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Volcanic plume measurements using a 
UAV for the 2014 Mt. Ontake eruption
Toshiya Mori1* , Takeshi Hashimoto2, Akihiko Terada3, Mitsuhiro Yoshimoto4, Ryunosuke Kazahaya5, 

Hiroshi Shinohara5 and Ryo Tanaka6

Abstract 

A phreatic eruption of Mt. Ontake, Japan, started abruptly on September 27, 2014, and caused the worst volcanic 

calamity in recent 70 years in Japan. We conducted volcanic plume surveys using an electric multirotor unmanned 

aerial vehicle to elucidate the conditions of Mt. Ontake’s plume, which is flowing over 3000 m altitude. A plume gas 

composition, sulfur dioxide flux and thermal image measurements and a particle sampling were carried out using the 

unmanned aerial vehicle for three field campaigns on November 20 and 21, 2014, and June 2, 2015. Together with 

the results of manned helicopter and aircraft observations, we revealed that the plume of Mt. Ontake was not directly 

emitted from the magma but was influenced by hydrothermal system, and observed SO2/H2S molar ratios were 

decreasing after the eruption. High SO2 flux of >2000 t/d observed at least until 20 h after the onset of the eruption 

implies significant input of magmatic gas and the flux quickly decreased to about 130 t/d in 2 months. In contrast, 

H2S fluxes retrieved using SO2/H2S ratio and SO2 flux showed significantly high level of 700–800 t/d, which continued 

at least between 2 weeks and 2 months after the eruption. This is a peculiar feature of the 2014 Mt. Ontake eruption. 

Considering the trends of the flux changes of SO2 and H2S, we presume that majority of SO2 and H2S are supplied, 

respectively, from high-temperature magmatic fluid of a deep origin and from hydrothermal system. From the point 

of view of SO2/H2S ratios and fumarolic temperatures, the plume degassing trend after the 2014 eruption is following 

the similar course as that after the 1979 eruptions, and we speculate the 2014 eruptive activity will cease slowly similar 

to the 1979 eruption.
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Volcanic gas flux, UAV, MultiGAS

© 2016 Mori et al. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made.

Background

Volcanoes often change their eruption styles during a 

course of eruptive activity. Transition from phreatic 

eruptions to climactic magmatic eruptions is one of the 

style changes observed. Although only about 13  % of 

phreatic eruptions had been reported to transition from 

phreatic to magmatic or phreatomagmatic eruptions 

(Barberi et al. 1992), Barberi et al. (1992) also speculate 

that the above number is a minimum value because rela-

tively minor phreatic activities preceding the major mag-

matic eruption could have been potentially overlooked 

by the original reporters. In monitoring of volcanoes, 

detection of a precursory process for a volcanic eruption 

is an important aspect. Similarly, elucidation of the con-

ditions of the activities for an erupted volcano and of the 

prospect of the ongoing eruptive activity is also impor-

tant matters. �us, the monitoring of an eruptive activity 

that started in a phreatic manner needs careful attention 

whether the activity diminishes or becomes more vigor-

ous toward magmatic activities.

Volcanic gas composition and flux are generally influ-

enced by changes in magma degassing and/or the hydro-

thermal system beneath the volcano. �ey can provide 

crucial information in understanding such subsurface 

processes, and therefore, they are considered useful tools 

for volcano monitoring. According to volcanic gas sur-

veys of pioneering researchers, volcanic and/or fumarolic 
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gas composition varies with outlet temperature, and 

there is a general trend that SO2 is a dominant S-bearing 

gas for high outlet temperature, whereas H2S becomes 

dominant for low outlet temperature (e.g., Iwasaki et al. 

1966). For example, major degassing Japanese volcanoes 

that emit high-temperature magmatic gases usually have 

SO2/H2S molar ratio >6 (Shinohara 2013). On the one 

hand, volcanic gases influenced by hydrothermal system 

generally have lower temperatures and lower to negligi-

ble SO2/H2S molar ratios (e.g., Iwasaki et al. 1966).

From a thermodynamical point of view, SO2 and H2S 

abundances are controlled by the following chemical 

equation

and SO2/H2S ratio depends on temperature, pressure and 

redox conditions (Giggenbach 1987), in which high tem-

perature favors high SO2/H2S ratio at low-pressure con-

ditions. �us, it is generally considered that SO2 and H2S 

are indicators of magmatic and hydrothermal contribu-

tions, respectively (Oppenheimer 2003) and that increase 

in the SO2/H2S ratio corresponds to increasing magmatic 

influence, and vice versa. However, in reality, it is difficult 

to judge the influence of magmatic or hydrothermal flu-

ids just from increase or decrease in the SO2/H2S molar 

ratio. �e ratio can increase without input of magmatic 

fluid (Aiuppa et  al. 2006) or can decrease without con-

sidering an elevated influence of hydrothermal system 

(Shinohara 2013). �e chemistry of sulfur for volcanic 

gas, especially related to hydrothermal system, is very 

complicated (Symonds et al. 2001). As SO2 is considered 

to be a possible magmatic indicator, continuing high SO2 

emission rate (>100 t/d) alone can be a good indicator of 

magmatic intrusion (Symonds et  al. 2001). Sulfur diox-

ide (SO2) can be easily scrubbed from uprising volcanic 

gas by interaction with hydrothermal and groundwater 

systems, whereas extraction of SO2 from SO2-absorbed 

hydrothermal fluids is difficult (Symonds et  al. 2001). 

�us, high emission of SO2 is basically unlikely without 

input of SO2 from the depth.

A measurement of SO2 emission for volcanic plume is 

quite easily accomplished by using a miniature UV spec-

trometers (Galle et al. 2003; Horton et al. 2006; Mori et al. 

2007). �ese instruments can be used remotely from a 

safe distance and can be used even during an eruptive 

period. In contrast, there is no practical way to measure 

H2S from a remote distance from the plume. Although 

remote FTIR observation for volcanic gas (e.g., Mori 

and Notsu 1997; Burton et  al. 2000) can measure many 

volcanic gas species including SO2 from a safe distance, 

there has been no report of H2S detection (Oppenheimer 

et  al. 2011). �us, at least for measuring SO2/H2S ratio, 

there is no other practical way except for in-plume direct 

(1)H2S + 2H2O = SO2 + 3H2

measurements. MultiGAS (Shinohara 2005; Aiuppa et al. 

2005a, b) or VERP (Kelly et al. 2013) that are equipped by 

electrochemical SO2 and H2S sensors is suitable systems 

to measure SO2/H2S ratio inside the plume. For example, 

VERP onboard manned aircraft was used for measuring 

volcanic gas chemistry including SO2/H2S ratios inside 

the eruptive plume of Redoubt volcano (Werner et  al. 

2013). However, measurements using a manned aircraft 

into volcanic plumes are quite limited considering safety 

concerns and should be replaced if supplemental meth-

ods are available.

�e recent progress of UAV technology is remarkable, 

and the UAVs are now advancing into volcanological and 

geological fieldworks (e.g., McGonigle et al. 2008; Kaneko 

et  al. 2011; Shinohara 2013; Amici et  al. 2013; Jordan 

2015). �e advantage of using UAVs in volcanology, espe-

cially in volcanic plume monitoring, is significant to avoid 

the risks of researchers and to obtain data from unap-

proachable locations such as inside a dense plume or an 

active crater. �e first pioneering work using a remote-

controlled engine helicopter for volcanic plume measure-

ment was carried out at La Fossa Crater, Vulcano, Italy, 

measuring SO2 flux with a miniature UV spectrometer 

and CO2/SO2 ratio with a simplified MultiGAS (McGoni-

gle et al. 2008). Shinohara (2013) made MultiGAS meas-

urements with a fixed-wing UAV for the volcanic plume 

of Shinmoedake volcano, Japan, during a repeating Vul-

canian eruption stage. For volcanoes with hydrothermal 

influence, monitoring of both SO2 and H2S in volcanic 

plumes is important. Unlike SO2, remote monitoring of 

H2S is currently impossible, and thus, measurement of 

H2S for highly active volcanoes is generally difficult. �e 

use of UAVs is expected to overcome such difficulties 

more simply and safely.

In this paper, we present the results of volcanic plume 

survey using an electric multirotor UAV for the volcanic 

plume of Mt. Ontake volcano, Japan, to elucidate the con-

ditions of volcanic activity after the phreatic explosion 

on September 27, 2014. For this purpose, we carried out 

SO2 flux measurements, MultiGAS measurements, ther-

mal imaging for plume vents and particle sampling inside 

the plume on November 20 and 21, 2014, and on June 2, 

2015, using a multirotor UAV. Together with the results 

of a manned helicopter and aircraft measurements, we 

estimate the gas emission conditions of Mt. Ontake and 

also compare the observed results with those for the 1979 

eruption of the volcano.

Mt. Ontake volcano

Mt. Ontake volcano (3067 m a.s.l.) is a stratovolcano in 

the central part of Honshu Island, Japan (Fig. 1). Accord-

ing to historical materials, there had been continuous 

weak fumarolic activity at Jigokudani area (Fig. 1) at least 
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for last 250 years (Oikawa 2008). However, as a histori-

cal eruption, this volcano had been dormant until the 

1979 eruption (Oikawa 2013). Recent studies revealed 

several magmatic eruptions and more frequent phre-

atic eruptions in last 10,000  years (Suzuki et  al. 2007, 

2009; Oikawa and Okuno 2009). �e 1979 eruption of 

Fig. 1 a A map of Japan showing the location of Mt. Ontake (solid triangle) in the central part of Japan. b A map of Mt. Ontake showing the 

locations of the summit peaks, eruption vents area (orange area). Kengamine (solid triangle) is the highest peak of Mt. Ontake (3067 m), and Otaki 

(triangle) is a peak about 500 m southeast of Kengamine. The 2014 eruption of Mt. Ontake volcano occurred from multiple vents (Eruption vents 

area) in Jigokudani area, southwest of Kengamine peak. Solid circles A, B and C are taking off and landing points, respectively, for the campaigns 

on November 20 and 21, 2014, and June 2, 2015. Contours are drawn every 100 m. The map was drawn with Kashmir 3D software (http://www.

kashmir3d.com) using 10 m mesh DEM data of Geospatial Information Authority of Japan

http://www.kashmir3d.com
http://www.kashmir3d.com
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Mt. Ontake started at around 5:20 (JST) on October 28, 

1979, from NW–SE aligned new vents at Jigokudani on 

the upper southern flank (~2700 m a.s.l.) of the volcano 

(Kobayashi 1979; Soya et  al. 1980; Ossaka et  al. 1983). 

�e eruption emitted 0.95–1.23 × 109 kg of ash (Maeno 

et  al. 2014), which was detected up to 130  km of dis-

tance (Ossaka et al. 1983). Between 1979 and 2014, there 

were two small-scale eruptions in 1991 and 2007 using 

the vents of the 1979 eruption (Oikawa 2013). In 1984, a 

debris avalanche occurred on the SSE flank of the volcano 

due to the 1984 Western Nagano Earthquake (M6.8) and 

the avalanche went down about 10  km causing a great 

disaster to the local area (Oikawa 2013).

�e 2014 eruption of Mt. Ontake occurred at around 

11:52 (JST) on September 27, 2014, from Jigokudani 

area. Although precursory increase in the seismicity was 

detected about 2 weeks before the eruption, there was no 

significant volcanic tremor or deformation until about 

10 min before the onset of the eruption (Kato et al. 2015). 

�e eruption was a phreatic one, and the eruption col-

umn went up about 9  km and a low-temperature pyro-

clastic flow went down 2.5  km on the SW flank of the 

volcano (JMA 2014a). Total amount of pyroclastic mate-

rial during the eruptions ranged 0.41–1.03 × 109 kg and 

was similar to the 1979 eruption (Maeno et al. 2014). At 

the time of the eruption, many hikers were close to the 

summit area because of the optimal weather condition on 

the day and the coincidence with lunch time (Yamaoka 

2015). �is caused the worst volcanic calamity in the last 

70 years in Japan, in which 58 people were killed and five 

people went missing.

Ash emission continued until 10 October (JMA 2014b) 

after the eruption on 27 September. Number of volcanic 

earthquakes and SO2 flux quickly decreased in the first 

2  weeks (JMA 2014b), and a continuous contracting 

deformation has been observed by GNSS after October 

2014 (JMA 2015). As of October 2015, the activity of Mt. 

Ontake has been gradually wanning after the single erup-

tion on September 27, 2014, and it did not transition to 

magmatic or phreatomagmatic activities.

Methods

�e UAV used in the observation was an eight-rotor mul-

tirotor drone αUAV series (Amuse Oneself Inc., Japan, 

Fig. 2a) operated by the company. �e UAV is controlled 

by a pilot during takeoff and landing and is automatically 

navigated with GNSS between prefixed waypoints. In 

the observation at Mt. Ontake, our requirements for the 

UAV flights were as follows: (1) roundtrip flight of 8 km; 

(2) flight at altitude over 3000 m; (3) flight with a relative 

elevation of more than 1000 m; and (4) flight into a dense 

volcanic plume. For the flight requirements above, we 

were requested to have maximum payload of about 1 kg 

in a compact size that fits beneath the head part of the 

UAV. For safe flight operations in the UAV observations, 

takeoff decision was made only when the ground-level 

wind speed was below 5 m/s. During the flights, the UAV 

was always in radio contact in order to monitor its condi-

tion and to secure a return command in case of a trouble 

or an emergency.

A MultiGAS used during the 2011 Shinmoedake erup-

tion with a fixed-wing UAV (Shinohara 2013) was about 

3 kg. �us, we modified the system to fulfill the requested 

payload. For SO2 and H2S electrochemical sensors and 

an H2S semiconductor sensor, we used the same ones 

as in Shinohara et  al. (2011) and Shinohara (2013). For 

CO2 and H2O, a small instrument (TR-76Ui-H, T&D 

Corp., Japan) including a diffusion-type NDIR CO2 sen-

sor, a capacitive relative humidity sensor and a platinum 

resistance thermometer with a data logger was used to 

minimize the total weight of the system. Absolute H2O 

concentration was calculated using the relative humidity 

and temperature output of the TR-76Ui-H instrument. 

Fig. 2 a Photograph of the multirotor UAV (αUAV series) used in the 

campaigns with the MultiGAS box (black box) attached under it. A 

white adhesive sheet-type dust sampler was attached on the green 

body of the UAV. The photograph was taken on November 20, 2014, 

before the flight. b Photograph of the UAV just after taking off from 

point B (Fig. 1b) for the thermal camera flight. Background is Mt. 

Ontake emitting volcanic plume
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A SO2 scrubber filter was placed in front of the H2S sen-

sor to avoid the cross-sensitivity for SO2 as in Shinohara 

et  al. (2011). For SO2, H2S and H2 sensors, the gas was 

pumped at a rate about 700  mL/min through 0.45-μm 

membrane filter. �ese sensors and the pump were pow-

ered by a 3S Li-Po 11.1V 360 mAh battery (YT3S20C360, 

Yuntong Power CO. Ltd., China), and output voltages of 

the sensors were logged every second with a data log-

ger (MCR-4V, T&D Corp., Japan). All instruments were 

packed into a 236 mm × 164 mm × 110 mm lightweight 

plastic box attached to the bottom of the UAV except for 

the TR-76Ui-H instrument that was attached to outside 

the box (Fig. 2a). �e total weight of the system including 

the box was ~1300 g.

�e miniature UV spectrometer system for DOAS 

measurements was similar to those used in elsewhere 

(e.g., Galle et  al. 2003; Mori et  al. 2007; Mori and Kato 

2013) and consisted of a miniature spectrometer 

(USB2000+, Ocean Optics Inc., the USA), a 20-cm-

long optical fiber (ф  =  600  μm), a collimator lens with 

a visible light cut filter (U-330, Hoya Corp, Japan), a 

one-board tiny computer (Raspberry Pi Model B+, Rasp-

berry Pi Found., UK) and a mobile battery (5  V output 

with 6000 mAh@3.7 V). �e Raspberry Pi PC runs with 

Linux-based OS, and observation program was imple-

mented with Python language to automatically control 

the spectrometer and record the spectrum into a 32 GB 

SD card memory. �e collimator lens was attached to 

the arm of the multirotor drone to aim upward during 

the flights, and the rests were packed into a plastic box 

(175 mm × 140 mm × 75 mm). �e total weight of the 

instrument was about 900 g.

�e infrared thermal imaging camera (InfReC G120EX, 

Nippon Avionics Co. Ltd., Japan) has 320  ×  240 pixels 

with a field of view of 32° by 24° and has a 2  Megapix-

els CMOS camera for simultaneous visible images. It was 

attached to the bottom of the UAV with a nadir angle 

of 30°. �e thermal imaging camera records up to the 

8000 images into a SD card memory. Operator cannot 

remotely adjust camera settings including a temperature 

range, a focus and a sampling rate during its flights. We 

fixed a temperature range of −40 to 120 °C with a resolu-

tion of 14 bit. A focus of the thermal camera was set to 

an optimal value, which corresponds to a length between 

the main vent and positions of the UAV. In November 

2014 campaigns, thermal images were recorded every 

3 s because it is minimum intervals to get visible images 

simultaneously. �e thermal camera is capable of record-

ing images with a sampling rate of 1–10 Hz without visi-

ble image recording. In June 2015 campaign, we recorded 

thermal images every 1  s, whereas visible images were 

taken by a fish-eye camera (Pixpro SP360, Kodak Inc.) 

attached to the thermal camera. �e weight of the 

thermal imaging camera is about 800  g, which includes 

lithium-ion battery pack.

For in-plume particle sampling, an adhesive sheet-type 

dust sampler (DS-20, NTT-AT Creative Corp., Japan) 

was used by attaching to the body or the instrument 

boxes during the flights (Fig.  2a). �e sheet was later 

checked with microscope for investigation of particles on 

the sheet.

Results

�ree UAV measurement campaigns were carried out on 

November 20 and 21, 2014, and June 2, 2015. Taking off 

and landing points were selected as shown in Fig. 1b for 

the respective campaigns considering availabilities, safety 

issues and wind directions. �e distances and azimuth 

directions of the points from the summit Kengamine 

peak were 2.9 km (74°), 3.0 km (142°) and 2.3 km (138°), 

respectively, for points A, B and C in Fig.  1. Altitudes 

of the points A, B and C were 2135, 2178 and 2234  m, 

respectively. We made one SO2 flux flight and one Mul-

tiGAS flight on 20 November; one SO2 flux flight, two 

MultiGAS flights and one thermal camera flight on 21 

November; and two SO2 flux flights, two MultiGAS 

flights and one thermal camera flight on 2 June. Figures 3 

and 4 show flight routes for November 2014 and June 

2015 campaigns, respectively. Red and blue lines cor-

respond to traverse routes for SO2 flux measurements, 

which flew under the plume at the altitude of about 

2600  m in November 2014 and about 2830–2930  m 

in June 2015. Green and orange flight routes are for 

Fig. 3 Flight routes for the campaigns on November 20 and 21, 2014, 

plotted in the same map as in Fig. 1b. See text for details. Points p–s 

are position corresponding to the respective times during the SO2 

flux flights in Fig. 5a, b. Solid circles A and B correspond to taking off 

and landing points in Fig. 1b
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MultiGAS flights, which were aimed to enter the plume. 

Orange lines in the figures correspond to two flights with 

almost identical horizontal route but with different alti-

tudes. Yellow routes in the figures are temperature meas-

urement flights by the thermal imaging camera. In the 

MultiGAS flights, the dust sampler sheets were attached 

either on the body of the UAV or on the instrument box 

for particle sampling.

SO2 �ux measurements by the UAV

On 20 November, plume was moving toward ENE direc-

tion; thus, the taking off and landing point A was used 

on the day because it was under the plume. �e traverse 

route was in a triangle shape (red line in Fig. 3). Figure 5a 

shows SO2 column amount during the traverse. Locations 

of the UAV at times p and q in the graph correspond to 

the respective points in Fig. 3. On 21 November, plume 

was flowing toward east and the point B was selected as 

the taking off and landing points considering the thermal 

camera flight and wind direction. �e traverse route cor-

responds to the blue line in Fig. 3. Figure 5b shows SO2 

column amount during the traverses. Locations of the 

UAV at times r, s, and r’ correspond to the respective 

points in Fig. 3. In the flux calculations, wind speed from 

grid point value (GPV) data for 700 hPa (about 3000 m 

a.s.l.) estimated from numerical weather prediction by 

JMA was used as the plume speed (data were provided 

by JMA). �e fluxes obtained for 20 and 21 November 

campaigns were 140 and 130  t/d, respectively (Table 1). 

Car traverse measurements that were carried out by JMA 

about 10 km downwind from the summit on 20 Novem-

ber showed fluxes of 100–200 t/d. Our result was within 

the range of the fluxes obtained by JMA. In the flux 

measurements, the biggest source of the error is often the 

plume speed (Stoiber et al. 1983; Mather et al. 2006). In 

the detailed error estimation of Galle et  al. (2010), they 

categorized measurement conditions as “Good,” “Fair” 

and “Bad,” and estimated errors for “Good” and “Fair” 

conditions were 26 and 54 %, respectively. �e conditions 

of our UAV campaigns corresponded to “Good,” and 

thus, we considered that the error for the above fluxes 

was around 26 % level. 

Figure 5c, d shows SO2 column amount variation dur-

ing the traverses on June 2, 2015. �e plume was flow-

ing basically toward east on the day, and the point C in 

Fig.  1 was used for the taking off and landing location. 

Figure 5c corresponds to the red line flight route in Fig. 4; 

SO2 column amount during the flight was mostly negli-

gible, and peaks at time t, u and afterward correspond 

to saturation of spectrometer due to the direct sunlight. 

Especially after time u heading back south toward the 

point C, the spectrometer was mostly saturated due to 

the slight tilt of the UAV toward the south, which made 

the sun come in the field of view of the spectrometer. In 

the second SO2 flux flight (blue line in Fig. 4), the flight 

route was extended more to the north to confirm that the 

traverse went completely under the plume. As shown in 

Fig. 5d, SO2 column amounts are in the background level 

throughout the flight. Two peaks at around 16:32 corre-

spond to SO2 cells with 94 and 194 ppmm. Times range 

v–w and w-16:30 in Fig. 5d correspond to northward and 

southward traverse below the plume; however, there is no 

clear signal of SO2 during the periods. From these results, 

SO2 flux on June 2, 2015, was under detection limit of 

the instrument used. In order to see the conditions of 

the plume, we attached a fish-eye camera (Pixpro SP360, 

Kodak Inc.) to the UAV in some of the flights in June 2015 

campaign. In the green line flight route in Fig. 4 for the 

MultiGAS flight, the camera was put beneath the UAV. 

A photograph taken from NW edge of the flight route at 

an altitude of about 3285 m (Fig. 6) shows that the plume 

was flowing straight toward east between Kengamine and 

Fig. 4 Flight routes for the campaign on June 2, 2015, plotted in the 

same map as in Fig. 1b. See text for details. Points t–w correspond to 

the data points on the time series plots of SO2 flux in Fig. 5c, d. A solid 

circle C corresponds to taking off and landing points in Fig. 1b

(See figure on next page.) 

Fig. 5 Sulfur dioxide column amount change with time during the SO2 flux flights; a on November 20, 2014 (red line in Fig. 3), b on November 

21, 2014 (blue line in Fig. 3), c on June 2, 2015 (red line in Fig. 4) and d on June 2, 2015 (blue line in Fig. 4). Times p–w in the plots correspond to the 

respective positions in Figs. 3 and 4
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Otaki peaks (much closer to Otaki peak) (Fig. 1b), imply-

ing that both traverses crossed the plume on 2 June. Dur-

ing the red line traverse flight in Fig. 4, the camera was 

attached on top of the UAV. �e images clearly showed 

that the traverse completely passed under the plume.

From these evidences, we confirmed that our flight 

routes were appropriate for the traverse measurements. 

Considering the noise level in Fig.  5c and taking an 

undoubtedly overestimated value (10  m/s) for the wind 

speed during the traverse (red line in Fig. 4), the SO2 flux 

on the day should not exceed 7 t/d (Table 1).

MultiGAS measurements with the UAV

�e green line in Fig.  3 indicates the flight route for 

the MultiGAS measurement on 20 November head-

ing straight toward the summit direction from the point 

A up to the height of 3300 m (Fig. 7a2). Figure 7a1 and 

a2 shows SO2 and H2S concentrations and correspond-

ing height of the UAV during the flight, respectively. �e 

concentrations in the figure are calculated from raw volt-

age output using offsets and calibration factors. All the 

concentration data in our results are pressure-corrected 

based on the altitude from the flight data. Since the scale 

of H2S is an order of magnitude larger in the plot, it is 

clear that H2S is the major sulfur-bearing gas species. 

Significant noises in SO2 concentration are due to elec-

trical noise probably from motors of the UAV (Fig. 7a1). 

�e noise becomes significant during ascent and descent 

of the UAV when the motors are in high rotation. Simi-

lar noise is also slightly visible in H2S concentrations. In 

order to diminish the noise, we taped aluminum sheets 

all inside the instrument box of MultiGAS for electro-

magnetic shielding. As shown in Figs. 7b1, c1 and d1, the 

noise is substantially reduced in the following measure-

ments in Fig. 7d1.

Figure  7b1, c1 shows SO2 and H2S concentrations of 

the two flights carried out on 21 November. �e flight 

routes are horizontally identical in the plan view (orange 

line in Fig.  3) but slightly different in altitude (Fig.  7b2, 

c2). �e peak concentrations of H2S and SO2 were about 

4 ppm and 0.4 ppm, respectively, for the two flights. For 

the second MultiGAS flight on 21 November, CO2, H2O, 

H2 concentrations and temperature during the flight 

are plotted, respectively, in Fig.  7c3, c4, c5 and c6. Two 

MultiGAS flights were done on June 2, 2015. However, 

the former flight (the green line in Fig. 4) seemed to pass 

over the plume and did not detect any volcanic gas. �us, 

the result of the latter flight (the orange line in Fig. 4) is 

presented here (Fig.  7d1, d2). �e highest H2S value of 

10.5 ppm was recorded during the flight. Considering the 

response time of about 30  s for the sensors (Shinohara 

et al. 2011), real concentration in the plume was likely to 

be much higher.

Molar ratios of SO2 over H2S for all the flights were cal-

culated from correlation plots as in previous MultiGAS 

Table 1 Results of plume measurements at Mt. Ontake

a 400–500 t/d measured by JMA on October 9, 2014 (JMA 2014b)

b The value is the maximum estimate. See text for details

c Measured by RK by a manned helicopter

d Measured by AT by a manned Cessna aircraft

Date SO2 �ux (t/d) Traverse method SO2/H2S molar ratio Flight method H2S �ux (t/d) S �ux (t/d)

October 09, 2014 450a car 0.31 Helicopterc 770 950

November 20, 2014 140 UAV 0.093 UAV 800 820

November 21, 2014 130 UAV 0.097 UAV 710 730

March 26, 2015 car 0.04 Cessnad

June 02, 2015 <7b UAV 0.034 UAV <110 <110

Fig. 6 Summit area and the plume photographed in the air (3285 m) 

during one of the MultiGAS flight in June 2015 at the NW edge of 

the green line in Fig. 4. The image was taken by the camera onboard 

the UAV, looking down approximately toward the east. Two triangles 

on the left and right correspond to Kengamine and Otaki Peaks, 

respectively. The plume was flowing down approximately eastward 

as indicated with orange arrow
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studies (Shinohara 2005, 2013; Shinohara et  al. 2011; 

Aiuppa et  al. 2005a, b). Figure  8a–d shows SO2 versus 

H2S scatter plots of the four MultiGAS flights. �e origi-

nal concentration time series data in Fig.  7 were mov-

ing averaged for 1 min to make apparent response times 

common to the two sensors and then were shifted in time 

axis to adjust the lags between them. �e slopes of the 

regression lines correspond to SO2/H2S molar ratios in 

the plume. As shown in Fig. 8, determination coefficients 

were high implying very homogeneous mixing inside the 

plume. �e estimated SO2/H2S molar ratios are 0.093, 

0.097 (an average of the two flights) and 0.034, respec-

tively, for November 20 and 21, 2014, and June 2, 2015, 

campaigns (Table  1). Considering the errors in calibra-

tion and background (zero level) variations, the estimated 

errors for the ratios are about 7 %.

Our MultiGAS had also CO2, humidity (H2O) and 

H2 sensors. Figure  7c3–c5 shows CO2, H2O and H2 
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MultiGAS flights in Figs. 3 and 4; (series a) on November 20, 2014 (green line in Fig. 3). (series b) and (series c) for the first and the second flights on 
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H2O, H2 concentrations and temperature are plotted, respectively, in c3–c6
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concentrations observed during the second MultiGAS 

flight on 21 November. �e CO2 and H2O sensors in 

TR-76Ui-H instrument have slower time responses than 

those for the SO2 and H2S sensors. We can clearly recog-

nize increase in CO2 (Fig. 7c3) and H2O (Fig. 7c4) con-

centrations with SO2 and H2S concentrations (Fig. 7c1), 

but we cannot see a similar variation on the H2 data 

(Fig.  7c5). Scatter plots for H2O and CO2 against H2S 

concentrations in Fig. 9 show linear trends as if the H2O/

H2S and CO2/H2S molar ratios are 820 and 6.0, respec-

tively. However, these ratios are most likely to be affected 

severely by entrainment of the ambient air at low alti-

tude with high H2O and CO2 concentrations observed 

during the measurement (Fig.  7c3, c4) and do not sim-

ply reflect volcanic gas composition. Both CO2 and H2O 

concentrations were high at the ground level and started 

to decrease at around 15:36 coinciding with the local 

minimum of the atmospheric temperature (Fig.  7c6). 

�is implies the existence of a thermal inversion around 

2700 m a.s.l. and that the upper layer was poorer in CO2 

and H2O than the lower layer.

Ratios between volcanic gas species are estimated using 

the scatter plot with an assumption of two-component 

mixing of a volcanic gas and an atmosphere with a fixed 

composition. �e linear trends on Fig.  9 indicate such 

simple two-component mixing. However, the volcanic 

y = 0.101 x + 0.004 
R² = 0.991 

y = 0.093 x + 0.001 
R² = 0.989 

y = 0.093 x + 0.006 
R² = 0.979 

y = 0.034 x + 0.004 
R² = 0.996 

a b

c d

Fig. 8 Scatter plots of H2S and SO2 concentrations showing correlations for MultiGAS flights measurements; (a) on November 20, 2014, (b, c) on 

November 21, 2014, and (d) on June 2, 2015. For plot (a), data between 15:20:30 and 15:22:40 were used to minimize the influence of electrical 

noise from the motors in the SO2 trace (Fig. 7a1). The equations and R2 values on the right bottom of each panel are linear regression lines and coef-

ficients of determination, respectively
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gases that have left the vents at around 2800  m a.s.l. 

ascend to ca. 3000  m as a plume, entraining the ambi-

ent air at various altitudes in the course of the ascent. 

�e volcanic plume measured by the UAV is not a simple 

mixture of the volcanic gas and the atmosphere at 3000 m 

a.s.l. but also contain the lower altitude atmosphere. �e 

linear trends in Fig. 9 are likely caused by mixing of the 

atmosphere at 3000 m a.s.l. and the volcanic plume that 

has entrained the lower altitude atmosphere in the course 

of the ascent.

We demonstrate the effect of entrainment of the low 

altitude atmosphere with different compositions with a 

simplified example of the following two-step air-mixing 

model. At the first step, the volcanic gas is assumed to be 

diluted to H2S = 5 ppm with the low altitude atmosphere 

at 2,800 m a.s.l. of H2O = 4.5 permil and CO2 = 375 ppm 

and forms a plume of H2O = 4.5 permil, CO2 = 375 ppm 

and H2S = 5 ppm. Here, we neglect H2O and CO2 con-

centrations in volcanic gas as an extreme example to 

simply explain what we have observed. During ascent, 

the plume will be homogenized by turbulence, and 

then, the homogeneous plume is mixed with the atmos-

phere at 3000 m a.s.l. where atmospheric composition is 

H2O = 0.5 permil and CO2 = 345 ppm. �e results of an 

airborne measurement at this height will be plotted along 

a linear mixing line between the plume from 2800 m a.s.l. 

and the atmosphere at 3000  m a.s.l., such as shown in 

Fig.  9. �is example shows that sequential entrainment 

of atmospheres with different compositions can pro-

duce mixing line similar to that by mixing of the uniform 

atmosphere and volcanic gas even in the extreme case 

that volcanic H2O and CO2 are not considered. We can-

not see the effect of the lower altitude atmosphere on the 

scatter plots because turbulence in the ascending plume 

well mixes the volcanic gas and the low altitude atmos-

phere before mixing with the high altitude atmosphere. 

Further evaluation of this air entrainment process is not 

possible, because air entrainment factor as a function of 

altitude is not known. We conclude that we cannot esti-

mate volcanic H2O/H2S and CO2/H2S ratios with these 

results.

Detailed assessment of this problem is not the scope of 

this study, but our results clearly show that this problem 

is very serious for volcanic plume chemistry measure-

ments using the MultiGAS. In the MultiGAS measure-

ments, a constant atmospheric composition is implicitly 

assumed for estimating concentration ratios of volcanic 

gas species. For gas species common in both volcanic 

gas and atmosphere such as CO2 and H2O, difference in 

ambient air compositions near the vent and at observa-

tion site causes over estimation of volcanic gas ratios at 

one time but does under estimation at other times. �is 

problem is negligible for volcanic gas ratios between gas 

species, which have ignorable amount in the atmosphere 

such as SO2, H2S and HCl.

Thermal camera observations

�ermal and visible images were automatically recorded 

on the scheduled flight route (yellow lines in Figs. 3 and 

4) at a speed of 5–6  m/s. Horizontal distance from the 

y = 6.0295x + 345.56
R² = 0.833

y = 0.8152x + 0.4952
R² = 0.9871

a b 

Fig. 9 Scatter plots of H2O (in permil) and CO2 against H2S concentrations showing correlations for the second MultiGAS flights on November 21, 

2014. Data between 15:27:45 and 15:43:30 were used to select the period during which the UAV was flying horizontally at altitudes between 2930 

and 3040 m. The equations and R2 values on the right bottom are linear regression line and coefficients of determination, respectively
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main vent during measurements was set to approxi-

mately 900  m because a focus of the thermal camera 

was fixed. A spatial resolution around the main vent was 

1.8 m × 1.8 m/pixel, which was sufficiently smaller than 

the vent diameter of several tens of meters.

In November 21, 2014, campaign, the main vent was 

photographed in about 100 thermal and visible images. 

�e maximum temperature of 90.6 °C was found around 

the main vent from which volcanic gas ejected vigorously 

(Fig. 10a). �e temperature was comparable to the boil-

ing point at the altitude of the main vent. In June 2015 

campaign, the main vent was photographed in 260 ther-

mal images. �e maximum temperature around the main 

vent was 101.9 °C (Fig. 10b).

In-plume particle sampling

In some of the flights on November 21, 2014, and June 2, 

2015, some adhesive sheets were attached to the UAV’s 

head for the purpose of sampling fine particles floating 

in the air. Under microscope observation, we identified 

3–50 particles per 100 cm2 with diameters between 0.05 

and 0.4 mm. However, we also identified similar particles 

even for the flights outside the plume, and no meaning-

ful difference was observed regardless of plume entry. 

We thus consider that the particles were not from the 

plume but were probably wound up by the wind from the 

ground.

Other observations

Apart from the UAV measurements, our group had con-

ducted several other volcanic plume observations for 

the 2014 eruption of Mt. Ontake. We carried out two 

MultiGAS measurements with a manned aircraft on 

October 9, 2014, 2 weeks after the onset of the phreatic 

eruption, and on March 26, 2015. �e former measure-

ments were done onboard the helicopter flown by Japan 

Ground Self-Defense Force. Since the helicopter could 

just glanced the edge of the plume, only the measure-

ments of the SO2/H2S molar ratio, showing 0.31, was 

reliable. �e latter observation was carried out by a fixed-

wing aircraft on March 26, 2015, during the thermal 

camera observation. H2S concentration was of the order 

of 1  ppm, while SO2 concentration was 0.03–0.05  ppm. 

For the ratio estimation, peak heights are compared 

instead of using the correlation on a scatter plot. Because 

of the low SO2 concentration close to the noise level, the 

estimated ratio was 0.04 with the error of 30–50 %.

Figure 11 shows the change in molar ratio of the SO2/

H2S after the 2014 eruption. We also plotted together the 

ratios after the 1979 eruption using the data of Ossaka 

et al. (1983) and Sugiura et al. (1997) for comparison.

Sulfur dioxide flux measurements were repeated after 

the eruption using a compact UV spectrometer system 

(COMPUSS; Mori et  al. 2007) with car traverses by 

JMA. �e SO2 flux ranged over 700–1300  t/d for the 

first week after the eruption and gradually decreased 

from 500  t/d level to 100–200  t/d by the end of Octo-

ber (JMA 2014b). Our group also carried out car trav-

erse measurements for the first several days. Our first 

measurement was carried out at 9:00 (JST) on Septem-

ber 28, which recorded 2500  t/d, before the measure-

ments by JMA started. �e SO2 flux gradually decreased 

down to about 400  t/d by 14:00 (JST) on the day. �e 

result shows that the volcano had very high flux at least 

Fig. 10 Thermal images of the vent area in Jigokudani observed during the UAV flights on November 21, 2014, (a) and on June 2, 2015 (b). The 

temperature color scale is indicated on the left. The white ellipse in (a) and (b) indicates the background temperature of each day. Locations of 

the maximum temperatures are also indicated. (c) is a visible image of the summit area. The inset corresponds to the viewing field of the thermal 

images (a) and (b)
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within a day of the onset of the eruption on September 

27, 2014.

�ree thermal camera observations were carried out 

with a helicopter and a light airplane. On October 16, 

2014, a helicopter operated by the Mainichi Newspaper 

approached 1500  m distance from the main vent. �e 

maximum temperature was found to be 60 °C. However, 

visibility was poor because Jigokudani area was covered 

with fumarolic gas. Second and third observations were 

carried out by a fixed-wing airplane on October 25, 2014, 

and March 26, 2015, respectively. At the former observa-

tion, we recorded thermal images from 3000 m distance 

over the main vent. �e maximum temperature around 

the main vent was 80.6  °C. �e latter observation was 

carried out at the distance of about 2400  m from the 

vents; however, the main vent was not clearly observed 

due to dense fumarolic plume.

Discussion and conclusions

Advantages and potentials of the UAV measurements 

for volcanic plume observation have already been clear 

from previous studies (e.g., McGonigle et  al. 2008; Shi-

nohara 2013). In particular, application of UAVs to ongo-

ing eruptions like in Shinohara (2013) has great merit 

from the standpoint of safety and practicality. Our study 

has proven that multirotor UAVs are capable of in-plume 

measurements at an altitude over 3000 m a.s.l. Since Mt. 

Ontake is the second highest volcano in Japan, we are 

now confident that such UAVs are applicable for most 

volcanoes in Japan if once we can approach at least to 

3  km from the target area. Although this clearance is 

usually a safe distance, it would easily be extended in the 

near future by improvement of batteries and the UAVs 

themselves.

Regarding SO2 flux measurements, the use of the UAVs 

is not always necessary when the flux is substantial and 

a subaerial traverse route is close enough to the tar-

get plume to detect measurable SO2 column amount of 

at least a few tens of ppmm as the peak amount. In the 

particular case of Mt. Ontake with a huge volcanic edi-

fice, however, roads for car traverse measurements are 

not available within 10 km from the main vents. �e car 

traverse measurements conducted by JMA on Novem-

ber 20, 2014, recorded only 30 ppmm even just under the 

plume center (pers. Comm. Koji Kato of JMA), whereas 

our UAV measurements with a clearance about 2 km on 

the same day recorded ca. 100  ppmm. �e UAV trav-

erse measurements are not restricted by the presence of 

adequate roads like in the case of car traverse, and thus, 

routes design can be flexible; in principle, even travers-

ing the very vicinity of the plume vents is possible. �is 

technique has significant advantage for the volcanoes 

with very low flux, especially in a waning period of an 

eruption. Considering the safety, simplicity and relatively 

lower cost compared to manned aircrafts, measurements 

with multirotor drone UAVs will soon be further more 

useful in many situations of volcanological interest.

Volcanic gas fluxes are in general measured using UV 

spectroscopic methods for SO2 because of negligible 

atmospheric abundance and spectroscopically detect-

able absorption features of the species in the plume (e.g., 

Oppenheimer 2010). �us, SO2 has been the key species 

for gas flux measurements of the volcanic plumes. In 

contrast, H2S, another major sulfur volcanic gas species, 

has not yet successfully been monitored by remote flux 

measurements. In order to retrieve H2S flux in a plume, 

two types of methods have been used in volcanic sur-

veys. One is a combination of SO2 flux and SO2/H2S ratio 

in a plume (e.g., Bandy et  al. 1982; Aiuppa et  al. 2005a, 

b) and the other is the H2S concentration profiling for a 

plume cross section by an aircraft for huge plumes (e.g., 

Radke et al. 1976; McGee et al. 2001) or by walk for small 

plumes (Allard et al. 2014). Unlike the remote sensing for 

SO2 flux measurements, both the above methods need to 

bring sensors into a plume. �e former method is only 

applicable when the SO2 flux can be constrained by spec-

troscopic method and is usually impossible for low-tem-

perature fumaroles with low SO2 and predominant H2S 

(Allard et al. 2014). �ese are the reasons that number of 

reported H2S fluxes for volcanoes are limited compared 

to that for SO2 fluxes (McGee et  al. 2001; Aiuppa et  al. 

2005a, b). In this study, the former method was applied 

because SO2 flux was measurable at least for the UAV 

campaign in November 2014. Considering the inaccessi-

bility of the summit area due to severe winter condition 

and a risk of flying manned aircraft into the plumes, the 

use of the UAVs deserved H2S flux quantification for Mt. 
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Ontake. Further, we consider this method can be applied 

to any other volcanoes emitting measurable SO2 flux. 

Meanwhile, the plume profiling, the latter method, may 

be applicable by using the UAVs for relatively small-sized 

plumes but probably still difficult for huge plumes that 

need to fly long distances.

Table  2 shows reported H2S fluxes with information 

of methodology and major S species in the plume for 

various volcanoes. Major sulfur species for the most 

of the volcanoes in the list is SO2, and thus, the meas-

ured values are mostly corresponding to magmatic gas 

compositions. �e number of volcanoes that has H2S 

flux over 500 t/d is limited, and reported fluxes for most 

volcanoes are below several tens t/d (Table 2). Even one 

of the strongest SO2 emitters, Mt. Etna (e.g., Oppenhe-

imer et al. 2011), discharges H2S only up to 50 t/d. �e 

highest H2S flux reported is for Mt. St. Helens, which 

emitted 8600 t/d during a paroxysmal eruption on May 

18, 1980 (Hobbs et  al. 1981, 1982). �e 1980–1981 

eruption of Mt. St. Helens was exceptional, and high 

H2S flux exceeding 800  t/d was reported even in the 

post-eruptive period (Hobbs et al. 1982). �e other high 

H2S flux over 1000  t/d was reported Redoubt Volcano 

during 2009–2010 (Werner et  al. 2013). �e highest 

flux of 1230  t/d was reported during magmatic erup-

tion when simultaneous SO2 flux was over 10000  t/d 

(Werner et al. 2013). �e two highest fluxes in Table 2 

were observed for eruptive activities, and those were 

accompanied by much larger-scale eruptions compared 

to that of the 2014 eruption of Mt. Ontake. Except for 

the unusual eruptive activities of Mt. St. Helens, Mt. 

Ontake emitted very high H2S flux for the plume prob-

ably influenced by hydrothermal system. Considering 

the SO2 flux decrease from 450 t/d to about 130 t/d and 

the SO2/H2S molar ratio change from 0.31 to about 0.1 

for Mt. Ontake from 2 weeks after to 2 months after the 

eruption (Table 1), it is likely that the volcano had kept 

H2S flux of 700–800  t/d at least for about 2 months. 

�is amount of H2S is not negligible for the S budget at 

volcanoes. �e eruption of Mt. Ontake reaffirmed the 

significance of H2S emission from volcanoes and imply-

ing the importance of monitoring H2S flux for phreatic 

Table 2 Reported H2S emission rates from volcanoes

a IE&P: Intra-eruptive and paroxysmal periods

b PE: Post-eruptive period

c Major Sulfur: Major sulfur species in volcanic plume

d Method: Methods for H2S �ux measurement. C. D.: concentration distribution by pro�ling; Ratio: combination SO2 �ux and SO2/H2S ratio

Volcano Period H2S �ux (t/d) Major sulfurc Methodd References

Mt. Baker 1975, 2000 5.5–112 H2S C. D. Radke et al. (1976), McGee et al. (2001)

Mt. St. Helens (phreatic period) March–May 1980 2.6–43 H2S C. D. Hobbs et al. (1982)

Mt. St. Helens (IE & Pa) May–June 1980 260–8600 H2S C. D. Hobbs et al. (1982)

Mt. St. Helens (PEb) June 1980–June 1981 1.7–864 SO2 C. D. Hobbs et al. (1982)

Mt. St. Helens (PEb) September 1980 65 SO2 Ratio Bandy et al. (1982)

White Island 2004, 2005, 2006 2–19 SO2 C. D. Werner et al. (2008)

Redoubt 2009, 2010 1–1230 SO2 C. D. Werner et al. (2013)

Redoubt 1997, 2000, 2001 2005 0–1 SO2 C. D. Doukas and McGee (2007)

Spurr 2004 0.2–3 H2S C. D. Doukas and McGee (2007)

Spurr 2005, 2006 0–6.7 SO2 C. D. Doukas and McGee (2007)

Iliamna 2001–2005 0–4 SO2 C. D. Doukas and McGee (2007)

Augustine 2002–2006 0–8.2 SO2 C. D. Doukas and McGee (2007)

Fourpeaked 2006 27–140 SO2 C. D. Doukas and McGee (2007)

Mageik 2004 69 H2S C. D. Doukas and McGee (2007)

Martin 2002, 2004 0–43 SO2 C. D. Doukas and McGee (2007)

Etna 1978, 1979 1–10 SO2 C. D. Jaeschke et al. (1982)

Etna 2003 50 SO2 Ratio Aiuppa et al. (2005a, b)

Stromboli 2003 8 SO2 Ratio Aiuppa et al. (2005a, b)

Vulcano 2003 6 SO2 Ratio Aiuppa et al. (2005a, b)

Bromo 2014 17–25 SO2 Ratio Aiuppa et al. (2015)

La Soufriere 2006, 2012 1–3.8 H2S C. D. Allard et al. (2014)

Mt. Ontake Oct. & Nov. 2014 710–800 H2S Ratio This study

Mt. Ontake Jun. 2015 <110 H2S Ratio This study
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eruption plumes, which are not accompanied by signifi-

cant SO2 emissions.

In addition to the observed high H2S flux, significantly 

high SO2 flux at the early stage of the eruptive period is 

another distinguishing feature of the 2014 eruption of 

Mt. Ontake. Sulfur dioxide emission of 500–800 t was 

first detected by Suomi NPP OMPS data about 2 h after 

the onset of the eruption (NASA-GSFC and Michigan 

Tech. Univ. 2014) and 2500 t/d of SO2 flux at 9:00 (JST) 

in the morning on September, 27, 2014, about 21 h after 

the eruption onset.

�e SO2 flux decreased with time but sustained the 

level over 100 t/d at least until 2 months after the erup-

tion (Table  1). Considering that continued SO2 flux 

>100  t/d is the probable indicator of magma degassing 

(Symonds et  al. 2001), magmatic gas influence for the 

2014 eruption is highly suggestive. In contrast, the 2014 

Mt. Ontake eruption is considered as a phreatic one, as 

no juvenile magmatic material was found in the volcanic 

ash (Earthquake Research Institute 2014). In their review 

of phreatic eruptions, Barberi et  al. (1992) grouped the 

eruption into two categories: “explosions of confined 

geothermal systems with or without the direct action of 

magmatic fluids” and “explosions caused by the vapori-

zation of surface fluids percolating into the temporar-

ily plugged hot conduit of an active volcano.” Sano et al. 

(2015) concluded that the 2014 eruption belongs to the 

former group. �e significant SO2 flux observed implies 

that the eruption belongs to the former group with direct 

magmatic fluid.

�e 1979 Mt. Ontake eruption is also defined as a 

phreatic eruption from the composition of ash (Sugi-

ura et  al. 1980; Ossaka et  al. 1983). For the 1979 erup-

tion, the fumarolic gas from the eruption vents was 

collected repeatedly in a yearly basis from 2 weeks after 

the eruption for several years (Ossaka et  al. 1983; Sugi-

ura et al. 1997). A reported SO2/H2S molar ratio for the 

summit fumarolic sample 2 weeks after the eruption was 

4.9 (Ossaka et al. 1983) and had closer value to SO2/H2S 

molar ratio range of 6.6–25 for the major degassing vol-

canoes in Japan (Shinohara 2013). Together with high 

H2 content in residual gas for the fumarolic samples and 

high Cl/SO4 ratio of the water-soluble components of ash 

leachates, Ossaka et  al. (1983) concluded that the 1979 

Mt. Ontake eruption was not a normal phreatic eruption 

but had strong influence of high-temperature magmatic 

gas from the depth. �us, strong influence of magmatic 

fluid at the early stage of the eruptive activity is a com-

mon event at least for the two eruptions of Mt. Ontake in 

1979 and 2014. Input of magmatic fluid into Mt. Ontake’s 

volcanic system had also been suggested by He isotopic 

ratios of summit fumaroles and flank hot springs (Sano 

et  al. 1984, 1986). Especially for over 10  years before 

the 2014 eruption, significant increase in 3He/4He ratio 

at hot springs at about 4 km from the summit had been 

reported and is concluded as precursory increased input 

of magmatic fluid from the depth (Sano et  al. 2015). 

Supporting evidences for the input of magmatic fluids 

are also found in seismological studies. A few months 

before the minor eruption in March 2007, a very-long-

period (VLP) volcanic event was detected at the depth of 

2.4 km from the summit and was explained as interaction 

between hydrothermal system and input of magmatic 

fluid ascended from intruded magma body (Nakamichi 

et  al. 2009). By detailed analyses of seismicity before 

the 2014 eruption, Kato et al. (2015) considered the VT 

events occurred in middle September to be due to infil-

tration of hot fluids, probably magmatic fluid, along small 

faults beneath hydrothermal system. �ese geochemical 

and geophysical evidences suggest magmatic fluid influ-

ence to the activities of Mt. Ontake, and it is likely that 

there was significant magmatic fluid input for the 2014 

eruption.

Sulfur dioxide flux rapidly decreased after the eruption, 

and this trend is similar to decreasing trend of number 

of VT earthquakes (JMA 2014b). �e VT events beneath 

hydrothermal system decreased in number after the 

eruption (Kato et  al. 2015). �us, magmatic fluid input 

from the depth seems to have occurred for a short time 

before the eruption, and the rapidly decreasing SO2 flux 

trend seems to be accounted for by this short-lived input. 

In contrast, although we have no data of H2S flux at the 

onset of the eruption, the H2S flux sustained high flux 

of 700–800  t/d at least between 2  weeks and 2  months 

after the eruption and slowly decreased to <110  t/d 

by June 2015 (Table  1). Ossaka et  al. (1983) proposed a 

model of gas emission system related to the 1979 erup-

tion with input of high-temperature gas from the depth 

and dry-out or evaporation of shallower hydrothermal 

system. �e observed decrease in SO2/H2S molar ratio 

(Fig.  11) was attributed to temperature decrease in the 

high-temperature gas (Ossaka et al. 1983). Since there are 

no gas flux data for the 1979 eruption, we are not able 

to compare the gas emitting system based on the flux 

data. For the gas emission system of the 2014 eruption, 

we speculate a similar model with magmatic fluid input 

from the depth that triggered the eruption and sustained 

evaporation of the hydrothermal system. Sulfur dioxide 

and H2S fluxes on October 9, 2014, were 450 and 770 t/d, 

respectively (Table  1). Excluding the case of Mt. St. 

Helens during the paroxysmal event (Hobbs et  al. 1981, 

1982), high H2S flux over several hundred t/d is meas-

ured only when SO2 flux is over several thousand t/d with 

probable magmatic gas composition (Hobbs et  al. 1982; 

Werner et al. 2013). �us, the H2S fluxes observed at Mt. 

Ontake are very peculiar. �e decrease in the sulfur flux 
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from October 9 to November 20–21 was not very drastic 

(<20 %; Table 1), which contrasted to the change in vol-

canic activity for the same period; the eruptive activity 

was still in a stage with ash emission on October 9 (until 

October 10), whereas the style of the eruption has shifted 

to continuous non-ash plume emission by November 

20–21. Instead of attributing the observed SO2/H2S 

molar ratio change to cooling of deep high-temperature 

gas as in Ossaka et  al. (1983), we presume that major-

ity of SO2 and H2S were supplied from different sources 

and were, respectively, from high-temperature magmatic 

fluid and from hydrothermal system. �us, the ratio 

change was attributed to changes in the mixing ratio of 

the gases from these two sources. �is is probably one 

of the simplest models for the flux changes observed for 

SO2 and H2S for the 2014 eruption. Significant volume of 

hydrothermal system would be needed to maintain H2S 

flux of 700–800 t/d at least for 2 months with dissolved 

and aqueous H2S in the hydrothermal water. Instead, if 

we can assume hydrolysis reaction of accumulated sulfur 

to H2S (Oana and Ishikawa 1966; Ellis and Giggenbach 

1971) in the hydrothermal system of Mt. Ontake, the vol-

ume of the system needed may be drastically decreased. 

In fact, sustained magmatic fluid supply to the hydro-

thermal system has been indicated by helium-3 studies 

(Sano et al. 2015). Sulfur brought by the long-term mag-

matic fluid supply might be a candidate for such accumu-

lated sulfur in the hydrothermal system.

Comparing SO2/H2S molar ratios that were measured 

2 weeks after the eruptions for the 2014 and 1979 erup-

tions, the ratio for the 2014 eruption was more than an 

order of magnitude lower than that for the 1979 erup-

tion (Fig.  11). By considering two different sources for 

SO2 and H2S as above, the difference of the ratio may be 

attributed to a difference in mixing ratio of magmatic 

and hydrothermal gases. Compared to the 2014 eruption, 

input of the magmatic fluid might be much larger in the 

1979 eruption. Alternatively, a size of hydrothermal sys-

tem might have been smaller in the 1979 eruption com-

pared to that in the 2014 eruption.

Current SO2/H2S molar ratio (as of June 2015) below 

0.05 has already reached almost the lowest level after the 

1979 eruption at which the influence of magmatic fluid 

became negligible (Fig.  11). Increase in fumarolic tem-

perature is still continuing according to the infrared ther-

mography. After the 1979 eruption, similar increase was 

also observed for a several years, which was explained as 

a dry-out process of the conduit (Ossaka et al. 1983) and 

then changed to decreasing trend (Sugiura et  al. 1997). 

�us, the temperature increase currently observed does 

not imply an elevation of the volcanic activity. Consider-

ing changes in SO2/H2S molar ratios and observed SO2 

and H2S fluxes (Table  1), we speculate that the current 

activity of Mt. Ontake would slowly cease with time 

unless an additional input of the magmatic fluid from the 

depth would take place.
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