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Steaming area formed after the 2015 eruption of Hakone volcano, Japan
and sequential changes of fumarolic temperature
by
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Abstract

Fumarole activity of Hakone volcano significantly intensified approximately one month before the 2015 phreatic
eruption and new fumaroles formed before, during and after the eruption. Most of such fumaroles have been active up
to the present and we have monitored temperatures of up to 10 fumaroles since our entry to the eruption center area
was permitted in 2016. Although temperatures of some fumaroles remain high (> 150 °C), steam temperatures from
well-established and stable fumarole vent show gradual lowering. The newly formed fumaroles only formed a simple
hole in the surface; however, sulfur towers and domes have been developed in the hole from around October 2015.
Sulfur spherules (< 1mm) have been dispersed from the fumaroles. They have deposited around the vent and small
ones (< a few tens of micro meters) drifted to attach to plants more than 700 m from the vent area. Sulfur on plant
surface was significant just after the eruption; however, they were recognized even in July 2017. Our volcanic gas
measurement using diffusive tube implies decreasing of SO,/H,S ratio, which implies lowering of steam temperature.
Instead of normal yellow sulfur, some fumaroles occasionally dispersed greenish sulfur since 2017. Such greenish
sulfur was found formed by contamination of xenolithic altered minerals. Accidental inflow into the fumarole vent
was also implied by a mud fountaining event on May 17, 2018 and these inflows may also imply waning of fumarolic
activity.
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Fig. 1 Index map of Owakudani area. a) Aerial photograph (from Google Maps). b) Red relief map (topographic data

from Geographical Information Authority of Japan).
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Fig. 2 Index map of fumaroles formed associated with the 2015 eruption of Hakone volcano. The points 39 and
52 indicates steam wells blew out during volcanic unrest before the 2015 eruption. The source of the aerial

photograph is Google Maps.
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Temporal change of interior of the 15-1 crater. The figure at the bottom indicates date the photo taken
(YYYYMMDD). a) A mud pool was formed within the crater. On the surface of the mud pool, three bubbling
points (arrow) were recognized. b) A fumarole formed within the bottom of dried-up pool. Since the pool bottom
is soft the observer is on a wood board not to be trapped by the mud. c) A land slide caused by a typhoon filled
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Fig. 4 Temporal change of steam temperature of the 15-1 fumarole group. The temperature in 2016 indicates

temperature of the mud pool or fumarole formed just after the pool dried up.
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Table 1 Coordinates of craters and fumaroles formed

associated with the 2015 eruption of Hakone

volcano.
K- ML R Hfg () e ¢ )
Name Typex Longitude Latitude
15-1 PENG) 139. 021801 35. 242285
15-2 AL (F) 139. 021511 35. 242482
15-3 AL (F) 139. 021603 35. 242601
15-4 AL (F) 139. 021418 35. 242876
15-5 K1 (C) 139. 022011 35. 242272
15-6 k1 (c) 139. 022218 35. 242337
15-7 5 FL (F) 139. 022065 35. 242528
15-8 AL (F) 139. 022171 35. 242699
15-9 k1 (c) 139. 022237 35. 242193
15-10 M5 FL (F) 139. 022764 35. 243194
15-11 AL (F) 139. 022154 35. 242970
15-12 AL (F) 139. 022291 35. 243138
15-13 M5 AL (F) 139. 022224 35. 242726
15-14 AL (F) 139. 021884 35. 243130
15-15 5L (F) 139. 022010 35. 242706
15-16 AL (F) 139. 022542 35. 243426
15-17 AL (F) 139. 021399 35. 242962
15-18 AL (F) 139. 022081 35. 243389
15-19 A FL (F) 139. 022212 35. 242687
16-1 AL (F) 139. 021415 35. 243213

*C, Crater; F, fumarole vent.

the dried pool. The fumarole before the crater (arrow) indicates 15-5 fumarole. d) Developing sulfur tower. e)
Sulfur colored greenish gray deposits around the fumarole. The arrow indicates a backpack (approximately 28
cm in height). f) Recent photograph. The length of the stick put on the fumarole is approximately 140 cm (arrow).
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Fig. 5 Temporal change of the 15-2 fumarole group. The figure at the bottom indicates date the photo taken
(YYYYMMDD). a) At least three openings were recognized just after the eruption and only in the southernmost
was active. b) A view of 15-2 and its surroundings from a distance. c) Before end of 2015, multiple active sulfur



ZE UCESILOEZE (1/10)

wamoﬁmdehmmde
3) 140 :
S _f15'2. ® .
(0] : ;
5 120_ ..................... :
§ 1 :
8 100_ ......................... .............
€ 4 :
) :
l_ 80 |||I|||IIIII|IIII||I|I||||I|I||I||I||||I|
2015 2016 2017 2018

Date

6 152 BEOESUEEDRBZL, 2016 ERIFEIFLORMRORE L T eh 2017 F 1 BICEAE LT, TDRI
BEZRIET HESXAN—E LEVL D, ELIESDLNTWNS,
Fig. 6 Temporal change of steam temperature of the 15-2 fumarole group. Before the 2016, steaming opening within

the sulfur tower was stable; however, it closed in January 2017. After then, the temperature fluctuates since the

measured steaming opening changes frequently.
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towers (arrows) were found active. d) The sulfur tower seems collapse occasionally. The arrow indicates sulfur
tower where we measured fumarole temperatures. e) The bottom of sulfur tower formed with rocks. The
opening where steam come out is easy to be recognized until end of 2016. f) Since 2017, the bottom of the

sulfur tower tended to be covered by molten sulfur (s).
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Fig. 7 Temporal change of the 15-3 fumarole group. The figure at the bottom indicates date the photo taken
(YYYYMMDD). a) A large single hole (arrow) was steaming just after the eruption. b) Small minor fumaroles (gray

arrows) formed around the major fumarole (black arrow). ¢) Sulfur started to accumulate around the fumarole. d)

The 15-3 fumarole and fumaroles around it.
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Fig. 8 Temporal change of the 15-4 fumarole group. The figure at the bottom indicates date the photo taken
(YYYYMMDD). a) Only a single hole found steaming just after the eruption. b) The fumarole found dispersing
sulfur powder; however, sulfur tower was still yet to be formed. c) Since around October 2015, a sulfur tower
seemed to be developing. d) The sulfur tower developed up to several tens centimeters high. e) On May 17,

2018,
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Fig.9 Temporal change of steam temperature of the 15-4 fumarole group.
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the fumarole discharged dark gray mud. The mud covered sulfur tower and a small mud stream flowed down.
f) A sulfur tower developed eastern part of the depression. Although steam comes out from the tower, any clear
opening that emit steam cannot be found. Length of the stick (arrow) is 140 cm.that the scan is not interpreted

to detect emitted SO, successfully.
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Extinction of the fumarole
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Fig. 11 Temporal change of steam temperature of the 15-5 fumarole group. The data of April 2018 is underground

temperature after extinction of the steaming.
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Fig. 10 Temporal change of the 15-5 fumarole group. The figure at the bottom indicates date the photo taken
(YYYYMMDD). a) View of craters formed during the 2015 eruption from distance. 15-1, 15-5, 15-6 and 15-9 are
name of the crater and located at the center of each crater. There is no steaming from the bottom of the 15-5
crater; however intensive steaming and weak steaming are recognized near the boundary with 15-1 crater and
inner margin of the 15-5 crater. b) The intensive fumarole near the boundary with 15-1 crater (black arrow)
formed crown shaped sulfur deposit. At this timing, the weak steaming at the inner margin of the 15-5 crater (grey
arrow) remains still active. ¢) The weak steaming (grey arrow) seems to be extinct at this time. The steaming near
the boundary with 15-1 (black arrow) still remains active. d) The diameter of the opening of the steaming near
the boundary seems to be narrower than the previous. e) The diameter of the opening getting narrower than
1 cm. f) The steaming near the boundary (black arrow) seems to extinct. The length of the stick (grey arrow) is

approximately 150 cm.
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Fig. 13 Temporal change of steam temperature of the 15-7B fumarole group.
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Fig. 12 Temporal change of the 15-4 fumarole group. The figure at the bottom indicates date the photo taken

(YYYYMMDD). a) The 15-7 fumarole (black arrow) was active even before the eruption. The place where 15-7B

fumarole group would form is shown by grey arrow. b) The 15-7 fumarole (black arrow) formed a splashing mud
pot before the eruption. The place for 15-7B (grey arrow) shows no sign of fumarole or water springs. c) The
15-7 remains active. Water is seeping out to the surface where 15-7B (black arrow) would be formed. Grey arrow
indicates wooden rid for underground plumbing. d) 15-7B formed as a mud pot (grey arrow). The place where
15-7 was active host no vent or sulfur deposit. ) The 15-7B sometimes dried up. The arrow shows the wooden
rid. f) The depression of 15-7B was filled with sulfur deposit and new dry steaming vents were formed.
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Fig.14 Temporal change of the 15-12 fumarole group. The figure at the bottom indicates date the photo taken
(YYYYMMDD). a) The view of 15-12 from distance before the eruption. The 15-14 fumarole and No. 39 steaming
wells are also shown. b) The 15-12 fumarole a month after the eruption (arrow). Notice transparent portion
below the white steam. c) The first close view of 15-12 fumarole. Temperature of the steam was measured near
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Fig. 15 Temporal change of steam temperature of the 15-12 fumarole group.

ENTWe (K 14a), BAZREHEKDOHBNIEMS, H

efEEne (K 14b), TOMKILIEESR 2m,
£ 1.5mZ EDMEDX Y Y KD b, A AN
s TR N, WHIDIEIR DI Z 5 < s OMAE
HEMole, FRROEEZLTWS, BEUEHlOS B

THENLTTVEEIICHZZH, IEFICEARESAL
MW=y FNOJtEAEEICH D T SICiER 7 a—7
ZHAT BT LT, RERIRENENREL Ko7z (X
14¢),

IREHEIX, 201745 H 1 A SB{EE CTHiki LT
b Twb, 2720, 2017 4 10 A 23 HicidiE L
FeBA 21 BIC KB RN T, IRDEKLERED YD > R
MFRE N, EEFLISTRAVAATIZIUK EEEAMMET D &5
THEZ B, BKkDXSIick->7 (K 14d), D,
FRICHEDOY Y Y FAHETZ (K 14e) XTR2 7
Hicblzo T, BKIREIZ TR S Eh o7z, wmiltld,
IEFITEBITESALNLSE U TIEAET 205, JHPRIC I3
WOESENER T NODH S (X 146),

15-12 B OMESIRE DOIFZ{LZX 15 1TRd . 2018
10 HE TOMEI, feis 152.7 °C(2017 48 H 23 H).
R 123.8 °C(20174E 12 A 12 H) TH % - I AKIE 1E .
BEC KB <7 Y RiAEO AR CidikE Nizd D
ThHb, LhL. TV FHAREO—RRIREK RO
B RNTE, WERMIBE. IRRICIRELRLTEHD,
il 130 CZ2 FES K5 IcE > Tz,

38. 15-148

15-14 W5 fLIE. 39 SHOHILH 156m EicdH v
ARG OD 2015 4F 5 HARICIE T OAHE TIEFE B D
ENSTWBONED SN, ZFOESFLIEADHIC
B B 1 DELRIR OB HIIFEAICH =D . IEREIRN]
EIEERTE Ao (K 16a), A%, 2015 47
H 15 HO Fa—IC X 5iE T, 3 UHTHIED TR
TE., IROERICH B0 L DDOESILL BEKHDTTL
5&951cHA (X 16b),

LAhL, BUHTIIBAD LIzEE, TOMMEEIR
DOz £z CHEE 10 m FEE O P DOESIED
T B ERBEEKILENC > Tz (K 160), HlE
X 2016 FE 12 A 12 U Bitbh, TORE Fa—>
IC K o THERR E NIeSIL TIIE 217 5 723, 2017 4
11 HIZUHETICHZEL, R MRICHRZEAIE T
WETZE5IcEo% (K16d), LAL., TOEKE
A U 72 7 OEAAL I E O | IRERE D HR R {7
Sl TDRH2018EIANSLEFEDE > & & ES
RS EREST ST eicko (K 16e),

15-14 B O M XU O R 2k 2 X 17 12 /R 9,
2018 4 10 HE TOfElx. M 153.0 °C (2017 4 12
H12H). &K 112.2°C (201747 H 14 H) TbH 5.
15-14 BHEME M 2 2 R LRV 0D, JlIE
LTV BESILOZENR L2, BN afEm a2 7
MO LV, FfldLE LzESIL (K160 »5
150 CZMA ZIRENBIIENTI D, BORLUIERE

the arrow. d) The stream water is erupting with fumarole since sulfur depot of 15-12 was swept out by a typhoon.
e) Resurrecting sulfur tower of the 15-12. f) Recent view of 15-12. Yellow sulfur deposits in the central part of the

fumarole.
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Fig. 17 Temporal change of steam temperature of the 15-14 fumarole group. The sulfur tower for temperature

measurement was changed on November 15,2017 and March 23, 2018.
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Fig.16 Temporal change of the 15-14 fumarole group. The figure at the bottom indicates date the photo taken
(YYYYMMDD). a) A distal view of 15-14, which was active even before the 2015 eruption. No. 39 steaming well is
also shown. b) Aerial photo of the 15-14 one month after the eruption. The steam seems to be coming out from
the right bank of the stream. ¢) The first close view of the 15-14. Temperature measurement was attempted at
the vent near the black arrow. Grey allow shows ductile half pipe. d) Since the vent in (c) closed, temperature
measurement was attempted for the new steaming (white arrow). Grey allow shows the ductile pipe. e) The left
bank fumarole (black arrow) has been used for temperature measurement since March 2018.
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Fig.18 Temporal change of the 15-4 fumarole group. The figure at the bottom indicates date the photo taken
(YYYYMMDD). a) Active steaming from 15-15 fumarole was verified by this aerial photo taken by UAV 2 months
after the eruption. b) The 15-5 fumarole was still active (arrow). The person in a green rain gear is measuring

temperature of No. 52 steaming well, mixing tower of which was collapsed. ¢) New fumarole (arrow) was formed

east of No. 52 steaming well, mixing tower of which (behind the two persons in blue) is re-built. d) The fumarole

shown in ¢) (arrow) is getting inactive and a new fumarole is developing in front of the tower.
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Fig. 19 Temporal change of steam temperature of the 15-15 fumarole group.
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Fig.20 Temporal change of the 16-1 fumarole group. The figure at the bottom indicates date the photo taken

(YYYYMMDD). a) No steam emission was implied at the site of future 16-1 fumarole (arrow) by the observation
from a distance on September 15, 2016. b) Steam emission of 16-1 was first verified by observation from a
distance on October 7, 2016. ) Close view of 16-1 at the time of the first approach. d) Observation from a



160

§3 7 E16-1 : : :
:; 140_,.,.§ ......................... ......................... ............. . ...... ..........
g ] z e 0w
S 0 S ° S S
& ; : : :
|q—') ] :

100 T | T T T T T T 1771 | T T T TT | T T T T | T 1T T 17T 1T 17T | T T T 1

2015 2016 2017 2018
Date

21 16-1 BHDESURE DREZE1L,

Fig.21 Temporal change of steam temperature of the 16-1 fumarole group.
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Table 2  Gas concentration of atmosphere near fumarole using diffusion tube

7 X AR ) I EE
50, H,S HC1  SO,/H,S S0, H,S HC1 S0,/H,S
15-4  2018/5/17 6 6 0 1 — — — —

16-1 2018/12/12 12 81 0 0.15 1.3 34 0 0. 04
— IXHEEFEE Lo 2 & %59 (No measurement) o

Yy ikt
MU 5

*1, Fumarole name; *2, Date of measurement; *3, Atmospheric gas concentration obtained by diffusion tube
exposed near the fumarole; *4, Atmospheric gas concentration obtained within a ventilated container with silica-

gel.
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distance on January 23, 2017. The arrow indicates a stone as a mark. ) The fumarole becomes close to the
stone in April, 2017. f) The 16-1 of recent. In front (south) of the major fumarole, a minor fumarole forms but its
emission is not intensive. The length of the stick is approximately 140 cm.



22 REABEBABRHMEDOHRERT. a) BXALDELICHEZIITCRIEERMEDA IR ML ZRELTWS (K
). b) BBWRDIER, HHEORTIFH 80 cm. R MIVDAIEIFHIFRD S5 45 cm. KEDIEAHBLTARINE,
A MIVOREITIFEK 2mm O@SAD 20 @55, H bIVOARICIFEINBE L ) A7 LK 1509 BADTWL S,

Fig. 22 Measurement setting of atmospheric concentration of volcanic gas near the fumarole using diffusion tube. a)

The diffusion tubes (arrow) are set near the fumarole vent. b) The diffusion tubes are set exposed (arrow) and

within the ventilated container (white plastic bottle) set on the stick (approximately 80 cm long). The distance

from the ground surface to the tubes is approximately 45 cm. The container has 20 holes of 2 mm in diameter for

ventilation. Within the container, 150 g of silica-gel is also set.
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Fig.23 Concentration and ratio of volcanic gas in the atmosphere near the 15-2 fumarole group measured by diffusion
tube. The test tube was set in the atmosphere (Exposed) and within the ventilated container with silica-gel (Dry
container) and both data are shown.
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Fig. 24 SEM image of surface of a twig sampled near

Owakubashi bridge. The surface is covered by
sulfur spherules of various diameter. A qualitative
EDS analysis was attempted for a large spherule
(arrow) and verified that the spherule is almost

pure sulfur.
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Appendix 1 Temperature of fumaroles ( Dec.2015 ~ Dec.2018). Temperature isin °C .
Date Day* 15-1% 15-2 15-3 15-4 15-7 15-5§ 15-12 | 15-14b 15-15 16-1
2015/12/15 233 131.9
2016/3/28 337 125.9 89.7 130.6
2016/4/26 366 125.4 .
2016/5/13 383 (93.1) 124.3
2016/5/27 397 (90.4) 1238
2016/6/7 408 (94.0) 123.1
2016/6/27 428 (94.6) 121.5
2016/7/14 445 945) 1229
2016/7/28 459 95.2) 124.1
2016/8/5 467 144.2 123.0 112.2
2016/8/9 471 123.3
2016/9/2 495 99.0 125.8
2016/9/15 508 1264
2016/10/7 530 129.3 96.1
2016/10/18 541 128.2 96.3
2016/10/31 554 130.2 97.5
2016/11/16 570 128.0
2016/12/1 585 122.1
2016/12/12 596 125.8 96.1 115.9
2016/12/26 610 120.2 96.8 1343
2017/1/10 625 121.5 132.7 123.7
2017/1/23 638 120.4 99.3 133.9
2017/2/9 655 122.8
2017/3/6 680 119.2 95.8 133.8
2017/3/23 697 124.7 99.0 132.0
2017/4/4 709 120.7 99.4 132.2
2017/4/18 723 124.0
2017/51 736 124.9 97.5 150.3 126.6
2017/5/16 751 126.4 151.1 125.8
2017/5/30 765 133.2 150.7 127.8
2017/6/12 778 144.7 120.2 97.6 150.2 128.0
2017/6/27 793
2017/7/3 799 142.8 132.7 98.6 150.6 121.1
2017/7/14 810 137.7 130.2 97.7 150.7 112.2
2017/7/25 821
2017/8/1 828 132.6 96.8 148.7 122.6
2017/8/17 844 120.0
2017/8/23 850 162.0 129.1 97.7 152.7
2017/8/28 855 155.6 132.0 97.1 147.4 122.0




(D2%F)
( continued)

Date Day* 15-11 15-2 15-3 15-4 15-7 15-5§ 15-12  15-14b 15-15 16-1
2017/9/13 871 155.0 125.3 97.6 147.4 121.0

2017/9/29 887 120.2 97.3 148.2 124.1

2017/10/18 906 159.4 123.0 97.4 148.4 122.4

2017/11/1 920 118.6 126.4 96.6 117.0

2017/11/2 921 131.7 128.7

2017/11/15 934 146.4 137.4 96.5 135.9 133.4

2017/11/28 947 135.7 130.3 96.7 123.8 133.2

2017/12/12 961 97.2 153.0

2017/12/27 976 108.0 95.7 146.1 120.9

2018/1/11 991 146.1 116.1 96.5 144.6 129.3 130.7
2018/1/24 1004 120.5 98.7 ex. 1435 122.8 140.0
2018/2/8 1019 146.9 131.9 144.5 143.5 140.9
2018/2/19 1030 147.3 119.2 141.7 119.7 126.3 140.3
2018/3/23 1062 133.9 116.7 139.8 129.9 120.1 138.2
2018/4/10 1080 164.3 128.5 (89.0)  139.6 138.7 122.6

2018/5/11 1111 148.1 121.9 141.4 116.8 133.9
2018/5/17 1117 117.0 96.8

2018/5/25 1125 160.3 117.6 112.5 137.3 150.4 149.8 135.6
2018/6/7 1138 145.8 117.4 97.8 137.2 151.3

2018/6/22 1153 136.4 131.4 136.4 134.8
2018/7/17 1178 123.6 114.5 138.5 136.4
2018/7/18 1179 157.0

2018/7/19 1180

2018/8/6 1198 156.3 118.5 137.0 134.0 141.7 135.7
2018/9/20 1243 157.1 118.6 115.0 138.5 134.5 150.5 134.9 135.9
2018/10/9 1262 156.1 125.2 98.3 130.2 128.4 151.3 139.6 134.0
2018/10/24 1277 148.4 125.8 107.7 124.6 127.4 151.9 143.7 132.2
2018/11/7 1291 157.4 120.7 95.8 126.6 152.2 138.1 134.3
2018/11/20 1304 123.5 97.6 126.7 152.1 133.4 132.5
2018/12/5 1319 154.3 122.8 130.5 121.3 153.1 144.8 131.0

* 2015 LR DRFTIE & - TR OB H (20154 4 H 26 H) %2 0 & L7z & 2 Dfkil HEL

T O BEEZYDJEKEEZ TR, § O BHEKALAD > i OMPREZ R d . ex. BEDHH,

* Day since the precursor seismic activity starrted on April 26, 2015.

1 Temperature of mud in the mud pool.

§ Figurein () indicates underground temperature where fumarole existed. ex. Extinction of fumarole.



