling the crater is about to
flow down the slope (indicated by a yellow allow). g Small

Vulcanian eruption during the 2018 Shinmoe-dake activity taken
from the southwest by S. Nakada (17:30, March 9, 2018). h Lava

flow flowing down the northwestern slope of Shinmoe-dake, taken
by S. Nakada (10:25, April 20, 2018). i Shinmoe-dake summit just
before the Vulcanian eruption shown in“(j)" taken by S. Nakada (10:09,
March 10, 2018). The ca. 150 m diameter area near the eruption site
swells like a shield. j Vulcanian eruption occurred at the site shown
in“(i)’, taken by S. Nakada (10:15, March 10, 2018). k Eruption site

of the Vulcanian eruptions, located in the central part of the lava flow
at the summit, taken by T. Kaneko from the east (March 13, 2018).
Yellow arrows indicate pit craters. | Eruption site of the Vulcanian
eruptions taken by F. Maeno from the west (April 15,2018). m
Vulcanian eruption on May 14, 2018, recorded by a JMA monitoring
camera. n Westerly view of lwo-yama and surrounding areas

taken by JMA (April 21, 2018). o Activity of Iwo-yama immediately
before the April 19 eruption, recorded by a JMA monitoring camera
(15:38, April 19, 2018). p The April 19 lwo-yama eruption recorded

by a JMA monitoring camera (15:44, April 19, 2018)

linkage between this source and Shinmoe-dake (Kob-
ayashi et al. 2011; Kozono et al. 2013; Nakao et al. 2013;
Ueda et al. 2013). Some researchers suppose that the
linkage is only mechanical and that the erupted magma
was supplied from the widely spread magma reservoir
revealed by the geophysical imaging (Utada et al. 1994;
Nagaoka 2020; Nishida et al. 2020; Kurihara and Kato
2022). After January 29, the activity shifted to intermit-
tent explosive eruptions, mainly Vulcanian eruptions,
which continued until September of the same year (Kato
and Yamasato 2013; Nakada et al. 2013b).

The 2011 event followed Shinmoe-dake’s typical erup-
tion sequence that Imura and Kobayashil (1991) had
characterized. Namely, it started with phreatic (phreato-
magmatic) eruptions and shifted to explosive magmatic
phases. Although the previous historical eruptions were
dominated by explosive activity (Imura and Kobayashil
1991), the 2011 event erupted lava, whose amount was
comparable with the tephra produced by the sub-Plinian
events (Ozawa and Kozono 2013; Maeno et al. 2014).
Table 1 summarizes the estimated weights of the erupted
materials from Shinmoe-dake.
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Fig. 3 The summit area of Shinmoe-dake observed by the series of satellite images during the 2018 volcanic activity. a,b, d—f and h-i are SAR
images from ALOS-2 (Advanced Land Observing Satellite-2 of JAXA—Japan Aerospace Exploration Agency). c and g are optical images from SPOT
7 (Satellite imagery courtesy of PASCO Corporation: cAirbus DS 2018). Note that the elongated lava shape is artificial, and the lava is more circular,

like in Fig. 1d

lwo-yama

Iwo-yama locates about 5 km northwest of Shinmoedake,
on the northwestern foot of the highest cone, Karakuni-
dake (Fig. 1b, c). Eruptions have occurred intermittently
in the area since the formation of Karakuni-dake (29 ka).
Tajima et al. (2014) summarized the volcanic activity in
this area as follows. At 9 ka, eruptions occurred in the
Fudo-ike crater, which generated Fd-TmA tephra and
Fudo-ike lava flow. Phreatic to phreatomagmatic erup-
tions occurred at 4.3 ka at the northern part of Kara-
kuni-dake, which ejected Kn-EbD tephra and caused an
avalanche of Karakuni-dake debris. At 1.6 ka, phreatic

eruptions occurred at the Fudo-ike crater, ejecting Fd-
EbC tephra. In the sixteenth to seventh centuries, erup-
tions in the area generated lo-EbB tephra and Iwo-yama
lava flow. Iwo-yama is a small lava mound (~50 m rela-
tive height) formed around the effusion vent. In 1768,
phreatic explosions occurred at the eastern crater of Iwo-
yama, which ejected Ie-EbA tephra. Geothermal activity
is known to have continued there since around the 1900s.
The fumarolic activity exhibited the highest temperature
in 1975, but gradually declined to have stopped by 2008
(Tajima et al. 2020).
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Fig. 5 aThe variation of the continuous tremor amplitudes at 1-7 Hz at three stations as in the legend. The red triangles above the frame
mark the onsets of the 2017 and 2018 eruptions of Shinmoe-dake. b—f The source locations of the continuous tremors in the periods indicated
above the panel a are shown by magenta dots, and those in the whole period are by white dots. Some sources are located above the ground
during the eruptions by errors (b and e). The red circles are the stations, and the yellow square represents the area in which the source

was searched. The vertical section along the white line is shown in the bottom panel. The blue layer indicates the water-layer depth suggested

by the resistivity structures (e.g, Kagiyama et al. 1996; Utada et al. 1994).

Data set and methods
Observation
All times in this paper are in Japan Standard Time (UTC
+9h).

The seismic stations used in this study are shown in
Fig. 1e. They were operated by the Earthquake Research
Institute of the University of Tokyo (ERI), JMA, and

NIED (see the legend). Most seismometers were broad-
band, but some were short-period instruments (Addi-
tional file 1: Table S1). Some stations were equipped
with infrasound sensors (e.g., EBS and KVO: MB2005 of
Dase, SMW:SI104 of Hakusan Co., and KITK: 7144/3348
of ACO Co.). Based on the calibration using common
signals (Vulcanian explosions of Shinmoe-dake and
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Sakurajima), we found that the amplitude and waveform
of KITK were unreliable. However, the data were useful
for signal detection using the cross-correlation analysis
with other stations. All the seismic and infrasonic data
were telemetered with a sample rate of 100 Hz.

Several monitoring cameras recorded Shinmoe-dake
and Iwo-yama, operated by the JMA and the Kagoshima
Prefecture (arrowheads in Fig. le). Occasional surveys
were made on-site or from aircraft by JMA, the local gov-
ernments, and the media with researchers. We collected
their photos, the monitoring camera images reported by
JMA (Fig. 2), and satellite images (Fig. 3).

Permanent continuous global navigation satellite sys-
tem (GNSS) stations were operated by the GSI (the ver-
tices of the black triangle in Fig. le). They were used to
calculate the areal strain, which represented the year-
scale inflation at the ~10-km-deep source (Fig. 4a) (e.g.,
Nakao et al. 2013; Yamada et al. 2019; Nishida et al. 2020).

Seismic data analyses

We analyzed the seismic and infrasonic data using meth-
ods that were already published. We made efforts in
the visualization of the results to highlight the eruption
sequences.

We mainly used the frequency range of 1-7 Hz, so
we only converted the voltage to the mechanical unit (u
m/s) without correcting for the individual instrumen-
tal responses. We calculated the seismic power spectral
density (PSD) using the three-component ground veloc-
ity data every 10 s. The signal power at the ith station,
P; (hereafter, the subscript denotes the station), was
calculated by integrating the PSD in a target frequency
range. Then, the observed amplitude, A%”, was defined
as a square-root of the averaged P; in a time window. We
used different averaging depending on the purpose, as
described below.

Seismic background level (SBL)

Fig. 4b shows the SBL in 3.5-7 Hz (Ichihara et al. 2023).
To calculate a daily SBL, we used a 6-h-long time win-
dow in nighttime (18:00—24:00 and 24:00-6:00) and took
the 20th percentile (the lowest 20-% value in the window)
as the average. To exclude the fluctuation due to weather
conditions, we further took the 20th percentile of the
daily SBLs in a 7-day time window (Ichihara et al. 2023).
The results are shown after corrected for the site amplifi-
cation that we evaluated in 3.5-7 Hz (see below).

Long-term amplitude change of the continuous tremor

Fig. 5a shows A% in 1-7 Hz, which was calculated as a
square-root of a median of P; in a 10-min-long time win-
dow sliding every 5 min. The results are shown without
the site correction.
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Source location of the continuous tremors

Fig. 5b—f shows the source locations of the continuous
tremors. We followed the protocol of Ichihara and Mat-
sumoto (2017) using the amplitude-based source location
method (Battaglia and Aki 2003). Note that this method
estimates only continuous tremor sources, excluding
transient signals like isolated LF events and short trem-
ors. The protocol used the frequency range of 3.5-7 Hz
and calculated A;’bs as the median of P; every 5 min. We
selected the time windows to search for the source loca-
tion by examining the steadiness of the amplitude ratios
for all pairs of the stations shown by the red circles in
Fig. le. Time windows in which any of the stations had
problems were excluded. Ichihara and Matsumoto (2017)
used seven stations around Shinmoe-dake operated in
2011 and calibrated the site amplification factor, S;, and
the attenuation factor, B, referring to the continuous
tremor source determined by a dense seismic array. In
this study, we calibrated S; and B in 3.5-7 Hz using the
data from 9:00-12:00 on March 3, 2018, assuming the
source was beneath the ash-emitting vent at the eastern
edge of the crater (Fig. 2c). The reference source depth
was determined as 700 m above the sea level to fit the
amplitude distribution best by the model (Ichihara and
Matsumoto 2017). The source location was estimated so
that the observed amplitude ratio between station pairs,
Rf].bs = A;.’bs /A]‘?bs, was the best fit by the model,

modet _ SiD; ' exp(—BDi)
v S,»D;1 exp(—BDj)

(1)

where D; is the source—receiver distance. For each
selected time window, we searched the location to mini-
mize the fitting residual, RES, defined by

R;)jbs _ R;](wdel (Di;Dj)
j=i+1 Rgftodel (Dl" D]) :

#z?ﬁ*l
NN-1) =

RES =

(2)
We considered the results referring to the minimum RES
values (RES,;;,). Figure 5b—f shows the sources deter-
mined with RES,,;, < 0.22. The source depths during the
2017 and 2018 eruptions are presented in Figs. 6d and 7d
for RES,,;, < 0.3. The colors indicate the RES,,;, values
of the individual points (see the caption), demonstrating
that the sources were estimated consistently in this range
of the fitting residual.

Tremor amplitude variation during the eruptions

Figures 6a and 7a show the amplitude variation at 1-7
Hz during the 2017 and 2018 eruptions. Here, we calcu-
lated the average of P; in 2-min windows. To highlight the
explosions as well as the continuous tremors, we took the
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mean value of P;, instead of the median or percentile. To
reduce the influences of the outliers mainly due to miss-
ing data or electric noise, we excluded the maximum and
minimum values of P; in each window in calculating the
mean. The results are shown without the site correction.

Infrasonic data analyses
The infrasound signals during the 2017-2018 eruptions
were generally weak except for the Vulcanian explosions
(Yamada et al. 2019). We searched for the signals using
the cross-correlation between sensor pairs (Muramatsu
et al. 2021) among EBS, SMW, KITK, and KRS (Fig. 1e).
We calculated the cross-correlation coefficient, Cy, in
1-7 Hz in 10-s time windows and averaged for 2 min.
Figures 6¢ and 7c show C; between KITK and EBS as
functions of the time of the window and the time delay
of the KITK to EBS. The delay times of the correlation
peaks in Figs. 6¢ and 7c vary within the range of — 2 s and
2 s. The change in apparent sound speed cannot explain
the variations. They should represent the change of the
source location within the crater area (Additional File 2).
Figures 6b and 7b show the amplitudes variation of
infrasound data at EBS and KITK, calculated in the same
way as Figs. 6a and 7a. When the two lines are coher-
ent, and Cj; exhibits a clear correlation in the delay time

Stage 1
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range, we regard that the values represent the intensity of
infrasound from Shinmoe-dake.

Eruption sequences of the 2017-2018
Shinmoe-dake and lwo-yama volcanic activity

This section describes the eruption sequence of the
2017-2018 Shinmoe-dake eruption and the associated
small eruptions that occurred on Iwo-yama in 2018.

Volcanic activity on Shinmoe-dake in 2017
The GNSS observations revealed deep inflation of
Kirishima volcano from around July 2017 (JMA 2017a)
(Fig. 4a). Also, the two seismic stations close to Shin-
moe-dake crater (SMN and SMW in Fig. le) exhib-
ited a gradual increase of the SBL (Ichihara et al. 2023)
(Fig. 4b). The 2017 eruption started on October 11,
2017. The eruption was much smaller than the 2011
eruption and produced tephra less than 10° kg. The lava
effusion was not observed (Table 1).

The following sequence of the event has been
reported (all dates are in 2017):

+ At approximately 15:10 on October 9 (arrow 1 in
Fig. 6a), a tilt step and a swarm of low-frequency

10/10 10/11 10/12 10/13

10/14 10/15 10/16 10/17 10/18

-2
201710/09 10/10 10/11 10/12 10/13

10/14 10/15 10/16 10/17 10/18

Fig. 6 Seismic and infrasonic signals during the 2017 eruption. a Variation of the amplitudes of the seismometers in 1-7 Hz. b That of infrasound
sensors in 1-7 Hz. ¢ The cross-correlation coefficient as a function of the time delay of KITK to EBS. d The depth of the located continuous tremors.
The red, blue, and gray colors indicate RESm;, below 0.15, between 0.15 and 0.22, and between 0.22 and 0.3, respectively. Arrows with numbers

indicate the features discussed in the text
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earthquakes (LF) were recorded (Yamada et al
2019). Then, volcanic tremors were recognized
(JMA 2017a; Yamada et al. 2019).

+ At 05:34 on October 11, a small eruption occurred
at the eastern margin of the summit crater, and an
ash plume rose 300 m above the crater (Fig. 2a)
(JMA 2017a, b). The eruption continued until 16:00
on October 13, which deposited a thin ash layer
over the eastern areas of the volcano (JMA 2017a).

+ From 06:50 to 09:20 on October 12, the volcanic
tremor amplitude became larger, and the plume
reached higher than 1700 m above the crater.(JMA
2017b).

+ From 19:30 on October 12 to 08:10 on October
14, the tremor amplitude cyclically increased and
decreased, during which the plume was 100-300 m
above the crater (JMA 2017b).

+ At 08:23 on October 14 (arrow 2 in Fig. 6a), the erup-
tion resumed with the ejection of a gray—white ash
plume that rose 2300 m above the crater and spread
ash-fall deposits over a wide area (JMA 2017a, b).

+ On October 15, SO, was released at 11000 tons/day,
which was comparable with the sub-Plinian phase of
the 2011 eruption. It significantly decreased by the
following day (JMA 2017a).

+ At 00:30 on October 17, the monitoring camera
image confirmed that the second ash emission had
stopped (Yamada et al. 2019).

Based on our seismo-acoustic analyses and the above
reports, we classify the 2017 eruption into three stages:
Stage 1, from October 9 to around 18:00 on October 12;
Stage 2, from then to 08:23 on October 14; Stage 3, from
then to the end of October 16.

Stage 1 (ash emission: from october 9 to around 18:00

on october 12)

On the morning of October 9, the increase in the tremor
amplitude was already evident (Fig. 6a). At 14:04 on
October 10, the first infrasound signal was detected
(arrow 3 in Fig. 6¢), which may be associated with the
increase of the white plume that JMA (2017b) reported.
The tremor source was initially deep (~ 1 km below sea
level, hereafter denoted as bsl), moved to very shallow
depths, and stayed there from 20:30 on October 10 to
02:00 on 11 (Fig. 6d). The tremor source became deep
again, and the reported eruption at 05:34 occurred with
a clear infrasound signal (arrow 4 in Fig. 6¢). The sensor-
pair time delay (—0.5 s for KITK-to-EBS in Fig. 6¢) was
consistent with the observation that the vent was at the
eastern margin of the crater (Fig. S2). From 20:40 on
October 11 to about 10:00 on October 12, both seismic

Page 10 of 21

and infrasonic tremor amplitudes were relatively large.
This period included the plume height of 1700 m men-
tioned above. Infrasound decayed gradually to the even-
ing and became unclear around 18:00 (arrow 5 in Fig. 6¢),
but the seismic tremor amplitude changed differently
(Fig. 6a).

Stage 2 (cyclic tremor variation from 18:00 on october 12

to 08:23 on october 14)

In this stage, the tremor amplitude has a unique cyclic
feature (Fig. 6a), as has been reported (JMA 2017b). The
tremor cycles accompanied infrasound cycles, which are
clear at low wind noise (Fig. 8a, b). The tremor sources
were not determined in our current method targeting
continuous tremors. The last cycle ended at 08:19 on
October 14 before the explosion at 08:23.

Stage 3 (main phase from 08:23 on October 14 to october 17)
At 08:23 on October 14, when the eruption resumed,
impulsive seismic and infrasonic powers were observed
(arrows 2 in Fig. 6a, b). From then to 12:00 on October
16, the infrasound amplitude was relatively large. In this
period, especially after October 15, both infrasound and
seismic tremor amplitudes grew coherently (Fig. 6a, b).
The feature was similar to the sub-Plinian phases in the
2011 eruption, suggesting that the eruption mechanism
was steady (Ichihara 2016). The largest SO, emission
rate occurred in this period. Both seismic and infrasonic
tremor amplitudes decayed exponentially over October
16.

Volcanic activity on Shinmoe-dake in 2018

The deep inflation of the Kirishima volcano and the
increase of the SBL had not stopped after the 2017 erup-
tion (JMA 2018a; Ichihara et al. 2023) (Fig. 4). On March
1, 2018, approximately four months after the October
2017 eruption, a new activity was observed at Shinmoe-
dake. Matsumoto and Geshi (2021) divided this activ-
ity into three stages. Referring to their classification, we
defined the following three stages of volcanic activity:
Stage 1 (ash emission: March 1-5); Stage 2 (lava effu-
sion: March 6-8); Stage 3 (Vulcanian eruptions: March
9-June). Although Matsumoto and Geshi (2021) defined
the start of Stage 3 on March 10, we set it on March 9
because the lava effusion had declined considerably by
March 8, and the Vulcanian eruptions started on March
9 (described below in Stage 3). The features of the seis-
mic and infrasonic activity also supported our definition
(Fig. 7a, b). The 2018 activity followed a similar eruption
sequence to the 2011 eruption, except for the lack of sub-
Plinian eruptions.
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Fig. 7 Seismic and infrasonic signals during the 2018 eruption. Variation of the amplitudes of the seismometers in 1-7 Hz (a) and infrasound
sensors in 1-7 Hz (b). ¢ The cross-correlation coefficient as a function of the time delay of KITK to EBS. d The depth of the located continuous

tremors. Arrows with numbers indicate the features discussed in the text

Stage 1 (ash emission: march 1-5)
The ash ejected during Stage 1 consisted mainly of
non-juvenile materials, presumed to be composed of
entrained preexisting rocks sourced from the 2011 lava
when the vent opened (Matsumoto and Geshi 2021).

The following sequence of the event has been reported:

+ At approximately 10:00 on March 1, the seismic
amplitude increased due to increased tremors and
LF events, but no particular change in the high-fre-
quency (HF) events was found (Yamada et al. 2019).

+ At approximately 11:00 on March 1, ash emissions
started, depositing a small amount of ash on the east-
ern side of the Shinmoe-dake crater (JMA 2018a). It
continued until March 9 (JMA 2018a) (Fig. 2c).

+ Around 10:00 on March 2, aerial surveys revealed a
plume rising from the vent at the eastern margin of
the summit crater (JMA 2018a).

+ On March 2, SOy emission was 5500 tons/day, and
the level was likely maintained for this stage (JMA
2018a).

+ On March 4, the monitoring camera confirmed that
the ash emissions continued (Yamada et al. 2019).

+ On March 5, the bad weather condition prevented
the monitoring camera from capturing the activ-
ity, but JMA assumed that the eruption contin-

ued. From about 21:00, volcanic tremor amplitudes
increased and the ash plume became more active
(JMA 2018b).

Here, we additionally report the following:

.

The continuous tremor had continued since the 2017
eruption (Fig. 5¢). The source region was similar to
the volcanic earthquake sources determined by JMA
(JMA 2018a) and deeper than tremors during the
eruptions (Fig. 5b,d,e).

At 07:35 on March 1 (arrow 1 in Fig. 7a), the tremor
amplitudes significantly increased at stations close to
the Shinmoe-dake crater.

At 08:30 on March 1 (arrow 2 in Fig. 7c), the first
infrasonic signal was detected. The sensor-pair time
delays (—0.9 s for KITK-to-EBS in Fig. 7c and —5.1
s for SMW-to-EBS) indicated that the source was
at the eastern edge of the crater (Additional File 2:
Fig. S2.1). Because the location is consistent with
the vent location, the infrasound might represent
the eruption onset or the vent opening. The signal
was unclear between 12:00 and 16:00, probably due
to the large wind noise. After the evening, the cor-
relation became clearer and showed that the source
shifted closer to the crater center.
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Fig. 8 a, b Cyclic events in Stage 2 of the 2017 eruption. ¢, d Cyclic events in Stage 2 of the 2018 eruption. The waveforms of the vertical
component of the seismometer at SMN are detrended (a and ¢), and those of the infrasound sensor at EBS are filtered in 1-7 Hz (b and d)

« From ~01:40 to ~21:45 on March 5 (horizontal
arrow 5 in Fig. 7¢), infrasound signals were unclear.
Although wind noise was strong on the day, we
see only a subtle correlation even when the noise
declined in the evening. Also, the disappearance of
the infrasound signal coincided with the step-like
increase of the seismic tremor amplitude around
01:40 (arrow 5 in Fig 7a). Therefore, we consider
the volcanic activity was more significant below the
surface than above the surface during the period.
Interestingly, the tremor source depth changed
from deep to shallow in this period (arrow 5 in
Fig. 7d).

+ Besides the above-mentioned period on March
5, infrasound signals became unclear in correla-
tion with the deep-to-shallow change of the tremor
source in 19:20-23:00 on March 3 (arrows 3 in
Fig. 7a,c,d) and around 13:30-14:30 on March 4
(arrows 4 in Fig. 7a,c,d).

Stage 2 (lava effusion: march 6-8)

On March 6, lava began to effuse in the summit crater
and spread across the preexisting 2011 lava flow (JMA
2018a) (Fig. 2d,e). The series of synthetic-aperture radar

SAR—satellite images from ALOS-2—Advanced Land
Observing Satellite-2 showed that the lava effused from
the northeastern part of the 2011 lava flow (about a few
hundred meters to the northeast from the crater center)
and spread in a circular manner from March 6 to 8, form-
ing concentric pressure wrinkles on the surface (Figs. 1d
and 3a-d). Based on the volume change estimated by
the series of SAR satellite images, the lava effusion rate
was estimated to be relatively constant at approximately
72 m3/s from March 6 to the morning of March 8 (NIED
2018a). From approximately 9:00 on March 6 to 12:00
on March 8, a tilt change showing deflation centered
near Ebino-dake was observed (JMA 2018a; Yamada
et al. 2019). This deflation period coincides with the lava
effusion in the summit crater, which suggests that in the
2018 eruption, as in the 2011 eruption, magma moved
from a magma reservoir below Ebino-dake at a depth
of 6-10 km (Kobayashi et al. 2011; Nakao et al. 2013;
Kozono et al. 2013, 2023) to an area below Shinmoe-
dake where it effused (JMA 2018a; Yamada et al. 2019).
The eruption in Stage 2 also included many small explo-
sive events (JMA 2018a; Matsumoto and Geshi 2021).
The ash ejected during Stage 2 was dominated by juve-
nile materials, which included bubble-rich magma frag-
ments that may have caused the continuous ash emission
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and bubble-poor magma fragments corresponding to the
effusing lava (Matsumoto and Geshi 2021).

The detailed timeline has not been resolved, but the
following have been reported:

+ Between 03:00 and 06:00 on March 6, the lava effu-
sion is supposed to start, based on the extrapolation
of the satellite-driven lava accumulation rate (NIED
2018a).

+ On March 6, vigorous plume emissions were
observed from the lava flow center (Figs. 2d,e and 3c¢).

+ On March 7, SOy emissions were 34000 tons/day,
which was the highest recorded level in the 2018
activity (JMA 2018a).

+ On March 6 and 7, cyclic amplitude changes were
observed in seismic data due to increased LF events
or quasi-monochromatic tremors around 1 Hz (Yam-
ada et al. 2019). The cyclic events accompanied the
inflation—deflation tilt cycles, which were evident
only at the closest tilt station, KITK (Fig. 1e), and
intermittent small explosive eruptions (plume height
<3000 m) with infrasound (Yamada et al. 2019). A
total of 34 small explosive eruptions were reported
(JMA 2018a).

+ On March 8, the lava discharge rate decreased
abruptly and might have stopped on the day (NIED
2018a). The seismic activity was also temporarily
reduced (Yamada et al. 2019).

+ At 00:12 on March 9, ALOS-2 images suggest that
the lava flow had grown to ca. 600 m in diameter
(Fig. 3e) (GSI 2018a).

Here, we report additional information:

+ Around 05:00 on March 6 (arrows 6 in Fig. 7a, b), the
seismic and infrasonic amplitude variation started to
be coherent. Also, the tremor source changed from
the relatively deep location around the sea level
(0 km) to the shallower (arrow 6 in Fig. 7d).

+ Around 9:30 on March 6 (arrows 7 in Fig. 7a), the
characteristic tremor cycles (Yamada et al. 2019)
became apparent. They became less regular around
2:30 on March 7 and stopped at the end of March 7.
All the tremor cycles accompanied infrasound, like
October 12—14 (Fig. 8).

« From 09:18 to around 15:20 on March 8 (horizontal
arrows 8 in Fig. 7a,c), the tremor amplitude became
larger with infrasound signals. The cross-correlation
time delays were significantly different from the pre-
vious signals (around 1.8 s for KITK-to-EBS and from
—0.14 to —5.44 s for SMW-to-EBS in Additional File
3), indicating that the sources were at the western
margin of the crater. The seismic amplitudes at the
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closest two stations (SMN and SMW) are signifi-
cantly larger than the other stations (Fig. 7a), indi-
cating that the source was very close to these sta-
tions. On that day, the pancake lava in the crater was
increasing its surface area toward the west. We sup-
pose that the degassing vents on the crater floor were
covered by the lava one after another. Then, the gas
found a way to go out at the western edge of the lava
with the seismic and infrasonic signals.

Stage 3 (intermittent vulcanian eruptions: march 9-june)

The lava effusion had stopped before March 9 (NIED
2018a), but the diameter of the accumulated lava in the
crater increased by flattening due to the gravity (GSI
2018a; NIED 2018a). The diameter was about 600 m at
00:12 and 700 m at 12:05 on March 9 (Figs. 1d, 2f, and 3e).
Later on March 10, the lava diameter became progres-
sively larger, extending mainly to the west. It reached a
final diameter of ~730 m by mid-March (Fig. 3f—i) (GSI
2018a). Aerial SAR data collected on March 20, 2018,
estimated the volume of the effused lava to be 1.6 x 107
m3, which is approximately the same as the amount
of lava that effused at the summit in 2011, which was
1.5 x 107 m3 (Nakada et al. 2013b; Ozawa and Kozono
2013) (see Table 1 in weight). Assuming that the lava flow
had a diameter of 730 m, the average thickness of this
lava flow is estimated to be ca. 38 m. On approximately
March 9, the northwestern tip of the lava flow began to
flow down the slope from the lowest point of the cra-
ter rim for a distance of roughly 150 m down the slope
until the movement ceased in mid-April (JMA 2018a)
(Figs. 2h, 3e—i: the lava flow is indicated by arrows).

Stage 3 is characterized by Vulcanian explosions. These
eruptions were larger in scale than the explosive erup-
tions in Stage 2, i.e., they either accompanied plumes
rising higher than 3000 m, projectiles were ejected dis-
tances of more than 1000 m, or there were small-scale
pyroclastic flows (JMA 2018a). These Vulcanian erup-
tions occurred around the center of the circular lava flow
as in Stage 2 (Fig. 2g,i), and the ash ejected in Stage 3 was
composed mainly of juvenile materials (Matsumoto and
Geshi 2021). These materials are considered to be derived
from the stagnant magma filling the summit crater (Mat-
sumoto and Geshi 2021).

Because the signals are clearer in seismic, infrasonic,
and tilt data (JMA 2018a; Yamada et al. 2019), the time-
lines in Stage 3 have been better constrained:

o At 15:58 of March 9, the first Vulcanian eruption in
the 2018 eruption occurred (JMA 2018a; Yamada
et al. 2019). (Fig. 2g).
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« From March 9 to mid-March, the frequency of erup-
tions decreased to 2—3 times per day, on average,
becoming increasingly sporadic after late March
(JMA 2018a).

+ On March 25 and April 5, small pyroclastic flows
occurred with large eruptions (JMA 2018a).

+ On March 9, the rate of SO emissions was approxi-
mately 1000 tons/day, which was markedly lower
than that in Stage 2 (JMA 2018a). Throughout Stage
3, the rate of SO, emissions had decreased gradually,
reaching <100 tons/day after June (JMA 2018a).

Besides, we demonstrated the following:

« Aerial observations by one of the authors (TaKa) on
March 13 showed that the eruption site formed a
shallow lenticular depression with some pits near the
center from which volcanic gas appeared to be emit-
ted (Fig. 2k: indicated by yellow arrows). There was
no clear topographic signature for the explosion cra-
ter, probably because the topography of the explosion
site was erased by the flow of unconsolidated lava
existing below as the surface solidification layer was
thin at this stage.

« The eruption on April 5, on the other hand, formed
a distinct concave topography as an explosion crater
(Fig. 21). This may be because the explosion was large,
and surface solidification had progressed since the
cessation of lava effusion, making it difficult for the
lava to become deformed.

+ The continuous tremor amplitude was low in Stage
3. Although it was difficult to determine the sources,
their distribution was significantly different from
those from the 2017 to the main phase of the 2018
eruption and shifted to the west, except for the three
points in Fig. 5f at the north edge of the crater, which
were determined when Vulcanian eruptions were
active.

» SBLs at stations near Shinmoe-dake’s crater (SMN
and SMW) (Fig. 4b) decreased to similar levels as
those after the 2017 eruption (the red dashed line)
but remained significantly above the quiet level (the
white dashed line) during Stage 3 but dropped sud-
denly at the end of May. After then, two eruptions
occurred on June 22 and 27 (JMA 2018a).

« SBL at KVO close to Iwo-yama changed differently.
It gradually increased from the beginning of April
2018 to the rapid increase at the Iwo-yama eruption.
It dropped on May 18 and gradually decayed, while
SBLs at stations closer to Shinmoe-dake abruptly ter-
minated on May 31 (Fig. 4).
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Volcanic activity on lwo-yama in 2017 and 2018

Around Iwo-yama (Fig. 1c), an increase in hydrother-
mal activity, such as enlargement of high-temperature
areas, was observed around December 2015 (Tajima et al.
2020). From February 2017, Iwo-yama’s surface activity
gradually increased (JMA 2017a), including the mud-pot
appearance in March, the gradual tilt from April 25 to
August 2017 (JMA 2017a), a tilt step and seismic swarms
at shallow depths beneath Iwo-yama on September 5,
and a steam blowout at Iwo-yama-south crater on April
26, 2017, from which ash fell in the surrounding areas
(Tajima et al. 2020). The activity temporally declined after
September 5 (JMA 2017a). Ohba et al. (2021), who inves-
tigated fumarolic gas at Iwo-yama, revealed an increase
in magmatic vapor flux in May 2017 and late March 2018
while suppression of the flux from September 2017 to
January 2018 (no data between January and March 2018).
Results of the precise leveling reported some local defor-
mation around Iwo-yama from late 2017 (Kyushu Uni-
versity 2018), but the corresponding deformation was
unclear in GNSS baselines or SAR interferometry (J]MA
2018c). The extension of the baselines of < 1 km around
Iwo-yama became apparent from March 2018 until
the April 19 eruption (JMA 2018a, c¢; GSI 2018b; NIED
2018b).

Small phreatic eruptions started at Iwo-yama-south
crater at 15:39 on April 19, 2018 (Fig. 2n—p), shortly after
the onset of the apparent volcanic tremors (Muramatsu
et al. 2022) (Fig. 5a). Subsequently, multiple vents in the
Iwo-yama south crater opened or activated (Muramatsu
et al. 2021). This eruption generated a plume that rose to
a height of 500 m, ash-fall deposited in the surrounding
areas, projectiles spattered up to 100 m from the vent,
and gushed large volumes of hydrothermal water (JMA
2018a). It was also reported that new fumarolic activity
appeared in the Iwo-yama-west crater area around 16:30
on April 20 (JMA 2018a). Muramatsu et al. (2021) found
corresponding infrasound signals that indicated multiple
vent openings in the area. They also suggested that erup-
tive activity started in the area at 21:05. In addition, on
April 26, small hydrothermal eruptions occurred on the
Iwo-yama-west crater, generating ash-bearing plumes
(JMA 2018a). SAR observations showed localized uplift
around the Iwo-yama-south and Iwo-yama-west cra-
ters associated with the activity on April 19 and 26 (GSI
2018c).

Discussion

Figure 9 summarizes the event sequences that we pre-
sented above, and Table 1 compares the amounts of the
eruption products in the past eruptions at Shinmoe-dake.
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Here, we discuss the unique features of the 2017-2018
events in Kirishima.

The missing sub-Plinian phase

The 2018 eruption was the first confirmed eruption of
Shinmoe-dake that was dominated by effusive activity
lack in sub-Plinian phases. Saito et al. (2023) made pet-
rological studies to investigate the difference between the
2011 and 2018 eruptions. They concluded that the 2018
magma was a remnant of the 2011 magma and had lower
volatile content due to degassing in the magma reservoir.
They explained the lack of the sub-Plinian phase in the
2018 eruption due to the lower volatile content. However,
the bubble volume fractions in both magmas, which they
estimated assuming a closed system, were large enough
to infer fragmentation at shallow depth. This indicates
that shallow degassing was necessary to prevent an
explosive eruption, even in the 2018 eruption.

We regard the 2017 and 2018 eruptions of Shinmoe-
dake as a sequential events because the year-scale infla-
tion of the deep source and the SBL growth (Fig. 4)
continued after the 2017 event toward the 2018 event. A
significant amount of SO, comparable with the sub-Plin-
ian phases of the 2011 eruption was emitted in the main
phase (Stage 3) of the 2017 eruption, though the amount
of tephra was limited. It indicates that the amount of
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magma and volatile involved in the eruption was com-
parable with the sub-Plinian eruptions, but the degassing
was more efficient.

We consider the characteristic cyclic oscillations in
Stage 2 of the 2017 activity (Fig. 8a) to be associated with
degassing. The regularly repeating wave excitation sug-
gests some non-linear feedback mechanism, like fluid
flow through a flow-controlled or pressure-controlled
valve (Lees and Bolton 1998; Lesage et al. 2006; Lyons
et al. 2013) and a collapsible tube (Rust et al. 2008; Takeo
2020). Cyclic excitation of small low-frequency or hybrid
earthquakes called ’‘drumbeat’ earthquakes (Iverson
et al. 2006; Moran et al. 2008; Bell et al. 2017) or 'swarm
tremor’ (Buurman et al. 2013) have been observed at
many volcanoes associated with ascent and effusion of
viscous magma (e.g., Iverson et al. 2006; Moran et al.
2008; Buurman et al. 2013) or sometimes without appar-
ent lava effusion (Bell et al. 2017). Compiling 36 pre-
eruptive seismicity patterns from 26 volcanoes, White
and McCausland (2019) associated such repetitive events
with the final ascent of magma at shallow depths. They
also noted that repetitive events might only occur for
minutes before explosive eruptions but may last for hours
to days to months before passive dome extrusion. Such
oscillations were considered to be generated with gas
release and magma movement (Bell et al. 2017; Pallister
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et al. 2013) or stick—slip motion of lava dome (Iverson
et al. 2006). The repetitive occurrence of longer-duration
tremors is called a ’banded tremor’ They are not neces-
sarily related to eruptions and can be generated by a
hydrothermal two-phase system, probably due to mag-
matic heat input (Fujita 2008; Cannata et al. 2010).

The cyclic tremor during the 2017 eruption of Shin-
moe-dake accompanied weak infrasound (Fig. 8b). How-
ever, the gas separated from magma might not have been
completely released to the atmosphere in each cycle. The
gas accumulated at the shallow depth and erupted during
Stage 3, leaving degassed magma behind.

After the 2017 eruption, the magma input to the shal-
low depth might have become active, as represented
by the continuous tremor below the groundwater level
(Fig. 5¢). Then, the 2018 eruption occurred, erupting the
degassed magma from the 2017 eruption together with
new magma. The degassing was also efficient, repre-
sented by the cyclic tremor on March 6 and 7 in Stage 2
of the 2018 eruption (Fig. 8c). The duration and interval
of the cyclic tremors are much longer (~ 30 min) than
those in 2017. This time, the separated gas was released
as small explosions generating strong infrasound (Fig. 8d)
with ash, and the remaining magma erupted as lava
simultaneously.

In the above story, the cyclic oscillation might make
evidence of degassing but not the cause. We infer the dif-
ference between the 2017-2018 eruptions and the 2011
eruption is the interval from the previous magmatic
eruption. The 2011 eruption occurred 300 years after the
previous major magmatic eruption, while the 2017-2018
eruption occurred shortly after the 2011 eruption. The
magma pathway might have been warmer, which kept the
ascending magma warmer and prevented fragmentation,
even if the magma was similar to that of 2011.

It has been considered that Shinmoe-dake is an exam-
ple of less-frequent eruption (Nakada et al. 2013a), based
on the geological and historical eruption records. How-
ever, finding geological evidence of eruptions like the
2018 event could be difficult. An effusive-dominated
eruption was documented for the first time at Shinmoe-
dake in 2018 by modern methods, including geophysical
data, areal photos, and satellite observations. Because
Shinmoe-dake and most of the other cones in the
Kirishima volcanic group have large craters, they can tap
a significant amount of lava, preventing it from overflow-
ing onto the flanks. Such lava may not necessarily leave
clear evidence on the edifice and might have been cov-
ered or lost by the following eruptions. Therefore, erup-
tions dominated by effusive styles could have been more
frequent than have been thought.
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Relationship between Shinmoe-dake and Iwo-yama
activity

Both Shinmoe-dake and Iwo-yama had eruptions in
2018. Here, we discuss the link between the two cones.

Ohba et al. (2021) proposed the following scenario.
Early in 2017, magma was supplied from the deep res-
ervoir (the inflation source at a depth of around 10 km)
to a shallow silicic magma reservoir beneath Iwo-yama,
from which magmatic gas was released to Iwo-yama.
Sometime between May and September 2017, the forma-
tion of the sealing zone above the silicic reservoir pre-
vented gas emission and triggered the gas transport to
Shinmoe-dake, leading to the eruptions. In late March
2018, after the main phase of the 2018 eruption of Shin-
moe-dake, the breakage of the sealing zone restarted
the large magmatic gas flux at Iwo-yama and triggered
its 2018 eruption. On the other hand, Tsukamoto et al.
(2022) considered that the formation and breakage of
sealing occurred at a clay layer about few hundred meters
beneath Iwo-yama, which controlled the shallow infla-
tion in 2017 and the phreatic eruption in 2018.

The recent activities of Shinmoe-dake and Iwo-yama
seem to be alternating. The hydrothermal activity of
Iwo-yama declined before 2008 (Tajima et al. 2020),
and Shinmoe-dake became active in 2008 and had the
2011 eruption (Nakada et al. 2013b). Then, Iwo-yama
resumed being active in late 2015 (Tajima et al. 2020) and
increased its activity in 2017 (Fig. 9). Although the year-
scale growths of the deep inflation and the shallow seis-
mic noise (SBL) presented in Fig. 4 have been considered
to represent the eruption preparation of Shinmoe-dake,
according to the case of the 2011 eruption (e.g., Nakao
et al. 2013; Nakada et al. 2013b; Yamada et al. 2019; Ichi-
hara et al. 2023), the surface activity appeared at Iwo-
yama instead of Shinmoe-dake, which is contrasting to
the pre-2011 eruption case.

Combining models proposed by Ohba et al. (2021) and
Tsukamoto et al. (2022) with the data set that this study
collected, we propose a scenario illustrated in Fig. 10. We
employ models of the seismic velocity structure beneath
the Kirishima Volcanic Group (Nagaoka 2020; Nishida
et al. 2020), the resistivity structure beneath Kirishima
(Utada et al. 1994; Kagiyama et al. 1996, 1997; Aizawa
et al. 2014; Tsukamoto et al. 2022), the deep inflation
source for the geodetic data (Nakao et al. 2013), and deep
low-frequency earthquake sources (Kurihara et al. 2019;
Kurihara and Kato 2022).

The pressure increase in the basaltic magma reservoir
(sill complex) brought magma beneath Shinmoe-dake
at a shallow depth, using a similar pathway as the 2011
eruption magma pathway. The magmatic gas was released
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from there, and groundwater was heated, increasing seis-
mic noise (weak tremor) observed as SBL (Fig. 10a). The
noise source was certainly closer to Shinmoe-dake than
Iwo-yama because they were evident at stations close to
Shinmoe-dake crater (SMN and SMW), but not at the
station close to Iwo-yama (KVO) (Figs. le, 4b). On the
other hand, surface gas flux was evident at Iwo-yama
instead of Shinmoe-dake (Fig. 9). Before October 2017,
the gas release from Iwo-yama was prevented by the
formation of sealing (Fig. 10b). Then, the 2017 erup-
tion of Shinmoe-dake occurred. After the eruption, the
continuous tremor below the sea level became active in

early November, which evidences the magmatic activ-
ity beneath Shinmoe-dake. It is not clear whether the
gas transport to Iwo-yama continued during this period.
Then, the 2018 eruption of Shinmoe-dake occurred, and
the deep sill complex deflated (Fig. 10c). After March
11, 2018, when the eruptions and magmatic tremor at
Shinmoe-dake declined, the hydrothermal tremor at the
shallow depth in the west flank of Shinmoe-dake became
apparent (Fig. 5f). The volatile transport to Iwo-yama
became active because the vents at Shinmoe-dake were
plugged by the lava. Pressure at a shallow depth beneath
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Iwo-yama increased to trigger its eruption in April
(Fig. 10d).

The relationship between Shinmoe-dake and Iwo-
yama eruptions in Fig. 10 follows the model of Ohba
et al. (2021), but we assume the shallow volatile transport
instead of the fluid pathway from the depth of ~5 km.
The reason is that we found no sign of fluid movement
from a deep source to Iwo-yama, at least before the 2018
eruption of Shinmoe-dake. Besides the above-mentioned
lack of SBL sources around Iwo-yama, volcanic earth-
quakes at Iwo-yama were also limited at shallow depths
(JMA 2018a). Recently, Yukutake et al. (2023) re-exam-
ined volcanic earthquakes in Kirishima from 2008 to
2019. They showed that the earthquakes at Iwo-yama
started increasing in 2014, and the source depth range
gradually shifted upward from ~0.5 km bsl to 0 km from
2015 to March 2018. However, the seismic event rate did
not accelerate, contrasting with the SBL near Shinmoe-
dake. From the 2018 eruption of Shinmoe-dake to the
2018 eruption of Iwo-yama, the volcanic earthquakes at
Iwo-yama increased and distributed down to 1.0 km bsl.
Vertical fluid transport, if any, may have occurred in this
period. The SBL at the station closest to Iwo-yama (KVO)
started increasing in April, though the SBLs near Shin-
moe-dake remained higher than at KVO (Fig. 4b).

Summary

This study reported the detailed sequence of the recent
eruptions at Shinmoe-dake and Iwo-yama of the
Kirishima Volcanic Group. By combining documents,
photos (Fig. 2), and satellite images (Fig. 3), the surface
activities are summarized in Fig. 9. We also presented
new results of seismo-acoustic analyses, including the
growth of seismic background level compared with deep
inflation (Fig. 4), continuous tremor source locations
beneath Shinmoe-dake (Fig. 5), and seismo-acoustic sig-
nals during the 2017 and 2018 eruptions of Shinmoe-
dake (Figs. 6 and 7), which helped us identify three stages
for each of the two eruptions. The second stage of both
eruptions exhibited regularly repeated tremors, which
we interpreted as a sign of gas separation from magma,
referring to global examples. We consider that the effec-
tive degassing explains the lack of sub-Plinian phase
in the 2017-2018 eruptions, contrasting with the 2011
eruption. The timelines (Fig. 9) exhibited that the surface
activities of Shinmoe-dake and Iwo-yama were alter-
nating in 2017-2018. On the other hand, the continu-
ous tremor and long-lasting noise identified as seismic
background level were dominant around Shinmoe-dake,
while seismic activity around Iwo-yama became apparent
only after the 2018 eruption of Shinmoe-dake. Combin-
ing these findings with the previous studies, we propose a
sequential model for the eruptions (Fig. 10).
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The eruptions were the first effusion-dominated erup-
tion at Shinmoe-dake and the first successive eruptions
of two cones that have ever been reported at Kirishima.
These eruptions allow us to understand better the magma
supply systems and behaviors of the Kirishima Vol-
canic Group. Although our model is still preliminary, it
explains the current data set the best and poses questions
to future studies.
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