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Geostatistical analysis of VLF-MT resistivity data at the Tatun Volcano Group, Taiwan
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Tatun Volcano Group (TVG) is composed of over twenty volcanoes, which were formed within faults at the northern tip of
Taiwan. Its active heat discharge from fumaroles and springs also suggests a large amount of volcanic fluids released from
potentially-existing magma beneath Chishinshan volcano (e.g., Yang et al., 1999; Ohba et al., 2010; Konstantinou et al., 2007
Komori et al. (2014) conducted AMT surveys for a better understanding of this magma degassing, and found low resistivity
anomalies associated with the hydrothermal activity of the TVG.

In the TVG, we also conducted VLF-MT, which uses an electromagnetic wave with a singular frequency such as 22.1 kHz.
Generally, its high simplicity of use enables a huge numbers of measurements at low cost, compared to AMT surveys. Therefort
VLF-MT could easily and extensively trace a surface distribution of hydrothermal fluids discharged from a deeper part, although
its sounding depths are only a few tens to hundreds meters. However, it is quite often that there are many missing data point
mainly due to inaccessibility and high-level noises. Consequently, a sparse distribution of the surface resistivity is obtained
which might result in wrong spatial features of the resistivity at the survey areas.

Geostatistics is potentially a good tool to solve the above problem. It was theoretically developed by Krige (1951) to evaluate
a quality of mines by estimating data values at unsampled points from a viewpoint of statistics. To date, it has been widely use
for explorations of oils and geothermal/groundwater resources, by applying to data such as temperature, crack density, porosit
permeability, and chemical composition (e.g., Koike and Ichikawa, 2006; Anderson and Fairley, 2008). Because this method i
mathematically based on statistics, it would enable a fair inference with regard to a spatial property of the obtained data.

The present study applied the Geostatistics to over 300 VLF-MT resistivity data of the TVG, which were conducted in 2009-
2010 by Kagiyama et al. (2010, JPGU meeting) and in 2012-2013 by Komori et al. (2014, CA meeting). The numerical code
GSLIB (Deutsch and Journel, 1998) was used for our geostatistic works. The data were first processed to make an experiment
semivariogram. It was used to estimate a model variogram by assuming values of nugget, sill, and range, on the basis ¢
the criteria put by Kitanidis (1997). The modeled variogram was input to Simulated Annealing (SA) process to estimate a
statistically-plausible spatial distribution of the surface resistivity. In the presentation, we will show preliminary results by the
above processes, and examine its relation to structural features and hydrothermal activity of the TVG.
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Hydrothermal system beneath the Jigokudani valley, Tateyama volcano, inferred fromn
AMT surveys and hot spring chemistry
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12 8 DT — R 7o 1z 2 DUt OFERIGBHCHRE SN T, MRS TR DA EIEL, TOTOHE
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% (Seki et al., 2015) A7 TlE. HIFAZ HOICETS S NIz BET 25 50 AMT 7—XZffif{ L. Siripunvaraporn and
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CIUSO4EEILZ R LIz & D, I TIMBVKIRARDEFSHI R I Nz, B5N 3 XochikiiETE T IV Tk, BifE
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Hydrothermal system around the active crater of Aso volcano inferred from a three-
dimensional resistivity structure
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Time variation in the chemical and isotopic composition of fumarolic gases at Hakone
volcano, Japan
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20144 RIS BB 72 B U 7= sk Lok, BRI & MG Bl 72 1 Tk RSB RO TN #HE LN T & 7%
FARICHD TS, AUEKDEREN 1113~ 7 DIH A H 2 NEBUKY) F—OBHTH O, <7 REUK) H'—
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FIRILTH R OEAGIERZ WD, VT IN TR T AIMEHIENERT 5. #21E 20014 6 HA 5 10 HIC
I TR U TR ENITE R T, kRO~ THRBEZEN BT N, IAICHEEE B2 & 75 Uiz, T OHRZE
i, RE 7Tkm OBRIRIE NI E, KIfAB X OB ORI BT 2EAEZOE N HIC K DFHE Nz ((RE - i,
2009. 20014 7 HIEZ KB E N T e R—1) V7 HLORGHEE DN EEICE A U GENED, 2003.

FIRRILD AV T ZNICIE, 15000 AAFEEL, L THH 5 T ADBUEENHNTWS. FEIRILIC BT 2 KLBKSE
ZHIE U, AR A A S HEETES), MR s, XU FKMEOZEHE OBIHIZ 196 14E LUK L T
W5, AR TIRLAADBKICER L, Kzt T LA A0 R UEREL - 7081 L, HigEiEH) & O E %
FHARZ T mHNET .
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KIS B 0O BRI 2 2 M IC 38UV C 20134E 5 A BIRIEEH 20154 1 H FTREO IR UEREL - o8 LTz, £
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Sz B KIO3-KI EETEIR & ST BTz, WS DKGERDLEFNALL 2 ET B 7oIC, 28T AE NS 7% 2 i
i CHREMZKZ BRI L 72,

HZERD KOH 7ATR & KIO3-KI {AiIZ/NR (1968 DOTFETHAZSHT L, H20, CO2 H2S SO20EZREL. &
ZERDNY RAR—=RICHE S TZAAKIZ Ar L HeZzF vy U7 H AL LIz 2O A0~ 8757 TN L, He H2,
02, N2, CH4, Ar DFFHRERVE Uiz, EMKOZERNMNAKLLIE RN L —— e TeF vy BT 0 ) U T XD ik
WK DHEGE LTz, BZERDONY RZAXR—ZAICHE > AR EE NS H21ZDW T, Komatsu et al. (201UEHE-> T,
BEAEANY Y LOF v )V AHAPTHREZZFH U TER LU LT, @7 o—RoEE0 o A7 L (E&ESHE!
AAfklZ Thermo Fischer Scientifigh®! Delta V) 7% W C&EE RN &2 E Lz,

EmEHMELKOMRIIME & & 98UFLENKEKTEHD SN, RO T CO2H 1~2 %EFEENTWVZ., EROBERIL,
H2S7% 0.2~0.4 % &%, HFEXUIEZDEEN, 0.036~0.050% & #1070 1 Tho Tz, EHEOER D CO2/H20LLE,
201345 A S 10 AT THFICHEAD U, Z D%V ERAY 20144F 9 H £ Thil 2h, [HFE 10 IS & EAR 7%
RUTe. T SOMEMIFHER TEHEL TV, 20144F 10 AR LK T 50 [EIF2EE O LB E N T
B, CO2/H20tLD FFIZ T DIFFHCHIEL TV B K HICHZ 5. CO2/H2SEEOZ B I DOV T, 1FIF CO2/H20
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Ho—HAHO 9 A ERZRL, 100 HICRE R LK. Hiehd CO2/H20k FROFIMNZEFThEZHhDLS TH-
To. BUKZROIREEREZSEST2DIC, BRICEEND H20 & H2 O/KEFNARLO 2N S R iR # B L.
TEROHEHRE X, 2013455 HIC 141°C L5 <, ZTOBREHIC 100°CHEE TIK R LAY, 20134 11 H & 201448 H
I 10 CREE /NS 73 ERZR Uiz, THUSH UFHIES O PHRREIZZ N DR, 201345 HD 92 Ch b I
U, 20144 8 HICIX 104°CITEL Tz, "D FHRRE ORFRZENIIE K OILZHARIC R L TR S Th b BUKRD
REHERZ 52581 FRENZS.
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Volcanic plume measurements of Ontake volcano by unmanned aerial vehicle (UAV)
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MENERE I E S 1 5 A — MVELICBE L, EIKIZH 100kmBIC BN 721 LEUR T E R S N (RBRT. 20144F 9 ),
Z D%, NI REEICHE LAY, 20154 2 HBfE T AR IR T3,

4, 2014 11 A 20HBX T 21 HIC, ®IVFa 72— UAV ZFIH U zEE s 2170 R bRt &
HE. R D2 BT IREEIE . BRI IEGIHIE & RN ERE O 4 THH OFd 2920 U Tz, skiLOBIIC H 7z >
TiE. UAV (&, 5 3000mD 272318 T Akm B ERI T % C EBEREI N7, XA 10— Rz 1kg B L 30E L.
BAEE OB &V B T T ZBEREIHHENIE TR, ¥V IVR— Ra v ¥ o —Z THIET 2 %50 0 etE %
UAV ICHE L, T R 2RI TE 8 b INN—REZITo Tz ZRDBEHIE T, HeS, SO, COy. Hy BRUIRIEE
it (H20 H) ZH5# U7z UAV ZIEJ S £ C LA TR ERITEE 5 2 & T BIENOSK T BEORIEZTT> T, X
1o, TORITOBICIE, UAV ICHE S — N ERUNT % T & T POk - OEETT > T2, BURIMYSIHIE T,
UAV ICH—FT 5T 0 — A X2 L. I H 72 5 RSB 285 Uz, 11 A 20 HIFEEEAILRICHEN T
Wiz Tz U KO 58 3.5km B O SRASFERN 5. 11 A 21 HIEEEA R R AN T\ ez kO 5
SKMEEROHE / JFE X D ZNZEN VAV BEEERES ST,

UAV 7% O T BREEIINC & O . 11 A 20-21 HIRF RO B ERRsi i & & 130-140 ton/day B{EEH D SO,/HLS €IV L
359 0.09 VI FERMDMES N, Hyy COyy HoOIZDW TR, KKDIBEDENKE L, KUHARFEOE G %] 5
MRS BICES T o Tz, —77, BURIIGD 51, HIBRAHEOEE OIS d % 90.6°CAHY, ME&FLOMEIT
BETENES Nz, Fiz, Wi s — MCRIF ZE M FDMIE LT ey, 754 MREOREEHRDOE D Tidik
<, BixEIickbEE EFENIZR 7 Th S HEMED Euo.

UAV BIIIC S5 10 H 9 HICHE L7 A ANVIC K 5 Z R TRERIIITE SO,/H,S BIVELIZ 0.3 T, LEDfEAY 11 H
20-:2L1HE CICHEICHAD LTz Ehbh b, B bmEmHEE. A 254 1000 ton/dayzitd 2. TV zh, 10 H 9 HIC
I& 400-500 ton/day(%i547. 20144 10 H) . WD 2 I HIRICIZHECYHNT LA 17 2N E < 75 0 BEE TR R
bNiz, UL L., fifEEiGHE & UTiX 10/913%) 1000 ton/day 11/20-21& 800 ton/dayCdh v, KEHZELIFRENT
WaEW, DLENSEHEMC K SIT, 201455 LA LA R OIS ENE . KFEBZRIRERINDVRITH 500, HK
IR D, SO/HSEVEEAVNE W T &5, BIIIU 72 MIUAADNER S TSR LIz D& IEEZIT< W,

197 94k LA LI DRI I, BB LD B I THESIDEREL & T DR DR ULIThN THB D, BKERICS Tho Tk
SO,/H,S EIVHIFE A DK 1ERICIE 0.1 F T R - Tz UM, 1983, T 5 L7z SO/H,S EIVELDHAD 13 1979
L 2014 FEOMENTHIE L THA LN TH S, MENOFEMZLIRIE, S OMEE LOTEHHER Z ¥4 % T

F—TU— R g, LA R, UAY
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Case study of the behavior of isotope in several hot-spring and geothermal field part2
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Bz s 26D E LT, BiFEOHHETIE, /CSUEEMIE S X U2 LIRS FEE I Z i & > TN Lz,
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EGSIE. 7AUARFT—A S U T7HEETNDhDTad 7 FHIETHTHBH., HERICEBWTEEKLISZOM
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% EGSOMRDFMREIDRE L R > T %,

HEHIITNE T, FHTICBI % EGSFERTD b L—5 —5lER> X7 — )UAF 35 O HIER L 21 7 fifthT TG ER R BR h D Y
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U-4.6%0 ICIELT, LA L, 20014E5 A5 6 HICHI T, 6D & 60 R ZNTNZHITHA L, -54.4% XU -8.6
%o &5 0D KIKT A NTIED Wz, TD, HDR-2D §180 DEDZbIZ. ClEEDIEERPDZIITHINT 5 EDTH > Tz,

(3) HDR-3Tld. BREFNALLDMEIZ, HDR-2 X b @ EmZ/R L, JEERFROFRINIALLDZMEIZ, HDR-21TiTW 28
R Uiz, TOEWIE, HDR-3 & HDR-2 DA A 5 DOFEE>E /K EDE N R ISR T %,
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Numerical modeling for a broad geothermal system of Kuju Volcano
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Re-evaluation of hydrothermal activity based on magnetic measurements at Kusatst
Shirane volcano, Japan

R SRR R A 2
TAKAHASHI, Kosuke' ; FUJII, Ikuko?*

SR HIE SIS AR

IKakioka Magnetic Observatory, Japan Meteorological Agefidgteorological College, Japan Meteorological Agency

Kakioka Magnetic Observatory, Japan Meteorological Agency commenced geomagnetic measurements around the sumn
crater lakes of Kusatsu-Shirane volcano in 1976 to monitor the thermal activity of the volcano. We re-analyzed the geomagneti
data over 36 years starting in 1978 and evaluated the long-term thermal activity beneath the crater lakes.

Changes in the geomagnetic total intensity due to thermal activity were observed in three periods: 1982-1985, 1988-1991
and 1996-2012. A thermal-demagnetization source related to phreatic eruptions during 1982-1983 was estimated to be 400
below Mizugama crater lake during 1982-1985. The demagnetized body was also detected at a depth of 600 m below Mizugar
crater lake in 1988-1991 when substantial thermomagnetic signals and numerous volcanic earthquakes were observed withc
an eruption. These demagnetization sources represent a hydrothermal fluid reservoir beneath the summit area. We sugges
possible mechanism of the phreatic eruptions during 1982-1983, based on our thermomagnetic model and previous geophysic
and geochemical studies.

In contrast, magnetization associated with cooling of rocks beneath the crater lakes was recorded from 1996 to 2012. Accorc
ing to our thermomagnetic modeling of this period, the source of the magnetization was 400 to 700 m below an area immediatel
northeast of Yugama crater lake. In addition, we found that the cooling migrated gradually to shallower depths during this period
These suggest that the decline phase of the volcanic activity was under way at this period.

Changes in the geomagnetic total intensity after 2013 show a different tendency from those before 2013. Therefore, thes
suggest that the decline of volcanic activity came to an end in 2013.

F—T— R EREARL, KNS I 2 2R 18EH, BARGSR R, KZEKIE X, BUKiifk
Keywords: Kusatsu-Shirane volcano, geomagnetic measurement, thermomagnetic effect, phreatic eruption, hydrothermal fluid
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Evolution of a hydrothermal system of Kusatsu-Shirane volcano inferred from aerial in-
frared surveys in the nighttime

YA @D 1 SFH BEE
SAKAMOTO, Yuri'* ; TERADA, Akihiko!

VRO TR
Tokyo Institute of Technology
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hﬁfﬂﬁbt@ib%3€ﬁ&ofwé.LQﬁ%Wﬁgkﬁﬁﬁék KilaHS D PR EAEEMIE, HFEXD
b 2 HIREEARICFHM S NG2 Z L0 5.

F—T— R SEEERAL, 22ROV, AT, A, BUKCR, iR
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Near surface structure of a Crater on mountain side of Mt. Shiretokoiozan and its mecha
nism of molten sulfur eruption

LA el T PRk Rl 2
YAMAMOTO, Mutsunoril* ; GOTO, Tada-no#i

LHIBRES &5 KAK, 2 5 AR AR LAeRE
IEarthscience.jp’Graduate School of Engineering, Kyoto University

Mt. Shiretokoiozan, located in the middle of the Shiretoko Peninsula in Hokkaido Japan, is famous as molten sulfur eruption.
Since 1857, Mt. Shiretokoiozan has erupted with molten sulfur four times. At the last eruption from February through October
in 1936, approximately 200,000 tons of molten sulfur welled out of the Crater I, located on the northwestern mountain side, anc
the brown liquid sulfur flowed into the Kamuiwakka Creek. The eruption was closely observed and documented for ten days in
September by Watanabe. He presumed the underground structure and possible existence of a molten sulfur reservoir under:
crater based on the periodic activity.

Since 2005 we have implemented further researches to find out the near-surface underground structure of the Crater | fi
discussing the mechanism of molten sulfur eruption. The methods are various; geological survey, DC resistivity survey, self:
potential exploration, and chemical analysis of gas and hot spring.

As a result, we found that the crater had been created by depression due to hydrothermally altering of andesite lava sheet a
the following running-off of material. We suggest that there is a chamber under the crater and molten sulfur is supplied from the
aquifer at the eruption where the sulfur had been generated during the inter-eruption period by chemical reactions of volcani
gasses.

The geology of the Crater | and its vicinity is mostly composed of hydrothermally altered clay, gravel and onion structured
floats. Originally this area was composed of several-meters-thick sheet lava layers of andesite, which had flowed from the summ
of mountain. The volcanic gasses, mostly hydrogen sulfide and carbon dioxide, come out through fumaroles and craters locate
directionally along conjugate faults cutting through this area. Original andesite rocks suffered weathering by the reaction with
those acid gasses into onion structured boulders and seems to change to white gravels and clay. Because the small clay partic
and the gravel at ground surface have been drained, large boulders in several meters were left on the ground and they covel
most of this area.

In the cross section around the Crater I, we conclude that the crater is a depression hole opening in the hydrothermally altere
lava. An aquifer among sheet lava goes under the Crater | and hot spring wells in the crater. At the higher elevation than th
Crater I, there is a small creek called the lo Creek. And at the lower altitude, the Kamuiwakka Creek is located. We interpret tha
the underground water comes from the lo Creek and flows through lava-sheet aquifer, and upwells at the Crater | as well as h
springs in the Kamuiwakka Creek.

Volcanic gasses, hydrogen sulfide and sulfur dioxide, dissolve into the underground water, and were involved in the chemica
reaction to generate the accumulation of sulfur in the aquifer. At the fumarole in the Crater I, water soluble sulfur dioxide is just
barely detected. At the same time, the gas temperature has never been higher than boiling point of water. These are the eviden
that most of volcanic gas passed through underground water.

We suggest that the sulfur in the aquifer melts and flows into the chamber under the Crater | at the active term of volcano, an
may eject molten sulfur periodically. The amount of the molten sulfur erupted in 1936 was approximately 200,000 tons. If the
chamber had reserved all amount of sulfur erupted in 1936, its volume might have been as much as 100,000 cubic meters. V
suppose the possible chamber size is much smaller than the estimation. It is concluded that the aquifer supplied the molten sulf
continuously to the chamber, while the chamber made a periodic eruptions.

F—TU— R AR, BUKZEHE, FURNRE L, 15K, EXIRE, 1 LA T v J IO %
Keywords: Molten sulfur eruption, Hydrothermal alteration, Shiretokoiozan, The Crater |, DC resistivity survey, Hot springs in
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Mineralogical study of non-juvenile material in volcanic products at Tokachidake vol-
cano, Japan

FERF IR Y B B0 2 m L kG se L S Rt K A
IMURA, Takumi** : NAKAGAWA, Mitsuhiro?2 ; MINAMI, Yusuke! : TAKAHASHI, Ryoheil - IMAI, Akira ! ;
OHBA, Tsukasa

VRREHR, 2 s R
L Akita University,?Hokkaido University

Temperatures, depths, and fluid chemistry of sub-volcanic hydrothermal system were estimated based on mineralogical anal
sis of eruptive products of the 1926 and the 4.7-3.3ka eruptions at Tokachidake volcano, Japan. The deposit of the 1926 eruptic
can be divided into three layers according to volcanic phenomena; the lower debris avalanche deposit, the middle hydrotherm:
surge deposit and the upper debris avalanche deposit. The deposits of the 4.7-3.3 ka eruption can be divided into four pyroclas
flow deposits layers; one from the 4.7 ka eruption and other three from the 3.3 ka eruption. Every deposit contains abundar
hydrothermally-altered lithic fragments. Three layers of the 1926 eruption exclusively consist of altered lithic fragments without
any juvenile fragments. Minerals identified in the bulk sample of the 1926 eruption deposit are cristobalite, smectite, sericite,
kaolinite, alunite, gypsum and pyrite, and those in the deposits of the 4.7-3.3ka eruptions are cristbalite, tridymite, quartz, sericite
pyrophyllite, alunite, plagioclase and hyperthene. Mineral assemblages of individual fragments were also determined with com
bination of SEM-EDS and XRD. The 1926 eruption product is characterized by the coexistence of cristobalite, alunite and/or
smectite in the fragments, whereas the 4.7-3.3 ka eruption product is characterized by the coexistence of pyrophyllite and quart
The mineralogical contrast implies difference in hydrothermal condition between the 4.7-3.3 ka and the 1926 eruptions. The for:
mer eruptions were derived from hotterZ30 C) and deep (1-2 km) hydrothermal systems and the latter from a celtié® C)
and shallow (near-surface) hydrothermal system, although both volcanic products are characterized by sulfuric acid fluid whicl
is typical in hydrothermal systems at volcanic centres.

F—U— R ALBUKR, BUKZE SR, TR, 19265 ), 4700—33004F i A IR HERT )
Keywords: sub-volcanic hydrothermal system, hydrothermally-altered lithic fragment, Tokachidake volcano, eruption products
in 1926, pyoroclastic flow deposits in 4.7-3.3 ka
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Resistivity structure of geothermal area at south area of Yakedake Volcano

B FERHT T I #hoT 2 R GE S EE T B R
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Hokkaido University Graduate School of Science, School of Scietitational Institute of Advanced Industrial Science and
Technology?Institute of Seismology and Volcanology, Faculty of Science, Hokkaido University

Resistivity structure of geothermal system at south area of Yakedake Volcano
Sugano, K., Y. Yamaya, T. Mogi, M. Shigefuji and M. Okuda

Some hot-springs and fumaroles are seen around the Yakedake Volcano. High temperature hot springs such as Nakanoyu &
Shirahone hot springs are located at the south area of the Yakedake volcano, but the relations between the volcano and geotheri
system have not been clarified yet. Geophysical studies concerning the structure of geothermal fluid reservoir and heat source
the hot springs have never been performed in this area.

Hokkaido University carried out a MT survey to clarify the subsurface structure at six sites between Sirahone hot spring anc
Sawando area in 2013 and indicated distribution of geothermal fluid reservoir beneath Shirahone hot springs and Sawando ar
(Yamaya et al., 2014). But they did not clarify the extent of geothermal fluid reservoir under these area. We installed two addi-
tional MT sites each at outside of the previous survey area in 2014 to investigate extension of these reservoirs.

We recorded MT signals for about 48 hours at each site, and obtained the apparent resistivity and phase at a frequency range
0.03-100Hz. We applied the remote magnetic reference (Gamble et al., 1979) and manual data editing by MTEDITOR to remov:
local electromagnetic noises.

The magnetotelluric phase tensors (Caldwell et al., 2004) and induction vectors were calculated to verify structural dimension
ality and to determine the 2D strike direction for the 2D inversion. According to the phase tensor ellipse and induction vector at
the lower frequency range, the deeper layer have 2D structure and we decided that 2D strike direction is N6OW in this area.

We performed two types of 2D inversion, which used the TM mode and TE+TM modes, respectively. We used the inversion
code proposed by Ogawa and Uchida (1996), which minimized ABIC as convergent criterion in the iteration process. The ABIC
criterion includes smoothness, least square mean error and static shift correction.

As aresult, we indicate that geothermal fluid reservoir correspond with low resistivity is extending at directly under the Shira-
hone hot spring area, and it ranges in the limestone body. Dissolved limestone is origin of milky hot spring that characterizing
the Shirahone hot spring. The low resistivity zone was also found at the depths of 500m down in the Sawando area. Althoug|
no geothermal manifestation is recognized at the surface of the Sawando area, but this low resistivity zone probably indicates
geothermal reservoir.

Furthermore, these two low resistivity structures corresponding each geothermal fluid reservoir join together at the depths ¢
2 km below. The columnar low resistivity zone extends to deep. Comparing the geology, the Sakaitouge fault runs through a
the columnar low resistivity zone. The resistivity structure suggests that geothermal fluid ascends from deeper zone along th
Sakaitouge fault. Based on this result, we can propose two possibilities of the heat source of geothermal fluid. One possibility i
that hot volcanic fluid flows out from the Yakedake volcano along the fault. The other is that heating water is ascending along
the fault from the hot rock area extending in the Japanese Northern Alps area.

F—U— R R, HRH TS, BE
Keywords: Geothermal area, Resistivity structure, Yakedake
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Conductivity distribution of the surface layer around volcanic area in central Kyushu
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