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Abstract 

In December 2019, a new activity started at Nishinoshima volcano in the southern part of the Izu–Ogasawara arc, 
Japan. This is now referred to as Episode 4 of a series of activities that began in 2013. We analyzed the eruption 
sequence, including erupted volume and effusion rate, based on combined observations of thermal anomalies by 
Himawari-8 and topographic changes by ALOS-2. The total eruption volume during Episode 4 was ~ 132 × 106 m3, 
and the average effusion rate over the entire period was 0.51 × 106 m3 day−1 (5.9 m3 s−1), which was two to three 
times higher than that of Episode 1. Episode 4 had three stages. In Stage 1, effusive activity was dominant, and most 
of the lava erupted from a northeast vent at the foot of the pyroclastic cone to cover the northern half of the island. 
The average effusion rate was estimated to be 0.46 × 106 m3 day−1 (5.3 m3 s−1). In Stage 2, an intensive lava fountain 
with a high discharge rate developed, and it increased the size of the pyroclastic cone rapidly. The effusion rate tem-
porarily reached 2.6 × 106 m3 day−1 (30 m3 s−1). Pyroclastic rocks accounted for 45–88% of the total erupted volume 
in this stage. Lava flows with rafted cone material were generated, and those possibly caused by intensive spatter 
falls on the slope were also formed. These lavas flowed down the southern half of the island. In Stage 3, continu-
ous phreatomagmatic eruptions released ash and spread it over a wide area. The high effusion rate and the drastic 
change in the activity style in Episode 4 can be explained by deep volatile-rich magma being supplied to a shallower 
magma chamber prior to Episode 4. When the volatile-rich magma reached a shallow part of the conduit in Stage 2, 
fragmentation occurred due to rapid volume expansion to eject large amounts of magma and form the intensive lava 
fountain. Observations by satellite-borne ultraviolet–visible image sensors detected a rapid increase in SO2 emissions 
in response to the intensive lava-fountain activity. The less-differentiated nature of the ash fragments collected during 
Stage 2 may reflect the composition of the volatile-rich magma. Large-scale discolored-seawater areas appeared dur-
ing the late period of Stage 1, which may have been caused by ascent of the volatile-rich magma.
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Introduction
In December 2019, a new activity began at Nishinoshima 
volcano. This is the fourth episode (Episode 4) in a series 
of eruptive activities that began with Episode 1 in 2013–
2015 and was followed by Episode 2 in 2017 and Episode 
3 in 2018. During the nine months of Episode 4 activity, 
although effusive eruptions similar to those in Episodes 
1–3 continued for the first seven months, in the late stage, 
the eruptions changed to very different styles—notably 
an intensive lava-fountain activity with rapid growth of 
the pyroclastic cone and then finally release of airfall ash 
spreading over wide areas. How did the transitions of the 
eruption mode proceed? What caused these transitions? 
Answering these questions will lead to understanding not 
only the Nishinoshima activity, but also the factors that 
cause abrupt changes in eruption style, which is a key 
issue in research on eruption sequences.

The area from the Izu Islands to the Mariana Islands via 
the Ogasawara Islands is called the lzu–Bonin–Mariana 
arc system, where a number of volcanoes are distributed 
along the island arcs due to the subduction of the Pacific 
Plate (Stern et  al. 2004). Nishinoshima is in the south-
ern part of the Izu–Ogasawara arc (Fig. 1a). The present 
Nishinoshima volcano is on the summit of a cone-shaped 
submarine volcano rising more than 3000  m above the 
seafloor (Japan Coast Guard 2017). In this location, old 
lavas, several to tens of several Ka (kilo annum), were 
exposed on the sea surface (Old Island), and in 1973–
1974, the first historical eruptions occurred and formed 
a small edifice (Umino and Nakano 2007). Although 
the volcanic island was eroded considerably during the 

40  years of dormancy, in November 2013, a new series 
of activities, which continued until 2020, began at the 
same site and resumed island-building. In the first activ-
ity (Episode 1), effusive eruptions involving Strombolian 
eruptions continued from November 2013 to December 
2015; during that time, the edifice grew into a mature vol-
canic island with a diameter of about 2 km and a pyro-
clastic cone about 140 m high in the center (Maeno et al. 
2016, 2017, 2018). This was followed by similar effusive 
activity with Strombolian eruptions in April–August 
2017 (Episode 2; Fig.  1b), which grew significantly sea-
ward in the southwestern and western parts of the island 
(Kaneko et al. 2019b). Further, a small activity occurred 
in July 2018 (Episode 3), which developed a small-scale 
lava flow down to the south from the eastern base of the 
pyroclastic cone (Japan Coast Guard 2021).

The 2019–2020 activity, Episode 4, is inferred to have 
begun with an initial minor eruption at 21:00 (JST) on 
4 December 2019, and then continuous lava effusion 
started at around 12:00 (JST) on 5 December (Kaneko 
et  al. 2021). On 6 December, the Japan Coast Guard 
conducted aircraft observations and found that lava was 
effusing from the northeastern base of the pyroclastic 
cone and flowing eastward (Japan Coast Guard 2021). In 
the Episode 4 activity, effusive activity with Strombolian 
eruptions continued from the beginning of the eruption 
until mid-June 2020 (Fig. 1c), but from late June to mid-
July, an intensive lava-fountain activity occurred and the 
pyroclastic cone grew rapidly (Yanagisawa et  al. 2020). 
Aerial observations by one of the authors (SN) in late July 
showed that the activities of lava fountaining and lava 
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effusion had almost stopped, but ash emission extending 
over a large area continued, and almost the entire island 
was covered with airfall-ash deposits (Fig. 1d). Observa-
tions on 5 September showed no significant activity, with 
only a small amount of steam rising from the summit 
vent of the pyroclastic cone (Japan Coast Guard, 2021; 
e.g., Fig. 1e).

Nishinoshima is an isolated, inhabited island in the 
Pacific Ocean, about 1000  km south of Tokyo (Fig.  1a). 
For this reason, survey and observation methods are 
limited. Regarding the Episode 4 activity, although more 
than 10  months have passed since the end of the erup-
tion, land geological surveys have not yet been conducted 
(as of the end of June 2021). Under these circumstances, 
we analyzed the eruption sequence and eruption pro-
cesses of Episode 4 based on the effective combination 
of satellite images with different characteristics (e.g., 
Kaneko et  al. 2019a; b). We adopted the complemen-
tary use of thermal observation using infrared images 
from Himawari-8, which has high temporal resolution, 
and topographic observation using synthetic aperture 
radar (SAR) images from ALOS-2, which is capable of 
all-weather observation and has high spatial resolution. 

Furthermore, for detailed observations of the erupted 
units, high-resolution optical images (WorldView-2/3, 
SPOT-6/7) and aerial photographs were analyzed as nec-
essary. Based on these results, here we propose a model 
to explain the mechanism that caused the characteristic 
eruption sequence. Further, this model was examined 
from different viewpoints, such as the temporal varia-
tion of SO2 emissions measured by the Ozone Mapping 
and Profiler Suite (OMPS) and Tropospheric Monitor-
ing Instrument (TROPOMI) images, the appearance of 
large-scale areas of discolored seawater observed by the 
Second-Generation Global Imager (SGLI) onboard the 
Global Observation Mission-Climate (GCOM-C: SHI-
KISAI) satellite, and the chemical composition of the ash 
fragments.

Methods and data
Satellite data
Infrared images obtained by Himawari-8 were used to 
observe the time-series variation of the thermal anomaly 
and to estimate the effusion rate. Himawari-8 is a mete-
orological satellite of the Japan Meteorological Agency 
(JMA) in geostationary orbit at 140.7°E, about 35,786 km 
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Fig. 1  a Location of Nishinoshima ( reproduced from Google Earth). b Pleiades images of Nishinoshima before the Episode 4 activity (28 August 
2017). c SPOT-6/7 image taken on 5 January 2020. d WorldView-3 image taken on 19 July 2020. e WorldView-2 image taken on 1 February 2021
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above the equator (Japan Meteorological Agency 2021). 
It has 16 bands in wavelengths ranging from 0.47  µm 
in the visible to 13.3  µm in the thermal infrared, and it 
can observe the full disk of the earth at 10-min inter-
vals (Japan Meteorological Agency 2021). The resolution 
for the infrared bands is 2  km. In this study, nighttime 
images of the 1.6-µm band were used for the analysis. The 
original Himawari-8 images were downloaded from the 
National Institute of Information and Communications 
Technology (NICT) and corrected geometrically and 
radiometrically. Then, an area of about 200 km × 200 km 
with Nishinoshima at the center was cut out. After these 
were corrected for stray solar light effects (Kaneko et al. 
2018b), atmospheric effects (MODTRAN 3.7 subtropi-
cal summer/winter models; Berk et al. 1989; atmospheric 
transmittance at 1.6 µm at an altitude of 100 m was esti-
mated to be 0.89), and emissivity (emissivity at 1.6  µm 
was assumed to be 0.95 with reference to that in the ther-
mal infrared region; Harris, 2013, Walter and Salisbury 
1989), they were used for analysis. The highest value in 
a 7- × 7-pixel area containing the Nishinoshima summit 
at the center (R1.6Mx) was selected from the radiance 
image, and then the highest R1.6Mx value was chosen 
from the 50–70 images obtained each night as the ther-
mal anomaly for each day, to minimize the influence 
from coverage by sub-pixel-sized clouds and eruption 
plumes. Details of the corrections and data processing for 
Himawari-8 images are described in Kaneko et al. (2018a, 
2019b).

In this study, the topography and distribution of the 
lava flows, the pyroclastic cone, and airfall-ash deposits 
were analyzed using high-resolution images, as well as 
the erupted volume and effusion rate. For frequent obser-
vations, we used SAR images from the ALOS-2 satellite 
as the main data source, as they are hardly affected by 
clouds and the eruption plume over the volcano. ALOS-2 
is a JAXA satellite equipped with an L-band SAR sensor 
called PALSAR-2 (hereafter simply “ALOS-2 imagery”). 
The resolution of ALOS-2 images is 3  m × 1  m in the 
highest-resolution Spotlight mode (Japan Aerospace 
Exploration Agency 2021a). ALOS-2 was operated in 
disaster management mode during the Episode 4 activ-
ity of Nishinoshima, and the images were taken at 14-day 
intervals in Spotlight mode, which made them ideal data-
sets for observing the eruptive situation on a regular 
basis. We used 19 Spotlight mode and 1 Stripmap 1 mode 
(3  m × 3  m resolution) Level 2.1 images taken between 
November 2019 and August 2020. High-resolution 
images from the optical sensor, such as WorldView-2/3 
and SPOT-6/7, and published aerial photographs (e.g., 
Japan Coast Guard 2021) were used to observe details 
such as the color tone of the erupted units. For World-
View-2/3 and SPOT-6/7 images, pan-sharpened images 

were produced from panchromatic- and multi-band 
images, and then the obtained RGB images were used for 
interpretation. As a reference for volumetric measure-
ments, we used Digital Elevation Model (DEM) data (grid 
spacing of 5 m and height in meters) generated from the 
stereo pairs of WorldView-2 images taken on 1 February 
2021.

Methods for estimation of erupted volume and effusion 
rate
In effusive eruptions, the following two methods are 
often used for estimation of the discharge rate: one is 
based on the heat balance of lava flows using infrared 
images, and the other measures topographic changes 
using high-resolution images (Harris et al. 2007). Because 
the infrared-image methods assume effusion-dominant 
activities, the estimation error might become large if the 
eruption changes to a non-effusive mode, such as pre-
dominant lava fountaining. However, this method can 
use high-frequency satellite infrared imagery, such as 
that of Himawari-8, which can provide high-density (i.e., 
high temporal resolution) estimates of the effusion rate 
(Kaneko et  al. 2021). The topographic method requires 
high-resolution imagery. Because frequent observations 
with short intervals are difficult to obtain, the main value 
obtained here is an average discharge rate for a certain 
period—a few days to weeks—rather than an instantane-
ous value. In addition, it is generally necessary to assume 
the thickness of lava flows, which can be a major source 
of error. However, the topographic method is not affected 
by the eruption mode, because it directly measures the 
topography. In this study, we used both methods in par-
allel complementarily to obtain more accurate informa-
tion on the effusion rate and its time-series variation 
throughout the entire period. Here, we basically use the 
term “effusion rate” to mean the instantaneous magma 
discharge rate, and “eruption rate” to describe the aver-
age discharge rate over the entire activity period (Wadge 
1981), for both lava and pyroclastic rocks. The average 
discharge rate obtained by the topographic method is 
consistent with the instantaneous “effusion rate” when 
the effusion rate remains unchanged for a certain period.

Estimation using infrared images
For estimation using infrared images, we adopted a 
method based on the 1.6-µm band images of Himawari-8 
(Kaneko et  al. 2021). In the effusive eruption with low-
viscosity lava, a positive correlation was found between 
the radiance (thermal anomaly) observed in the night-
time 1.6-µm band images from Himawari-8 and effusion 
rates estimated by the topographic method in the 2015 
Raung and the 2017 Nishinoshima activities, and thus by 
using a regression equation (Y = 0.47 X) between these 
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two parameters, the effusion rate (Y: × 106 m3 day−1) can 
be estimated from the radiance value (X: × 106  W  m−2 
sr−1  m−1). Although there are methods to use thermal 
infrared images (e.g., 11-µm band; Harris et  al. 1997, 
2007; Harris and Baloga 2009; Wright et  al. 2001) and 
midwave infrared images (e.g., 3.9-µm band; Coppola 
et al. 2013, 2019), both methods assume a cooling-limited 
lava flow (Calvari et al. 2003; Guest et al. 1987), which is 
not appropriate for the activities at Nishinoshima, where 
contact with seawater is the most influential factor for 
stopping lava flows (as described below).

Estimation using the topographic method
In the estimation using the topographic method, we con-
ducted the calculation by separating the whole erupted 
volume into three parts: the pyroclastic cone, lava flows, 
and airfall ash. Topographic characteristics of the edi-
fice formed in the Episode 4 activity of Nishinoshima are 
shown in Fig. 2a–d.

Pyroclastic cone  The apparent volume of the pyroclas-
tic cone was calculated by approximating it with a trun-
cated cone (e.g., Schmincke 2004), subtracting twice the 
volume of the small cone (equivalent to the volume above 
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Fig. 2  Topographic characteristics of the edifice formed in the Episode 4 activity of Nishinoshima. a Digital Elevation Model (DEM) of Nishinoshima 
after the Episode 4 activity produced from a stereo pair of WorldView-2 images taken on 1 February 2021 (the same image as Fig. 1e). The 
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and inside the summit vent) defined by the summit-vent 
radius (upper base) from the volume of the large cone 
calculated using the basal radius (lower base). In both 
cones, the slope angle was assumed to be 32° (as discussed 
below). The volume of the pyroclastic rocks composing 
the pyroclastic cone was converted to a dense rock equiv-
alent (DRE) by assuming the density of lava and pyroclas-
tic rocks to be 2.5  g  cm−3 and 1.0  g  cm−3, respectively 
(Kaneko et al. 2019b). The effusion rate was calculated by 
taking the volume difference between the two pyroclastic 
cones obtained from the two images on adjacent observa-
tion days (mostly every 14 days) and dividing this volume 
by the observation interval. The volume decrease in the 
pyroclastic cone after the collapse of the inner wall of the 
summit vent in the terminal stage (31 July–14 August) 
was excluded from this calculation.

Lava flows  The volume of lava flows was determined by 
multiplying the area of active lava erupted during the obser-
vation interval by the average thickness of the active lava 
(which usually consisted of several overlapping lava flows). 
The effusion rate was calculated by dividing the obtained 
value by the observation interval. The average thickness of 
the active lava was determined (7.2 m for the 14-day inter-
val), so that the apparent total volume of the onshore part of 
the volcano (including Episodes 1–3; e.g., Geospatial Infor-
mation Authority of Japan 2018) at the end of the activity (14 
August) matched the relevant volume of the DEM produced 
from the WorldView-2 stereo images taken on 1 February 
2021 (Fig. 2a) to minimize the systematic errors in the vol-
ume estimates. The volume of lava beneath the sea surface 
was estimated using the topographic map of the seafloor 
published by the Japan Coast Guard (2017) (Fig. 2c).

Airfall ash  Because the depositional situation of airfall 
ash was unknown, this study assumed that, during the 
period in which the pyroclastic cone was growing (mainly 
Stages 1 and 2, described below), 20% of the total vol-
ume of pyroclastic rocks was emitted as airfall ash (i.e., 
80% landed on the pyroclastic cone). In the late period of 
Episode 4, when the growth of the pyroclastic cone had 
stopped (mainly Stage 3, described below), the emission 
volume of airfall ash was assumed to be 50% of that during 
the period 17–31 July. For the calculation of the erupted 
volume and effusion rate, the DRE value was used, as in 
the case of the pyroclastic cone.

Results
The activity in Episode 4 can be divided into three stages 
(Fig. 3): Stage 1 (4 December 2019–19 June 2020), Stage 
2 (20 June–27 July 2020), and Stage 3 (28 July–20 August 
2020), as described in the last part of this section. Time-
series vitiations of the parameters relating to the eruptive 

situation during the Episode 4 activity of Nishinoshima 
are shown in Fig. 3a–e.

Time‑series variations of thermal anomaly observed 
by Himawari‑8
Using the nighttime 1.6-µm images from Himawari-8, we 
examined the time-series variations of thermal anomalies 
(R1.6Mx) during the Episode 4 activity (Fig. 3a). The whole 
activity period was divided into seven blocks using the 
points at which the radiance trend changed. After the start 
of lava effusion on 5 December 2019, the thermal anom-
aly slowly rose (B1 in Stage 1a) from the background level 
and remained almost constant at around 1.3 × 106 W m−2 
sr−1  m−1 for two months (B2 in Stage 1a). At the end of 
February 2020, it showed a downward trend (B3 in Stage 
1a). The thermal anomaly remained relatively low at 
around 0.5 × 106 W m−2 sr−1 m−1 during March and April 
(B4 in Stage 1a), but began to increase from the beginning 
of May, accelerated in June, and reached an unprecedent-
edly high value, 16.5 × 106  W  m−2 sr−1  m−1, in late June 
(B5 in Stages 1b–2). The thermal anomaly peaked on 28 
June and then rapidly decreased (B6 in Stages 2–3), reach-
ing the background level by the end of July. After that, no 
thermal anomaly was observed (B7 in Stage 3).

Geological interpretation of the eruptive activities based 
on the ALOS‑2 images
The results of a geological interpretation of the eruption 
sequence for the Episode 4 activity based on the ALOS-2 
images are shown in Fig.  4a–t. High-resolution satellite 
images and aerial photographs of the Episode 4 activity are 
shown in Fig. 5a–m. In the following, we describe the results 
in terms of the three main components of the Episode 4 
activity: lava flows, the pyroclastic cone, and airfall ash.

Lava flows
The lava flows during Episode 4 can be divided into two 
groups: those generated by the effusive activity involving the 
Strombolian eruptions from December 2019 to mid-June 
2020 (Stage 1), and those associated with the intensive lava-
fountain activity from late June to mid-July 2020 (Stage 2).

Lava flows generated by the effusive activity with Strombo‑
lian eruptions  Most of the lava flows associated with the 
effusive activity were effused from the vent at the north-
eastern base of the pyroclastic cone (hereafter referred to 
as the “NE vent”, although the topographic shape of the 
NE vent itself is not clear; Figs. 2b, 4b, 5b). Another vent 
was present in the same period on the southwestern slope 
of the pyroclastic cone, where a small lava flow effused 
(Fig. 4h).
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the coast formed by small lava lobes (the same image as a). d Aerial photograph of the Western lava flow taken on 29 June by the Japan Coast Guard (Japan 
Coast Guard 2021); “Q” is the same point as in f. e Close-up of the flow front of the Southern lava flow taken on 29 June by the Japan Coast Guard (Japan Coast 
Guard 2021). f Southwestern slope of the pyroclastic cone photographed on 29 June by the Japan Coast Guard (Japan Coast Guard 2021). g Main part of the 
Southern lava flow and the pyroclastic cone imaged on 3 July 2020 (ALOS-2). h The same area as g and i on 17 July 2020 (ALOS-2). i The same area as g and h 
on 31 July 2020 (ALOS-2). j Flow front of the Southern lava flow imaged on 19 July (WorldView-3). Many large blocks can be recognized on the surface. k Lava 
fountain observed from a JMA observation vessel on 11 July (imaged by JMA). l Release of fine ash resulting from the phreatomagmatic eruption (imaged on 
30 July by SN). m Wide-spread ash plume released by the phreatomagmatic eruptions of Stage 3 observed by Himawari-8 on 2 August 2020 (NICT Science 
Cloud 2021)
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Lava flows effused from the NE vent
Lava effused continuously from the NE vent for about 
seven months from the beginning of Episode 4, and even-
tually covered the northern half of the island (Fig.  4b–
o). These were all dark-colored and low-viscosity lava 
flows—the distribution was well-controlled by the topog-
raphy, and small elongated tributaries were formed. From 
this vent, simultaneous flows in two directions were com-
monly observed. Lava was also transported downstream 
from the vicinity of the NE vent through lava tubes and 
effused at the foot of the slope (e.g., Fig. 4h, m). The lava 
flows from the NE vent were wide compared to those 
during Episodes 1–3, and many of them reached the 
coast almost without branching. In Episodes 1–3, lava 
flows often branched in a dendritic manner shortly after 
effusion from the vent (upper left parts of Fig. 1b, c), but 
when the effusion rate was high, the lava flows became 
long and wide (Kaneko et al. 2019b; Maeno et al. 2016). 
The topographic features of the lava flows from the NE 
vent in Episode 4 may reflect the continuously high lava 
effusion rate.

Small lava flow from the southwestern slope of the pyro‑
clastic cone
Between 14 and 28 February, a small lava flow effused 
from the middle of the southwestern slope of the pyro-
clastic cone and flowed downward toward the south-
west (Fig.  4h). This lava flow occurred episodically, and 
no continuous lava effusion was observed here. Simi-
lar small-scale lava flows had occurred on the south-
ern slopes of the pyroclastic cone in Episodes 1 and 2 
(Kaneko et al. 2019b; Maeno et al. 2018).

Lava flows accompanied by intensive lava fountains  Lava 
flows formed in association with intensive lava fountain-
ing (e.g., Fig. 5k; Stage 2) are distributed on the western, 
southern, and south-eastern sides of the island. They are 
divided into three flows according to the distribution. All 
the lava flows were formed after 19 June, and peak of the 
activity was between 20 and 29 June. Unlike the lava flows 
from the NE vent, many of these have complex surface 
structures, including reddish lava and collapsed blocks 
from a part of the pyroclastic cone.

Western lava flow
The Western lava flow fans out westward from the pyro-
clastic cone (W lava flow in Fig. 4p) and consists of red 
lava at the lower part (R in Fig. 5d) and black lava at the 
upper part (B in Fig.  5d). There is a possibility that the 
red lava is clastogenic lava formed by the rapid deposi-
tion of oxidized magma fragments ejected by the inten-
sive lava fountain (Sumner 1998) on the steep slope of the 
cone, as observed in the 1983 Puu Oo episode 9 activity, 

Kilauea, Hawaii (Wolfe et  al. 1988). The black lava also 
can be clastogenic lava from the low fountain or effused 
lava from the summit vent or breaches on the slope. It 
has a smooth surface and is not accompanied by large 
blocks on the surface. From the distribution, the source 
is estimated to be in the direction of the summit of the 
pyroclastic cone (arrow in Fig.  5d), but no topographic 
traces are found on the slope. Because the Western lava 
flow was formed during the rapid growth of the pyroclas-
tic cone, the upstream area was probably covered by later 
ejecta.

Southern lava flow
Topographically, the Southern lava flow appears to have 
been formed by the deposits spreading to the south 
resulting from the U-shaped collapse of the southern 
part of the pyroclastic cone including the summit (S lava 
flow in Figs.  4p, 5g–i). It has well-developed levees and 
looks thicker than the flows from the NE vent. Based on 
the ALOS-2 images, the outline of the Southern lava flow 
was formed between 20 and 29 June (Yanagisawa et  al. 
2020), and by 19 July several subsequent units had flowed 
and settled above the previous ones. Numerous large 
blocks are found on the surface, which are considered to 
be rafted material derived from the partial collapse of the 
pyroclastic cone due to lava effusion from within (Fig. 5j; 
Wolfe et  al. 1988). In fact, the surface mega-blocks are 
recognized to have moved downstream along the lava 
flow (blocks “A” and “B” in Fig.  5g–i). Red lava, found 
mainly in the lower part (Fig. 5e, f ), might be formed by 
intense spatter falls on the slope (Wolfe et al. 1988), prior 
to the partial collapse of the cone summit, possibly at 
the same phase as the occurrence of the red lava of the 
Western lava flow. The Southern lava flow is a complex 
lava flow composed of reddish lava flows (possibly clasto-
genic) constituting the lower parts, and the overlying lava 
flow with rafted cone material effused from the interior 
of the pyroclastic cone. In the northwestern part of the 
Southern lava flow, no rafted cone material can be seen.

Southeastern lava flow
The Southeastern lava flow is located at the south-eastern 
foot of the island (SE lava flow in Fig. 4p) and is short but 
wide at the bottom of the pyroclastic cone. The South-
eastern lava flow is considered not to be accompanied by 
rafted cone material, as in the case of the Western and 
the northwestern part of the Southern lava flows, because 
the surface looks flat with few undulations.

Enlargement of the distribution area of lava flows  As in 
Episodes 1–3, the area of the island became significantly 
enlarged during Episode 4 due to the continuous inflow 
of lava into the sea. Figure 2c shows the enlargement of 
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the island between Episodes 3 and 4. Especially, the north-
ern side of the island was enlarged greatly because the NE 
vent was located on this side and the seabed was shallow. 
The topography of the seabed had a great influence on the 
current shape of Nishinoshima.

Repeated effusion of vast numbers of lava flows forms 
a lava flow field (Kilburn 2000) around the pyroclastic 
cone. In the Nishinoshima activities, many tiny lobes 
effused from the breaches in the solidified flow front of 
the lava flows that had reached the coastal areas (Maeno 
et al. 2016), and often formed deltaic landforms (Fig. 5a, 
c). This may be related to the forced cooling by seawater 
and subsequent cessation of lava flow. As to the mecha-
nism for stopping the movement of lava flows, cooling-
limited and volume-limited types have been proposed 
(Calvari et al. 2003; Guest et al. 1987); however, at Nishi-
noshima, unlike these types, the main cause was basi-
cally “forced suspension due to external factors—contact 
with seawater”. This is largely related to the fact that 
Nishinoshima is a newly formed volcanic island in the 
ocean. This also affected the lava flow topography, such 
as formation of deltaic landforms with small lobes on the 
coastal areas.

Pyroclastic cone
Elevation change and slope angle  The height of the pyro-
clastic cone, which is the highest point on Nishinoshima, 
was 160 m just before the Episode 4 activity began (Geo-
spatial Information Authority of Japan 2021), but it 
increased to about 250 m by the end of Episode 4 (World-
View2-DEM; Fig. 2a). However, it was much higher than 
250 m during the most active period of lava fountaining 
(Stage 2), and the maximum height was estimated to have 
reached about 330–340  m above sea level on 29 June 
based on the analysis of aerial photographs (Fig. 2d). This 
summit’s height is considered to have been diminished 
by partial collapses (Yanagisawa et  al. 2020), giving an 
expected maximum height of around 350 m.

Regarding the slope angle of the pyroclastic cone, it was 
32° just before the start of Episode 4 (Geospatial Informa-
tion Authority of Japan 2021) and 32° on 14 August 2020, 
in the final period of Episode 4 (WorldView2-DEM), as 
well. This value is consistent with the slope angle of scoria 
cones, as determined by the angle of repose (McGetchin 
et al. 1974) of 32°–33° (Schmincke 2004), suggesting that 
the pyroclastic cone on Nishinoshima had grown by rock 
fragments ejected by the lava fountain, forming a slope 
with the angle of repose.

Changes in the basal diameter and the summit‑vent diam‑
eter  Figure  3b shows the time-series variation in the 
basal diameter and summit-vent diameter of the pyro-
clastic cone. During the period of effusive activities, from 

December 2019 to mid-June 2020 (Stage 1), the basal 
diameter increased slightly with time, becoming enlarged 
from 395 to 624 m in 6.5 months, which is about 1.5 times 
larger than the initial size. In contrast, the stage of the 
intensive lava-fountain activity, from the end of June to 
mid-July (Stage 2), was marked by rapid growth of the 
pyroclastic cone, where the basal diameter doubled from 
624 m to 1065 m within one month. After this, there was 
little growth of the pyroclastic cone. The diameter of the 
summit vent of the pyroclastic cone fluctuated between 
18 and 147 m during the effusive stage, but increased rap-
idly in the intensive lava-fountain stage, reaching 707 m at 
the end of Stage 3, which is larger than the basal diameter 
of the pyroclastic cone before Episode 4. This is the largest 
class of pyroclastic cone vent diameter (usually 50–600 m; 
Schmincke 2004). The rapid increase in the summit-vent 
diameter may have been caused by the intensive lava-
fountain activity, which became more explosive than that 
in the effusive stage (Satge 1). After 17 July, the summit-
vent diameter and depth had increased mainly due to the 
collapse of the inner wall of the vent (Figs.  4r–t, 5h–i), 
including a double crater rim formed in late Stage 2 
(Fig. 5h; Yanagisawa et al. 2020).

Airfall ash
In Episode 4, the activity became more explosive toward 
the end, and thus generation of ash became more promi-
nent. From December 2019 to mid-June 2020 (Stage 1), 
during the effusive stage of lava flows from the NE vent, 
the generation of ash was limited. In this period, the 
eruption plume was whitish-grey from the beginning 
until the end of May, and it darkened slightly in June 
(Japan Coast Guard 2021). The deposition of airfall ash 
(mainly scoria) on the island became more pronounced 
after the transition to the intensive lava-fountain activity, 
accompanied by a dense ash-rich eruption plume in late 
June (Stage 2; Figs.  1d, 5f ). Initially, airfall ash covered 
the northeastern part of the island and this area became 
enlarged to the northern half of the island by mid-July 
(Fig. 4p–s). Although the growth of the pyroclastic cone 
almost stopped by mid-July, the release of ash contin-
ued beyond this time, and ultimately the entire island 
was covered with airfall ash (Fig.  5l; Stage 3), making it 
impossible to identify the microtopography of the lava 
flows. The eruption plume in this stage was whitish-gray 
and widely dispersed over a distance more than several 
100  km from the summit crater (Fig.  5m), suggesting 
a release of fine ash due to high explosivity. Moreover, 
the inner wall of the summit vent collapsed during this 
period (Fig. 5h–i). Intense generation of fine ash and the 
summit collapse suggest that the magma head was lower 
than the top of the aquifer at this time, inducing phrea-
tomagmatic eruptions that produced fine-grained ash 
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particles. Ash emission declined in mid-August and was 
almost absent by the end of this month. In the Episode 
1–3 activities of Nishinoshima, the effusion rate gradu-
ally decreased, and at the same time, the Strombolian 
(occasionally Vulcanian) eruptions became more spo-
radic, after which the activity eventually ceased. Phreato-
magmatic eruptions did not occur in the late stage of the 
activity in these cases.

Time‑series variations of effusion rate, erupted volume 
and the ratio of lava and pyroclastic rocks in the erupted 
volume during Episode 4
The effusion rate estimated by the method using the 
nighttime 1.6-µm band images of Himawari-8 (hereafter 
“1.6-µm IR method”) is shown on the right side of Fig. 3a. 
This method cannot be applied to the activity since late 
June 2020 (Stage 2) because effusion of lava was not the 
main activity mode; thus, the values of effusion rate dur-
ing this period may not be adequate quantitatively. Fig-
ure 3c and Table 1 show the variation of the effusion rate 
estimated topographically based on the ALOS-2 imagery 
(hereafter “topographic method”).

Both methods show good agreement in terms of the 
pattern of time-series variations for the entire period, and 
absolute values during the period from December 2019 

to the end of May 2020 (Stage 1), while the effusive activ-
ity was dominant (Fig.  3a, c). From December 2019 to 
April 2020, the effusion rates were 0.4–0.8 × 106 m3 day−1 
(4.6–9.3 m3  s−1) for the 1.6-µm IR method and 0.3–
0.6 × 106 m3  day−1 (3.5–6.9 m3  s−1) for the topographic 
method. From the beginning of May (Stage 1b), both 
methods show the effusion rates starting to increase. In 
mid-June, although the effusion rate estimated by the 
topographic method remained at the same level as that 
in May (Fig. 3c), the thermal anomaly started to increase 
sharply (Fig.  3a), probably due to a slight increase in 
Strombolian activity, as suggested by the dark plume. 
From late June to the beginning of July (Stage 2), when 
the activity of the lava fountain was at its peak, the maxi-
mum value was 2.6 × 106 m3 day−1 (30 m3 s−1) according 
to the topographic method (this value is the average of 
4 days, so the effusion rate may have been higher than 
this). The effusion obtained by the 1.6-µm IR method also 
peaked at this time, but the absolute value was systemati-
cally higher (7.7 × 106 m3 day−1: 89 m3 s−1). This is con-
sidered to reflect the fact that magma was released as lava 
fountaining (which is probably more thermally radiative 
per unit of magma discharge compared with lava effu-
sion), and the effusion rate was an instantaneous value. 
After that, the effusion rate decreased rapidly, according 

Table 1  Effusion rate, cumulative erupted volume, and content of pyroclastic rocks estimated by the topographic method using 
ALOS-2 images

The values with asterisks in parentheses in the last column show the results when 50% of the Stage 2 lava is assumed to be derived from the lava-fountain activity

Eposide 4/stage Date Term (day)   Effusion rate Cumurative erupted 
volume (m3)

Content percentage 
of pyroclastic rocks 
(%)(m3 day-1) (m3 s−1)

Stage 1 5 Dec 2019–6 Dec 2019 1 380,000 4.40 428,000 14 

7 Dec 2019–20 Dec 2019 14 501,000 5.80 7,570,000 6 

21 Dec 2019–3 Jan 2020 14 389,000 4.50 13,100,000 13 

4 Jan 2020–17 Jan 2020 14 415,000 4.80 18,900,000 15 

18 Jan 2020–31 Jan 2020 14 496,000 5.74 26,100,000 3 

1 Feb 2020–14 Feb 2020 14 379,000 4.38 31,500,000 5 

15 Feb 2020–28 Feb 2020 14 371,000 4.29 36,900,000 2 

1 Mar 2020–13 Mar 2020 14 379,000 4.39 42,300,000 4 

14 Mar 2020–27 Mar 2020 14 390,000 4.52 47,900,000 4 

28 Mar 2020–24 Apr 2020 28 319,000 3.69 57,100,000 3 

25 Apr 2020–8 May 2020 14 598,000 6.92 65,700,000 1 

9 May 2020–22 May 2020 14 563,000 6.52 73,800,000 4 

23 May 2020–5 Jun 2020 14 670,000 7.75 83,400,000 4 

6 Jun 2020–19 Jun 2020 14 559,000 6.46 91,400,000 7 

20 Jun 2020–29 Jun 2020 10 2,190,000 25.30 113,000,000  45 (69*)

Stage 2 30 Jun 2020–3 Jul 2020 4 2,610,000 30.20 123,000,000 45 (73*)

4 Jul 2020–17 Jul 2020 14 523,000 6.06 130,000,000 75 (88*)

18 Jul 2020–31 Jul 2020 14 187,000 2.16 132,000,000 100 

Stage 3 1 Aug 2020–14 Aug 2020 14 8210 0.10 132,000,000 100 

15 Aug 2020–20 Aug 2020 6 16,400 0.19 132,000,000 100 
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to both methods, and was almost zero by the end of July. 
The total eruption volume of Episode 4 was 132 × 106 
m3, and the average effusion rate over the entire period 
(eruption rate) was 0.51 × 106 m3 day−1 (5.9 m3 s−1).

We distinguished between lava and pyroclastic rocks 
in the erupted volume to examine the eruptive situa-
tion. Figure  3d shows the time-series variation of the 
ratio of lava (lava flows) and pyroclastic rocks (the pyro-
clastic cone and airfall ash converted to DRE). In Stage 
2, because the lava flows potentially contain both effused 
lava and clastogenic lava derived from the lava fountain, 
estimations that assume 50% of their volume to have 
pyroclastic origin are also shown by using the upper 
ends of the orange columns in Fig. 3d. This chart shows 
that pyroclastic rocks accounted for about 1–15% of the 
volume during the effusive activity, but 45–88% of the 
volume during the intensive lava-fountain activity. Dur-
ing the intensive lava-fountain activity, the effusion rate 
increased rapidly, to more than five times that in the effu-
sive stage (Fig. 3c), and at the same time half or more of 
the volume was ejected as pyroclastic rocks (Fig. 3d).

Comparison of eruption rate, eruption volume, and activity 
period of Episode 4 and Episodes 1–3
The eruption volume, eruption rate, and duration of the 
Episode 4 and Episode 1–3 activities are summarized 
in Fig. 6 based on the existing data (Japan Coast Guard 
2021; Kaneko et al. 2019b; Maeno et al. 2016, 2017, 2018) 
and our estimates. At Nishinoshima, the eruption rate, 
eruption volume, and activity period decreased gradu-
ally from Episode 1 to Episode 3. However, the activity of 

Episode 4 started with a high effusion rate, two to three 
times higher than the eruption rate of Episode 1, and 
reached a value more than 10 times higher at its peak. 
The total eruption volume of Episode 4 is almost the 
same as that of Episode 1. In this way, in the series of 
activities at Nishinoshima since 2013, Episode 4 is a sig-
nificant departure from the diminishing trend seen from 
Episode 1 to Episode 3.

Eruption sequence of Episode 4
The activity of Episode 4 can be divided into three stages 
based on the differences in the dominant modes of erup-
tions as described below. Stage 1 (4 December 2019–19 
June 2020) was mainly effusive activity, Stage 2 (20 
June–27 July 2020) featured intensive lava-fountain activ-
ity and rapid growth of the pyroclastic cone, and Stage 3 
(28 July–20 August 2020) was characterized by continu-
ous phreatomagmatic eruptions and release of fine ash. 
Note that the above dates include ambiguities of a few 
days because of the difficulty in dividing the stages into 
a range of days. The outline and characteristics of each 
stage are described below and summarized in Fig. 7a.

Stage 1: period of effusive activity
Stage 1 occupies 76% (198  days) of all 260  days of the 
Episode 4 activity. The average effusion rate was about 
0.46 × 106 m3  day−1 (5.3 m3  s−1), which was more than 
two to three times higher than the eruption rate of Epi-
sode 1 (0.2 × 106 m3 day−1:2.3 m3 s−1; Maeno et al. 2016). 
The change in the effusion rate in this stage was gradual, 

Episode 1
2013-2015 activity

Episode 2
2017 activity

Episode 3
2018 activity

Episode 4
2019-2020 activity

Erupted 
volume

( 106 m3)

Eruption rate
( 106 m3 day-1)

Duration (day)

146

~106

16

~8

0.25

0.20
0.15

~260

0.51

132
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106 m3 day-1

106 m3

days~728

Fig. 6  Comparison of activity period, erupted volume and eruption rate for Episode 4 and Episodes 1–3
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and the range of the variation was small except in June 
(Fig.  3a, c). The effusion rate decreased slightly from 
March to April, and then started to increase from the 
beginning of May (this is the boundary between Stages 
1a and 1b; Fig. 3a, upper part). This upward trend in effu-
sion rates continued after mid-May, leading to an acceler-
ated increase in Stage 2. In Stage 1, most of the lava effused 
from the NE vent. Stage 1 was basically similar to Episodes 
1–3 in terms of the prevalence of effusive activity—pyro-
clastic rocks accounted for about 1–15% of the erupted 
volume. However, the high effusion rate resulted in a 
topographic difference in the prevalence of long, broad 
lava flows. The Strombolian eruptions on the pyroclastic 
cone continued, which gradually increased the size of the 
edifice. Release of ash was limited, and no noticeable ash 
deposition was observed on the lava flows from the satel-
lite imagery. In June, the eruption plume darkened slightly, 
suggesting a slight increase in Strombolian activity.

The end of Stage 1 is defined as 19 June, when the 
last effusive activity was observed in an ALOS-2 image 
(Fig. 4o).

Stage 2: period of intensive lava‑fountain activity
Stage 2 occurred over a short time, 15% (38 days) of the 
total active period. The effusion rate peaked on 28 June 
(2.6 × 106 m3 day−1: 30 m3 s−1; Fig. 3a, c); the peak was five 
times higher than the eruption rate of Episode 4 (0.51 × 106 
m3 day−1: 5.9 m3 s−1). After this, the effusion rate dropped 
sharply and was estimated to have reached a very low level 
by late July (Fig. 3a, c). In Stage 2, intensive lava-fountain 
activity occurred prevalently with a high effusion rate, and 
pyroclastic rocks accounted about 45–88% of the erupted 
volume (Fig.  3d), which made the pyroclastic cone grow 
rapidly. Related to the lava-fountain activity, ash (mainly 
scoria) was generated and covered wide areas of the Stage 
1 lava flows. Due to an increase in the explosive intensity, 
the diameter of the summit vent of the pyroclastic cone 
enlarged rapidly. The pyroclastic cone grew with its slope 
forming an angle of repose, and the elevation is thought to 
have reached a maximum of about 350 m.

In Stage 2, unusual lava flows were generated relating 
to the intensive lava-fountain activity and partial collapse 
of the pyroclastic cone. The reddish color of the lower 
units of the Western and Southern lava flows suggests 
that they might be clastogenic lava flows caused by the 
dense accumulation of oxidized agglutinates generated 
by the intensive lava fountain. Furthermore, the South-
ern lava flow carried vast numbers of fragments of the 
pyroclastic cone that had partially collapsed due to lava 
effusion. No lava effusion was observed from the NE vent 
during this period (the NE vent itself was buried in the 
pyroclastic cone), except for some effusion via lava tubes 
on 29 June 2020 (Fig. 4p).

It is difficult to determine the end of Stage 2, but in 
this paper, the end of Stage 2 is defined as 27 July, just 
before the radiance of the thermal anomaly dropped to 
the background level (Fig. 3a).

Stage 3: period of continuous phreatomagmatic eruptions
In Stage 3, there was almost no growth of the pyroclastic 
cone, and only fine ash was released due to the continu-
ous phreatomagmatic eruptions, and the effusion rate 
was low. The inner wall of the summit vent of the pyro-
clastic crater collapsed and the vent gradually became 
enlarged (Fig. 5h–i).

The end of Stage 3 was set as 20 August, when no sig-
nificant release of ash was observed (this coincides with 
the time when the amount of SO2 derived from Nishi-
noshima fell below 1 kt, as described below).

Discussion
The points that might be related to the generation mech-
anism of the characteristic Episode 4 activity can be sum-
marized as follows:

(1)	 The eruption rate was two to three times higher than 
that of Episode 1. Among the series of Nishinoshima 
activities since 2013, Episode 4 deviated significantly 
from the overall trend of diminishing activity from 
Episode 1 to Episode 3, which implies the possibility 
that another new series of activity had begun.

(2)	 In contrast to the previous Episode 1–3 activities, 
the eruption style changed drastically from effu-
sive to intensive lava fountaining to finally phreato-
magmatic eruptions. This suggests that a different 
mechanism than that of Episodes 1–3 may have 
been involved in the Episode 4 activity.

(3)	 The rapid increase in the effusion rate and the shift 
to the intensive lava-fountain activity between 
Stages 1 and 2 occurred together, which suggests 
that these had the same cause.

In the following discussion, we compare the eruption 
sequence and time-series variations of the effusion rate 
and effused volume of Episode 4 with those of Episodes 
1–3, using existing magma models for the past activi-
ties in Nishinoshima to investigate how items (1) to (3) 
(listed above) occurred in Episode 4.

Magma model of Nishinoshima volcano
The above-mentioned characteristics in Episode 4 
are phenomena closely related to the magma system 
of Nishinoshima volcano. Here, we examine existing 
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magma models developed for the Nishinoshima Epi-
sode 1–3 activities (Maeno et al. 2018).

In the previous studies, the magma system at Nishi-
noshima was thought to be as follows: (i) the magma 
system consists of two magma chambers, a small shal-
low chamber (A) consisting of slightly differentiated 
magma (SiO2 ~ 60 wt%), and a deep large chamber (B) 
consisting of less-differentiated magma (SiO2 < 60 wt%) 
(Fig. 7b). (ii) Magma rises from deep magma chamber 
(B) and mixes with the magma in shallow chamber (A) 
to form erupted magma.

The effused lava became slightly depleted in SiO2 
from Episode 1 to Episode 3 (< 1 wt% of SiO2), which 
was presumed to be due to a gradual increase in the 
proportion of mixing from deep magma chamber (B) 
(Maeno et al. 2018).

Proposed model for Episode 4 activity
Considering the above model, the systematic change 
in the volumetric parameters in Episodes 1–3 (Fig.  6) 
shows that the magma repeatedly rose from deep 
magma chamber (B) according to each episode, and 
the size of the rising magma batch became gradually 
smaller in each episode. This may be due to a decrease 
in the amount of magma left in deep magma chamber 
(B) by the amount released by the ascent to shallow 
chamber (A). (The conduit between magma chambers 
A and B had been warmed by repeated magma ascent 
since 2013, allowing even small batches of magma to 
ascend.)

According to this model, the increase in the erupted 
volume and eruption rate (and effusion rate) in Episode 
4 is interpreted as an increase in the size of the magma 
batch rising from deep magma chamber (B) to shallow 
magma chamber (A). Here, we consider the possibil-
ity that volatile-rich magma was supplied from a much 
deeper part (C) to deep magma chamber (B) before the 
beginning of Episode 4. Based on this hypothesis, we 
examine how we can explain the transitions in the activ-
ity style during Episode 4.

Before stage 1
From the deeper part (C), volatile-rich magma was sup-
plied to deep magma chamber (B) (Fig. 7b). In response 
to this magma supply, a large magma batch was supplied 
from deep magma chamber (B) to shallow chamber (A) 
(Fig. 7c).

Stage 1: effusive activity with higher effusion rate
Stage 1 activity began with the eruption of magma from 
shallow magma chamber (A) to the surface (Fig. 7d). The 
magma effusion rate was higher than those in Episodes 

1–3 because shallow magma chamber (A) had already 
received a large magma supply. However, the magma 
erupting to the surface was degassed magma in Stage 1 
(the magma was likely to have been a slightly differenti-
ated magma of the same series as those of Episodes 1–3 
(SiO2 ~ 60 wt%) that had remained in shallow magma 
chamber (A) since the end of Episode 3). For this reason, 
activity was dominated by lava effusion, as in the Episode 
1–3 activities.

In May, the effusion rate began to increase gradually 
(Stage 1b). This may have been caused by an increase in 
buoyancy and volume expansion due to decompression 
foaming as the volatile-rich magma had reached the shal-
low part of the conduit (Fig. 7e). In contrast, the erupted 
magma itself continued to be poor in volatile content. In 
the late period of Stage 1b (June), an increase in Strom-
bolian activity is suggested by the observations that the 
eruption plume, which had been whitish-grey since the 
beginning, became dark (rich in ash) (Japan Coast Guard 
2021). This might have been caused by the volatiles 
released from the volatile-rich magma, which were par-
tially entrained into the overlying degassed magma.

Stage 2: intensive lava fountaining and ejection 
of volatile‑rich magma
The rapid transition from Stage 1 to 2 can be considered 
to have occurred when most of the degassed magma had 
been released and the volatile-rich magma had reached 
the fragmentation depth in the conduit. Expansion of 
the volatile-rich magma in the conduit prompted effec-
tive ejection of fragmented magma, which led to forma-
tion of the intensive lava fountain and highly efficient 
magma ejection (Fig. 7f ). As a result, it became explosive, 
and the effusion rate increased sharply at the same time. 
The production of airfall ash (mainly scoria at this stage) 
also increased rapidly. The rapid decrease in the effusion 
rate in the latter half of Stage 2 is thought to be due to 
exhaustion of magma in the shallow part of the conduit 
by ejection.

In Stage 2, no lava eruption occurred from the NE vent. 
The magma that erupted from the NE vent is consid-
ered to have moved laterally from the conduit, branch-
ing from the magma ejected through the central vent of 
the pyroclastic cone. Based on numerical simulations, it 
is estimated that an effusion rate larger than 105  kg  s−1 
prohibits gas segregation and lateral magma transport, 
creating explosive eruptions from the central vent of a 
pyroclastic cone (Pioli et  al. 2008). The average effusion 
rate in Stage 2 was 0.6 ~ 0.8 × 105 kg s−1, which was close 
to this critical value; thus, the lateral magma transport 
might have been stopped, resulting in the termination of 
lava effusion from the NE vent.
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Stage 3: continuous phreatomagmatic eruption
Due to the release of a large amount of magma in Stage 2, 
in Stage 3 the magma head fell below the upper surface of 
the aquifer, so that seawater flowed into the conduit and 
encountered the magma, causing continuous phreato-
magmatic eruptions (Fig. 7g). These explosions produced 
fine-grained ash, which formed an eruption plume and 
spread widely over an area extending more than 100 km 
from the island.

Alternative model
The above model assumes that degassing started at a rela-
tively shallow depth (Fig.  7d, e, which shows the initia-
tion of bubbling of volatile-rich magma). However, there 
is a possibility that it occurred at a deeper level. In such a 
case, in the model shown in Fig. 7, the activity is expected 
to be intensive from the early period because exsolved 
volatiles were supplied from the volatile-rich magma 
from the beginning of Stage 1. However, the explosive 
activity occurred only at the late stage of the activity 

(Stage 2), after the prolonged effusive activity (Stage 1). 
Even if degassing occurred at a deeper level, the observed 
activity can be explained by assuming that the volatile-
rich magma supplied from deep magma chamber (B) 
formed a lenticular magma chamber (sill) having a con-
nection to magma chamber (A) at its lower part (Fig. 8). 
In this model, a foamed magma/volatile mixture accumu-
lated in the upper region of the lenticular magma cham-
ber, and degassed magma filled the middle to the lower 
regions. Initially, the degassed magma was supplied to 
the magma chamber (A) through the connection to cause 
the effusive activity during Stage 1. Once the majority of 
the degassed magma was discharged, foamed magma/
volatiles were supplied to the magma chamber (A), which 
caused the explosive activity in Stage 2.

Supply of volatile‑rich magma and transition of eruption 
styles
We hypothesize that the transition from effusive to 
explosive eruptions was caused by the ascent of the 
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volatile-rich magma supplied from the deeper part to the 
shallow part of the conduit. The viscosity of Nishinoshi-
ma’s lavas, having basaltic andesite to andesite composi-
tions, is thought to be similar to that of basalts, because 
of their high temperature (for the Episode 1 lavas hav-
ing 59–60 wt% SiO2, the temperature and viscosity were 
estimated to be 1,050  °C and 104–106 Pa s, respectively; 
Maeno et  al. 2016, 2017, 2018). However, even low-vis-
cosity magmas like basalts can undergo explosive erup-
tions, including Plinian to sub-Plinian eruptions, after 
fragmentation (e.g., Houghton and Gonnermann 2008).

Volatiles are considered to be one of the factors influ-
encing the eruption style (Gonnermann and Manga 2012; 
Houghton and Gonnermann 2008; Pyle and Pyle 1995; 
Woods and Cardoso 1997). When magma ascends to 
shallower depths, decompression causes volatile exsolu-
tion and bubble growth due to the decrease in solubility 
of the volatiles in the magma (Gonnermann and Manga 
2007; Houghton and Gonnermann 2008; Sparks 1978). 
Ascent of magma leads to a volume expansion of the 
exsoluted volatiles due to decompression (Sparks 1978). 
Therefore, when magma and bubbles ascend as a closed 
system, the decompression also leads to rapid bubble 
growth and build-up of overpressure, which eventu-
ally causes magma fragmentation (Alidibirov and Ding-
well 1996; Gonnermann and Manga 2007) and explosive 
eruptions. In the case of volatile-depleted magma, the 
potential for explosive eruption decreases. The transition 
in the eruptive style during Episode 4 of Nishinoshima 
may reflect these differences. Also in Kilauea, Hawaii, 
explosive eruptions have been noted in association with a 
supply of more undifferentiated and volatile-rich magmas 
from greater depths (Sides et al. 2014).

According to Yanagisawa et al. (2020), the height of the 
lava fountain during Stage 2 of Nishinoshima Episode 4 
was about 200  m (Fig.  5k), which is considered equiva-
lent to a violent Strombolian eruption (Macdonald, 1972; 
Pioli et al. 2008). The Stage 2 eruption did not evolve to 
a Plinian or sub-Plinian mode, probably because the vis-
cosity of the magma was not high enough to cause such 
highly explosive eruptions (La Spina et al. 2021). The vis-
cosity of the Stage 2 magma would be lower than that in 
Episode 1, as inferred from the lower SiO2 content of the 
ash fragments (described below). Although Strombolian 
and Hawaiian eruptions show various transitions in the 
eruption style within these categories during an activ-
ity (Houghton and Gonnermann, 2008), the Episode 4 
activity of Nishinoshima is characterized by a complete 
transition in the eruption style from effusion dominant to 
lava-fountain dominant.

Related phenomena
SO2 emissions
A rapid increase in SO2 emission was observed simul-
taneously with the possible eruption of volatile-rich 
magma in Stage 2. Figure  3e shows the temporal vari-
ation of SO2 in the Western Pacific region, including 
Nishinoshima, observed by the satellite-borne ultravio-
let–visible sensors OMPS and TROPOMI (NASA God-
dard Space Flight Center 2021). SO2 emissions are almost 
absent from the beginning of Stage 1 until May, but large 
SO2 emissions from Nishinoshima were observed in syn-
chronization with the intensive lava-fountain activity 
and the rapid increase in the effusion rate in late June. 
The start of this mass release of SO2 strongly confirms 
that the magma changed to a volatile-rich composition 
at the same time as the eruption mode changed. At its 
peak, it is estimated that tens of thousands of tons of SO2 
released from Nishinoshima were present in the atmos-
phere in this area (Fig.  3e; Nishinoshima was the only 
major source of SO2 emissions in the Western Pacific 
region during this period). Using the OMPS image of 3 
July, the SO2 emission rate was roughly estimated to be 
about 10–20 kt day−1, based on the SO2 concentration of 
the plume around 300 km northeast of Nishinoshima in 
the image (4 DU, 200 km width) and the assumed wind 
speed (5–10 m s−1).

However, the high level of SO2 emissions continued 
even in Stage 3, when the magma discharge was drasti-
cally reduced. This indicates that SO2 was transported 
from the deep to the shallow parts by magma convection 
in the conduit (Kazahaya et  al. 2004). This is similar to 
the SO2 mass release stage associated with the phreato-
magmatic eruptions just after caldera formation in the 
2000 Miyakejima eruption (Kazahaya et  al. 2004). This 
process may have led to the degassing and solidification 
of magma in the shallow part of the magma supply sys-
tem, which eventually led to the cessation of activity.

Chemical composition of ash fragments of stage 2
On 11 July 2020, during Stage 2, the intensive lava-foun-
tain activity (Fig. 5k) ejected ash fragments onto a JMA 
observation vessel navigating near Nishinoshima. We 
made preliminary analysis of the chemical composition. 
The results show that the ash fragments of Stage 2 were 
54–55 wt% SiO2 and 3.9–4.0 wt% MgO, which represents 
a less silica-rich and more MgO-rich composition—
undifferentiated magma—than the makeup of all the 
materials recently erupted from Nishinoshima, includ-
ing during Episodes 1–3. This undifferentiated magma 
might be the magma supplied from deeper part (C) in 
our model (Fig.  7b), and it might have contained a cer-
tain amount of volatile components, which may have led 
to the high SO2 emissions and high explosivity in Stage 
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2. The magma erupted during Stage 1 is considered to be 
the residual magma of Episodes 1–3 (SiO2 ~ 60 wt%) as 
described above, but we cannot rule out the possibility 
that a part of it is the degassed part of the magma sup-
plied from the deeper part (SiO2: 54–55 wt%; e.g., the 
alternative model: Fig.  8). At present, the full extent of 
the petrological characteristics of the Episode 4 activity is 

not known, and it is necessary to confirm them through 
future investigations on the island.

Occurrence of large‑scale discolored‑seawater areas
During Episode 4 of the Nishinoshima eruptions, the 
transition from effusive activity in Stage 1 to the intensive 
lava-fountain activity in Stage 2 was synchronized with 
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the occurrence of large-scale discolored-seawater areas. 
Near-real-time observation of total suspended matter 
(TSM) concentrations in the sea was carried out using 
SGLI images from the GCOM-C (SHIKISAI) satellite by 
JAXA (Japan Aerospace Exploration Agency 2021b). The 
TSM is the weight density of suspended particles, which 
includes organic particles (e.g., phytoplankton particles) 
and inorganic particles (e.g., soil particles, having suffi-
cient size to produce turbidity, but not small molecules 
that dissolve like ions). The TSM concentration in seawa-
ter was estimated using the 490-nm and 565-nm images 
of the SGLI (Toratani 2021). Because the seas around 
Nishinoshima are subtropical and oligotrophic, we can 
assume that the TSM represents the weight density of 
inorganic particles (due to volcanic activity). Based on 
these observations, we examined the extent and evolu-
tion of discolored-seawater areas in the Izu–Ogasawara 
Sea area, which includes Nishinoshima (Fig.  9). No dis-
colored seawater was observed from the beginning until 
the late period of Stage 1. The first large-scale discolored-
seawater area was observed on 13 June (Fig. 9b, c), which 
roughly coincides with the timing of a rapid increase in 
the effusion rate and possible ascent of the volatile-rich 
magma to a shallow depth in the conduit. After that, 
large-scale discolored-seawater areas were observed con-
tinuously (Fig. 9d–g) until mid-August. Shortly after the 
surface eruptive activity had ceased, the discolored-sea-
water areas began to shrink significantly and disappeared 
by the beginning of September (Fig. 9h, i).

The discolored-seawater areas are thought to be caused 
by formation of very fine SiO2-Fe2O3-Al2O3-H2O low-
crystalline precipitates resulting from mixing and neu-
tralizing between the seawater and acidic hydrothermal 
fluids released from the seabed during volcanic activity 
(Ossaka et al. 2000). Such discolored seawater is thought 
to have been distributed only on the surface of the ocean. 
The inflow of lava into the sea can also cause discolored 
seawater, but this is likely to be on a local scale—in fact 
there was no significant discolored-seawater area in Stage 
1 despite lava actively flowing into the sea. Although air-
fall ash falling into the sea may also have discolored the 
seawater, the direction and extent of the eruption plume 
do not match the distribution area of the discolored sea-
water (Fig. 9e–g). Therefore, in this activity, it is possible 
that the discolored seawater was generated by the mixing 
of the hydrothermal water released from the subaqueous 
parts of the edifice with the seawater by the mechanism 
presented by Ossaka et al. (2000). The initiation of degas-
sing associated with the ascent of volatile-rich magma 
to shallow depths in mid- to late-June is thought to have 
facilitated production of hydrothermal fluids within the 
edifice, leading to the formation of large-scale areas of 
discolored seawater.

Conclusions
We analyzed the eruption sequence based on satellite 
images for the Episode 4 activity that occurred in Nishi-
noshima from December 2019 to August 2020. The 
results obtained here can be summarized as follows:

	 1.	 The activity of Episode 4 can be divided into three 
stages based on the differences in the dominant 
eruption modes: Stage 1—mainly effusive activity; 
Stage 2—intensive lava-fountain activity and rapid 
growth of the pyroclastic cone; and Stage 3—con-
tinuous phreatomagmatic eruptions and release of 
fine ash.

	 2.	 The total eruption volume of Episode 4 was 
132 × 106 m3, which was about the same as that of 
Episode 1. The average effusion rate over the entire 
period (eruption rate) was 0.51 × 106 m3 day−1 (5.9 
m3 s−1), which was two to three times higher than 
that in Episode 1 (0.20 × 106 m3 day−1:2.3 m3 s−1).

	 3.	 In Stage 1, most of the lava effused from the NE 
vent and covered the northern half of the island. 
The average effusion rate was about 0.46 × 106 
m3  day−1 (5.3 m3  s−1). The activity was basically 
similar to that of Episodes 1–3 in terms of the prev-
alence of effusive activity, and pyroclastic rocks 
accounted for about 1–15% of the erupted volume. 
However, the high effusion rate resulted in a topo-
graphic difference, specifically the prevalence of 
long, broad lava flows.

	 4.	 In stage 2, an intensive lava-fountain activity 
occurred with a high effusion rate, and the pyro-
clastic cone grew rapidly. The maximum effusion 
rate was five times higher (2.6 × 106 m3  day−1: 30 
m3  s−1) than the eruption rate of Episode 4. Pyro-
clastic rocks accounted for 45–88% of the entire 
erupted volume. Lava flows with rafted cone 
material were generated due to partial collapse of 
the pyroclastic cone, and those possibly caused 
by intensive spatter falls on the slope were also 
formed. These were distributed over the southern 
half of the island.

	 5.	 In Stage 3, there was almost no growth of the pyro-
clastic cone, and only fine ash was released due to 
the continuous phreatomagmatic eruptions.

	 6.	 Among the series of activities of Nishinoshima 
since 2013, the behavior of Episode 4 deviated 
significantly from a trend of continuous diminish-
ing activity from Episode 1 to Episode 3. Further, 
in contrast to the previous Episode 1–3 activities, 
the mode of activity changed abruptly from effusive 
to intensive lava fountaining to finally continuous 
phreatomagmatic.
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	 7.	 Characteristics observed in the Episode 4 activity 
can be explained by a model in which volatile-rich 
magma was supplied from the deeper part to the 
magma chamber prior to the Episode 4 activity. 
When the volatile-rich magma reached the shal-
low part of the conduit in Stage 2, fragmentation 
occurred due to rapid volume expansion, which 
ejected large amounts magma and formed the 
intensive lava fountain.

	 8.	 A rapid increase in SO2 emission was observed in 
synchrony with the occurrence of the intensive lava 
fountain in Stage 2. This confirms that volatile-rich 
magma had started to erupt at this time.

	 9.	 The ash fragments from Stage 2 have an undiffer-
entiated composition (SiO2 54–55 wt%) compared 
to the lava from Episodes 1–3 (SiO2 59–60 wt%), 
which could be the volatile-rich magma supplied 
from the deeper part of the magma conduit system.

	10.	 Beginning with the late period of Stage 1, large-
scale discolored-seawater areas began to appear. 
The discolored-seawater areas are thought to have 
resulted from mixing of seawater with the hydro-
thermal water released from the subaqueous parts 
of the edifice, and this hydrothermal venting was 
associated with the ascent of volatile-rich magma 
to a shallow depth.
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