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AN O AR, E DR R CH 2 FRIME O B % F]
U 7= JERREE « SRR AT 1T, RO R b T AE O 20 B CREMRAY
WA RHED STV D (B 2 IXRME - B4, 2003). D
THVILF AT hLh A TIZEDWEIHIE, WRER
HOICHMRLLTWI b H 0, FICERZED TS, #
SMETORE ZFH L8 1, HERESCERIEEICE
WTHHAORFNED LN TNDER, WELEERLTWH
HETEZRVRWICH S, ZORKDOOEDE LTI, %t
G LT BB AOMENERETHDL L, BELL
WMERELERT 20N LN ENETFTBND. Lol
NG, MIEREIZRBIT D KA MVEFIH LR
BEITIE, RO HERESCEFRBREICAVWLON TE 8
WThy, INETICEBINTZMAEIEHT S Z L0837
RRTHD. Fio, IWERENE LW E OFIA G, #E
Te X G B IR T B AT FIERE O —Bh & 0 2 5. £ 2

TANETIE, #Z - R ERIEE~DIGHZF & LT,

Y IVFARY bV h AT O#EAEORTIEITV, ORI
B 72 3RRE R & ORPIRICOW T T 5.

2. AEEELBITFE

AT MVH AT IE— I AF RS XA F(RCB T A T)
CRRRICIRE R F D D EMIE O 2 2, Wi s
LCREEdT AN TED. LOL,RGB A AT LR,
B OWRH 2 ERNRERT 5 2 LB ATRER T2, ZIRoT
72T —H LRI Z LN TE D, BEEIC L > CRiskaThE
IR ONUR) OBRERY, —fRITIE 10 N RRELE
FTOLDNILF AR MLV H AT, TR EDH DN
INAIN—=ART "IV A AT EFEEIND. 12, TR TRE/2 S
FEO®MGEARD, 1000 nm FEE OTIRIME E T 5 HiE
&, ENLL EOEERERNER D Z ENTE DLEE T, Mk
TEEAE D SEHEE S OENE T D, AFZETIE, mcCAM
(Spectral Device f1:) & MonarchllI (Unispectral £1)? 2 fiEfH D~
WF AT MV T AT EER LG 1K), W biERak
1 (700~1000 nm) DO EIZTENZI 4N K, 10 3
RO A RE/RIEE Th 5. mlRtits L, EHOEHRE Y 7
bU = 7IAZT 50~100 HARRE L ZR>TWD. FhER

OEARNMTEEEZ S 1 RICE LD D, ‘BEICHZ->TUL, B
HOZEIKEIED %, BRNOEEITSY o30SR
WETkS ST oS BHEA L. —i%7 LED R
DK FT TR DI TIH B2, BEEOF M Ei347
STV FRITIZ iz o TiE, Bie b N0 ROEi{g % Bl
Hht, TOMEBOHRZESZRDDH LT, IROK
5t - WUURRE A SRR D EEEIT . 2oL X, KRS A
TR NEET LICBRR DN RO L ICER
BUNETHD. ZOXEEZBRET 57201, R ICIIR
FRASPEN DORE HE R % W NI B L, 2 OBREEE |22
WIIEZ 1T - 7.

Fiz, wNVTF AT MV A TIZE - THRE S - EiR
DIRFED T2, FHWEESREEZ o7 0 — 7 RIS
#t ASD FieldSpec4 (Malvern Panalytical £f:: LA FieldSpec) %
ff ULl %47 - 7=, FieldSpec IZ 350~2500 nm O #iFHD X
HEZ 1nm ZEIZRDDZENRFRETHD.

F1IR REICHERA LI~V F AT MV AT
(£ : mcCAM : Spectral Device #:, 4 : MonarchlI :

Unispectral L)
H1R ~AF AT MLH AT 2EFEOMAE
mcCAM Monarchll
NU R 4 10
(i&ﬁ% nm) (730 - 930) (713 -920)
fift e 512 X 512 1284 X 1024
e [ R 5 FIE =&V
LIS 7= BE+A Ty A F v T =

Frav b v b



3. BIEHER

3.1 HhEMtigICE T SHEE DR &

HEHER I BT, 0 & B 53 2 #BRIRIC

T OEEPCEE LA AEERIICEEL, %*BT
DRFART MABRETEHZERHESRL TS
(Coolbaugh et al., 2006). %7, fEAD A b L 21T Red edge
EMEEILD 700 nm O EFHITHES RNLD Z EBHH
nTEY, fik L~ /L F A7 bbb AT OHRE A fEdH
PHE L<HHELTND

< IVF AT MV AT X BREE AT SAVEEORR
HRTREME & MR 5 72, E LSRR fE ikl z B T, il
Dt & T 21T 72, 21X MonarchllZ#fEFH L, +%
&”5#%%(%69F1£ML1_%ZI e LT,
WS BT TR SN & 10 X2 R TOK
AT MVETRT. REARZ MV, Ny ROoFLEE
FREEREE L, RIUMEOETO Y7 2 AAEE T LT
W2, 82 KEICRT X DT, 700~800 nm f1iT T
BORWENBAOLN, ZIUTHEED —BH ¥ — 1 L —5
T35, —H5T, 850 nm HUrn b DEAJIT—RIIZITR 5
TRWRFEL I N — T B8, ARHE O %7 2 {5 (Hyperion)
25 ES SN e BRBES R O A2 hoL kT k< bl
LTW%. XoT, AEDARY bV AT TRESNLIEZR
FIART NV OREIE, HBAHISRAA OfEE AT S E
WYKL TWNDEEZXDZENTE D, LIEORE RN
D, AT VA ATICK DEMPET — & &R
BHC L D IR R A A Gb® b Z LIk, M7
B D EBFLIH D~ » VL 7RIS B 0 dE 0 W
Ihb.

3.2 BEEKIEY > TILORE Lo

mcCAM A LT, FlfiE b7 7 OBUKIE Hikh S5
mEN=Y o 7AOREEIToT-. BRNT 707
ERIRE L, KA ERW-MIELEA Lz, 72, Rgm
B Lt B 7%, 3 MITRT L HIC 2 T A#T9,
#84) DR 72 R T IZ B\ T FieldSpec 12 & 20 HIE &
XRF(H# e X MROHTEEENC & 2 st I E & 320 L 7=
FieldSpec (2 L D WEFER D, T 7 A#T79 1L 730 nm &
865 nm, V1 7 /L#84 1% 730 nm & 930 nm T b KH R
DENRKREL DT ERfERINTZTZD, N6 DEXR
BB & TR OBPLILZIT o7, 5 4 KIRT
XIT, NURIE LD 2L TR OIRIROID<C, #84 O
FEBOIRPHABICHNL TS, 72, & 3 IR LES
RTOXRFIZ X 2 uE R EHERS G5 X)) &3 5 &,
#79 TIX SiRE L OADOFEE, #84 Tl Zn L OIEDOFEE
PHER I NT=. KFIC#H84 DN Rib L OfHBIIHETH Y,
ARG IV A TR ORI X 58RI EH & O 72
Pl FE O NI TE 5.

4. FLEHESRDEE
x&y%wﬁX?wéﬁwﬁmwﬁﬁT EMEZMREES D
721, LEERROMRATAS 70 2 WFE A1 A L, B C oA
EWFEBOKELE Y TN DORE & AT NV OSHTEIT o
7=. ELH0ENGY, RV E— R 7R XRF
SR E BB ED Z LTk o T, HEN #7227
E?%&LT?%WE IEHTCE RN RSN, L
ML G, HiE DL ORMECEREIC A DY - HEaTOREE
EESCTERLETH Y, SRS THEAT TV E
72%< OFEER L TN D, 5%, Kix 225w <o Eha s
EEMT A LT, WA RRRIOR I W T OMGES
1T, B0 HHEREG D7D ORETFIEOMSLI K

bbb,

AIRE © AWTFEE ISPS BHFFHT FF7E(22K14105), LT
—RALHNENE IR - FM S FREMT -~ nY =7 b
PI) ICLDHRTHD.

X B

IR, BAEE (2003) FRPEY) - R OIRINI T & &
DI, BREERII, vol. 12, pp. 167-188

Coolbaugh, M. F., Kratt, C., Fallacaro, A., Calvin, W. M. and
Taranik, J. V. (2007) Detection of geothermal anomalies using
Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) thermal infrared images at Bradys Hot
Springs, Nevada, USA. Remote sensing of Environment, vol.
106, pp. 350-359.
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1. [FLHIC

MR EARA L2V T— e I, &
BRI SCEBUKEE I & IS S RIHTE D201, JkE
B E LTASFAHEN TS, NA /=A< MLUHEE
TIHHBAERHON MR % <, BohsEREL LV
W, MEBDEOHBIKEE bRV E VbR TWS. L Lan
5INLOF— X ITHBEMENE < BERREHRLE T
TRz, FTICBWTIREE L R DGERH 5. ZOME
D P F B L L T E K S 4 #T (Principal Component
Analysis : PCA) %\ & 2 FE H-ofik 238 < Hwv
SIS R ERIROS Y FE®I) & v o 72T HI 2 T b
5. VE— My vy ZTHEBIFENTO—D>Th 2 MERIEY
EAHEFHEICB DT REB R TR A3 72 <, &
DRI AL ETH D

FMERBHREIC L TIRESREZYVE— bRV
THEBIZEBNT, N 8= AT MVERE BB PEE S
TWDHEBIE~ LT A7 MEREBBRIRG S TWD
iR & i U T2 e Ze . Ny RIEPUC K 2 iR
B E A RHEE OMGEIC & » TV F 227 bV R
DRSS SN TV IR CO s T A RS 5.
T ZTAMIGETIE, Nv RBIIC X D05 A S HEER
EORKGEE B E LT, AT M T A 7T ) —F—X DOfi
X o THELNTZERRANY RIZL > TAA/R—2AXRT |
IVEHRFEAT ATV, SIS A EHEER R & ER OSSR
RHETE I & DR AIT - T2

2. BIEHIHET—2 DHEE

ARWFFETIE, KEARANZMHFED Cuprite Mk 2 x5 &
L7-(5 1 [X)). Cuprite HUSE01%, HlCwolE L7z & O
LB D R EMIE IZ 7 - TR Y, &RiE & EE L
YD H R BN TV D, Cuprite DREHEIX, o7V
THRENOEZAE TORA REANDRY, ZOFRTHH
BOoH AV A SR AGT 2 BOKEBE R BAFEIAIC I &
5 (Hoang and Koike, 2017). fEATHEIIZHPE 6.99 km, B
778 km T, A, AER, AV FA N, AKREN

FIZHAA LTS, RIFFE TR Z ONUFEE O % 315 &
L, /N RIS L O3 m g4 & 7 S8 4HE & O v k53 12
Wiz,

AT I T RN A /=22 | L+ 9 Hyperion
WL VR SRS A A2, Hyperion IR
REZSE <, 356~2577 nm DI RIRIZ 242 & DT 5 /3
REHTDH. BT CHWZ— 1%, 20114 9 A 19 HIC
kLS TRy, ERITIO%THD.

AR TIE AN RBRICK T AT — 2 B L OEWE
HHRAEE ISR Dk & LTk E HUE 8 A T (United
States Geological Survey : USGS)D A7 VT A4 7 F U
ZHAWE. USGS DAY MvT A4 7T V%, IE<BMEN
TWHTA 7T Y TEREIZBWTHENREFICL - TH
LNTERARB L ONLIWED AT R LIRS TV
5. A=W THEEBEO KIS AT FVRIER ST
BV, KFIETIE 400~2500 nm OFPH THE 1 nm O
resample 1T\, T —& & L7z, Wik & L THWDERIC
IEBI) DG AT NV OIFEEEE .

3. FETFE
8.1 AZ MTATTYHBONY FEBR
ABEFETIE N Y R R IR &L COH R R &

F1 Cuprite H1X O {E (/), Cuprite X O —{%xr072 3
HRTE & Alunite hill(£7)



(Continuum Removal: CR) % fifi L 7= USGS D A2 kLT
AT Z VT —ZIZxt L, BEFEE TRV G A REERIR
FIEZEIGH Uz, B CH O B AL D RS EEIUT Filter
methods, Wrapper methods, Embedded methods @ 3 ->IZ
KBl & 5 (Chandrashekar and Sahin, 2014). AHFFE Tl
HRFEEF VA EAETICT =2ty FOLTEET D
T TH 5 Filter methods D—2I1ZF B L, FHEE/SARX
MOEBRE R A2TE LGS 2 X)), AR CIHEREELE
10 LRRELT=.

3.2 NAIR—RRY bV - < VF ZARY MVEGIRT
KEHTE, TEAV FBREBLO A XREE G TR
B L 72 A7 RV REERZR L1165 /N R, 8
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1. Introduction

Indonesia's unique location at the convergence of
multiple tectonic plates has made it a prime candidate
for geothermal energy utilization, with a total
geothermal potential estimated at 28,910 mW, drawn
from 312 fields across several islands (Pambudi, 2018).
Surface manifestations such as hot springs, mud pools,
hydrothermal alteration, fumaroles, and sinter silica
indicate potential geothermal energy sources. These
manifestations reveal higher temperatures than their
surrounding environments, making them easily
identified as anomalies. The main objective of this
research project is to identify the thermal anomalies and
utilize the Landsat 8 OLI/TIRS imagery to identify areas
with geothermal manifestations as indicators of
geothermal activity in East Java Indonesia. Combining
TIR (Thermal Infrared) remote sensing with geological
analysis and understanding geothermal mechanisms is
an accurate and efficient approach to geothermal area
detection (Qin et al., 2011). The main reason for this
study is to assist and support the Indonesian
government's efforts to optimize the utilization of
geothermal energy, especially for electricity generation of
7,242 mW by 2025.

2. Study Area and Methodology

2.1. Study area and data

This research focuses on the province of East Java as
its study area. It is geographically located between 111°0'
- 114°4' East Longitude and 7°12' - 8°48' South Latitude
and has an area of approximately 48,040 Km? (Figure 1).
In general, East Java can be divided into two main parts,
namely mainland East Java with a larger proportion of
almost 90% of the entire area of East Java Province, and
the Madura Islands area which is only about 10%. The
province has the largest installed power generation
capacity in Indonesia with a total of 10,572 mW or 14.5%
of the power generation in Indonesia (Sidik and
Harmoko, 2022). The datasets used in this method are
multisensor image data from Landsat 8 Operational
Land Imager (OLI) and Thermal Infrared Sensor (TIRS),
geological data, and digital elevation model (DEM) data.
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Figure 1. Landsat-8 image covering the study area

2.2. Methodology

The analysis of the study area's land cover, vegetation
density, and land surface temperature (LST) relied on
data obtained from the Landsat 8 satellite. The land
cover was determined by subjecting the satellite image
to a classification process, which utilized a supervised
method employing a support vector machine module. To
assess vegetation density, the NDVI (Normalized
Difference Vegetation Index) algorithm was applied. This
algorithm calculates the index by comparing the
near-infrared and red bands of the satellite image,
enabling the quantification of vegetation density based
on the variation between these spectral bands.

Furthermore, the land surface temperature map was
generated using specific algorithms, namely the LST
algorithm and the LSE (Land Surface Emissivity)
algorithm, the researchers were able to detect
temperature anomalies that may indicate the presence of
geothermal energy. These algorithms utilized the
thermal information extracted from band 10 and band 11
of the satellite image, however, not all of these anomalies
are indicators of geothermal energy. The above research
flow is summarized in Figure 2.
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Figure 2. Research flowchart to investigate the
geothermal potential area.

3. Results and Discussion

The collected data were processed into thematic maps
with the projection system Universal Transverse
Mercator (UTM) zone 49S. Geothermal potential zone
maps were delineated by employing a combination of key
factors and data overlays. These factors include land use
and land cover (LULC), land elevation, normalized
difference vegetation index (NDVI), and land surface
temperature (LST). By integrating these datasets, along
with the combination of fault line data, lineament
density, and geothermal manifestation locations,
comprehensive geothermal potential zone maps were
generated as shown in Figure 3.

Based on generated geothermal potential zone map
reveals a distinct pattern of geothermal manifestations
predominantly clustered in mountainous regions.
Notable locations exhibiting geothermal activity include
Mt Lawu, Mt Arjuno, Mt Pandan, Mt Argopuro, and Mt
Wilis. These mountainous areas emerge as hotspots of
geothermal potential, suggesting favorable conditions for
geothermal resources exploration and development.
Furthermore, a closer examination of the density pattern
of fault lines indicates a high likelihood of encountering

Figure 3. Potential geothermal zone map.

geothermal manifestations in the southwestern part of
East Java Province. The similarities in fault formations
between this region and the northwest area, as well as
around Mt Arjuno-Welirang, further support the
prospects of significant geothermal resources in these
areas. These findings provide valuable guidance for
future geothermal exploration efforts, highlighting
specific regions within East Java Province that hold
promising prospects for future geothermal energy
development.

4. Summary

Even though TIR remote sensing is undoubtedly a
valuable tool, it does possess certain limitations when it
comes to geothermal resource exploration and
monitoring. Consequently, relying exclusively on TIR
remote sensing would prove inadequate for effectively
assessing and monitoring geothermal resources. It
becomes imperative, therefore, to integrate additional
techniques and methodologies that can complement and
augment the capabilities of TIR remote sensing. By
doing so, a more comprehensive and precise assessment
of geothermal reservoirs can be achieved. Incorporating
diverse approaches will contribute to a more holistic
approach to geothermal exploration and monitoring,
leading to improved decision-making and resource
management in this study.
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ek, av 7 U — MEEWICAE U OUEINIL, ARF Y

HiiE 72 & OFER & 2 WL IR R O FEM B2 F T E
(FEABHDVITFE) Snb. TE, 27 UV —FE LR
WEINZBEET D, Wb A aRm=a > 7 U— N OB
NIEFICHED BT D, B 2 0E, B AKMR U ~— (SAP:
super absorbent polymer) ZRAIH®H/Za 7 U — FTiE,
OOEFUZHE D M B KR DOGIZ L Y SAP 2SI L,
OVENEAET S L EHIRBI LY T LONTHEZRT.
Fio, XTIV T EHAWEEFE (HM. Jonkers, 2011) %
REINTEY, TORBKISITE VT LIz REE D L
ALY OVEINEHAESES Y, BERBEO AT =
RNIZRETHD (F, 2015). 2D LI R AFEZES LN
W& O A T F A%, MEOHIBICKELS HE5T5
DOEMFEEND. T DO—J7, OUEINNERO B S iRm0 5
EBOVRENTWAEON? £21%, EORBRERINTWD
D ? 2 EWEE O EBMNTFMET 5 FIEILREHSI L T
Wi\, Z 2T, EEH LT OERIBREICE R L, A
EEp A LB LM oM E R X OYRIRM S A S IG R
DOFMZENTH D Z & &R LTE 7 (G. Lefever, 2022) .
ARFZETIE, OOEN O B SIGEIREEZ, T8 O 72
LNCZEDOFER E L CERMICFTMT 2 FIEIC OV TR
L, AiEEoOSEEEET MEL, TAHICxL 3
WM GIEY S 2 L —a v &BITo 72, HETVITET
DIBHE O & M ER RO BGRN b, E &N F
HEA~OMERAMEIC DWW TEZE LT,

concrete, evaluation of self-healing, elastic wave, 3D numerical simulation

2. BRETEIHEHEIaL—T3y
SKITEHEHER Y I a2 Lv—va V7 =T
(Wave3000, CyberLogic ft) & HW T 21T o7, &1
KB L O 1 BICITET L L SMEE R, fittres

JIAREDELZ L E LTz, OOEIRO B O iaE R 248
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b2 58 L. 2h b oEE A EIZKQ), 2) TRT Velocity
& Attenuation #HH Utz L3k Y HIEEEE(mm), fon1,
fehg, Achi, Acn2 IZFNEN Ch.l, Ch.2 (281} 5 B|ER:
M (s) ERFKIRENZRT. 228, ¥YIalb—ra il
BOT, Xy, z O TOBERITMERER & L.

1R RO

1BHEE O HPEFR K (GPa)

LS Zi 225
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A EHK
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« (MPa)
; L
Velocity = ———— 1)
tchz—tcha
. 20 A
Attenuation = —=xlog =2 ©2)
L Acha

3. BRBIUEE

%2 NP LOE 3 MiC, JElEORIMEICKT 2 Velocity
B IO Attenuation %7~ . IEHEE ORIPESHEINT D I124E
W, Velocity (3N L, Attenuation \ I3 DM AR S
N5, ZOBEMIZAPES NS WESICHEETH .

% 4 IZOUERLEIC T DIREE O FEE L Velocty
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12XV Velocity DIBIZKRE 2N HSH. EH6OMIMEOY
A S FRIEEOEIN N Velocity 733 < 72 2N A 64
. LL, BiEo@Ema L i L, FEKROENCE DAL
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ZENGgmoTls.

4. BnHYyic
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R RITH T OREBE O ZE A2 b A2 R+ 5 72
WCHEERRT A= —ThV, AANTIFEET S RHEIC
M BEZ TS, MIROTK E U CHEEE L - BZIIEA
HFICHRREE) & L CTIRIFE SN D720, IRIREES D 54707
WEREDOREETNVICHEHMTHZ LT, HADBMEDR
%% (paleo-permeability) ZHiET HZ LN TE S, A
ZelY, WP O TRIAIEER ISR D RO BL M 2
72912, ICDP Oman Drilling Project (2 L > TEE I 7z
a7 RED X AR CT Hifg % AWT, a7IiE T s IRIREE
W& EOREE BEIICHRIN T 2 FEEZRRB L, 277k
DIRBRAEEDOHEE 21T > 72 (Akamatsu et al., 2023).

2. Fi&
2.1 RiAH - =y UKRH

AR D =2 73 BHZ & 1 2 PR O IRIREEMIE, =7
MmO RISV TIEZE E LTENLD 1O, £OIER
BaRTRITA—H—%RODHI LT, aTIEHEENDIR
W R T 22 ENTED. £, 270 3WIECT 1l
BoOHLS 100 B2 &V (85.2 mm) OPEE RO
RofEmREMmH L, ZORERMXEZEKRTS (B1XKa). &
{2, multiscale Hessian filter (Jerman et al., 2015) % H
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— J7 CHMSERR Gy AT ITRER T RIS SE T, T T A AR
izt 2 FIETH D, AP TIIBUKTEB)NICBEE
% 19 THRDFLHRIRET —Z 1Tt L, TR0 &AL AL
DN EATo T, O, ALFEHERT — & O b O EAn il
K 2 RIS D T2 OISR L A M 2 AT o 7. IR EZE S
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L L TEUKREEOBICBIIMENMELS, THEBB O HYE L /2
% Al OFLHRRET — X &2 -,

4. HBREER
4.1 ERRDHHT

TR ST TITE 1 O 4 TS £ TICIREIR LS5
(LIRS BRI, FEROBI & LT 1 A&
2 MIRT. £, H4 TS E TORBELERITN
66% CThHo7l=. LIFICHE 4 ERNETOMREE LD D,

W1 BRI ERERAKIC X o TR S D K, Mg(Werner,
198D ESAMBENATH L DKL, TOMDILED
ZLIMRELETH D2, BEEEUKIZ L 2 THEORH ]
L ILBEOIINMOFLE] O 2 >OFERAE R &R L7-.

% 2 Fpkr1E Si, Co, W DAMKTEN/KEZIETHS.
Co (22T, ERND a2 L MEIE A A & AT
HZEPHOENTWSZ &, W ITHEMEE ST OfE B L v
BB Fe(WO)RIREA Ca(WO0) & LT &S, BALE -
AR B LR D [E N OG5 1L T A SR P 8RB A 0K B 5
DX T AT UHEMBEIEL TW5D Z L (Ishihara and
Chappel, 2012), & HIZABEARE B & 125 LeAUKILIRBLL A
DERDEENENT EDLE 2 TN %, [HEBARIRE
I ILEBENCBEToE] ThHhD EMIRLT.

% 3 ER51E 0, Mg, Si, Mn, Ca AR FENKE
KIETHD. AHNVHRITRERE S & BEATEREH DO
AR K-> THER END. ZDRE, ’EE L7225 DITH
JRKA CaCOs 3 L UK A CaMg(COs)e N — kB TH 5
(Uchida and Nakano, 2018). £7-, Mn i Ca & 2R
ZRL, RTAFHED Mn 2ET AN D E RS D
ZEDD, PC3II T AN G DR DA A KT HEIZ)
EEZLND. ADNVCEEROERNERPENE LT
DIRIR L B L9 5.

% 4 TRE41E Fe, Co, Cu, Ni DEAMKFENKEL A
ThD. XRD QIR CIL SRR Z < D
HETCRIBENTZZ &, A F L ERNENZ &S NI 3%
gk CuFeSe D, Co LSk FeSe OB HiFh D Fe (Z (&2
En bz EIto, 1976), & HIZHEABHT I T HERML & i
PBEENHE L CTHIEL TV ARREZBEINTZ LD,
55 4 EROYIE TEEEREE - ARSI AL 5 wRBE) 2 KT
TRl LRI LT
4. 2 SRR 5y 53 8T

TR W I T R o B RO A BN,
H R A% (Amari et al.,1998) (2 L& AN R4 5T 247 -
7-. HULFR RSN R O N8 1 SISy &5 6 INTAR,
SOAMEESE 3 KITRT. B 1Mk TIEE L OxHk
BT 2AMENIETHY, F6 Lt K, Mg DA M &
NATH-oT2. THOORE» L TR O CIEE —Ek
e LTELNEZ 2 ODEMRIERMERUKIC L D EFE O]
& LR OMIMOFERE | 23, MRS T L 0 BT X,
K& Mg DIEBOKREEINBEDBPRICR -T2 EZBND.

5. £&6H

ARFIECIE, HARDOEKILKIZ BT L FMR R D
HHEZBRE L, 94 851125 D 286 fHOHA B OS5 HT T
— X DEERINZITV, ST — 2 MBS %
WA TC, FEIEROBERNZBLE L. FERo o &l
SRS M OFE RN S, BUKIEIE DAL AL O = 70 A a3
KL TRtEEUKIZ X A eB oM, TEROMMORE ],
CRIETRICEE 2 SeRBE ), (AN M OAEROE T,
BLO TIEEREE - IR E S Rk B E ThoHZ L%
BB/ TET-.
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1. [ZC®IZ

WEEBOKGLR L, FOSBEOMERELEWVEE AL,
IR K DOEERBRMY —7 v eI TS, BAED
R CIE, R T 7o 5« /N4 TR IR L2 s T JER
EOKGE R DOBAEN R L <RI TEY, MEEEHELT
RIS, MEBUKGLR OB R 2 B9 5720121,
B 72 BRI GRS D TR A A A AR D A T 7 vk A e
NTAHIENEELRS>TNA.

WA, IR BRI CHDIMHENT 7 Ot 41 X Hakurei
YA MRt LTI ANCEY, SRTRLSE Y D8k ik %
WERE3 2HEE T OMEREENH S L2 o7~ (Nozaki et
al., 2021). F7-, FKBERZ BB L HKRE I —
2K, SR O R E S E 2 BRR e E S (B
KO JET) - FREE, MK E) NS
(Tomita et al., 2020). L2>L7Z2235, i JEE 0K Hk PR DI Ak
Tt AL, ORI, RO, BLOYL SR G2 2
BOXoT MR T B EATHDLN, Zib 3 DOMEEHA
L, GRS LBl o E Tlehotz. £ TARMFZE
T, kit 3 2O ENOHEBUKILR DK S 0 x%
HoMNMZTHIEEH B, R4 X Hakurel Ve’
—AALT 4L LT, k-t (THC) ERR AT FikThH
AR SEE S S 2l — a2 A L.

2. BiRAE
BOSHE S Il —a T, BEKHE IO =T

T LOVRE O ik LA A PO (BEY) DR « Th BSOS
3E) BEBE LIS A EE7: TOUGHREACT V4.13-

OMP (Sonnenthal et al., 2021) &V /=, SR EHEEL T,
TR 0 g o AR SR, M JE 4 M1, M HH BOK OB R AR
IHTRE P TONTOA I MRENT 7 I & 35004 1
7 Hakurei A N ATZ.

FOSHRES 2L — 2 a T, 1TU O IS <X
DT TERWEIEUK O P A HEE T 2720, KRN
WK F&23 FLTEUKERDETORBEETET VLL, v 32
L—ar & oz, I, #HEE LTI A K &2 F ¢, Bk
DREL IS b F UM S H 352 8 THUR S RS
HIBBAEETIVALL, P32l —arw{To7-. LR T, 2
NH2oMT 32— al OEIZOWTIR RS,

2.1 REBBKOILZHBRDOHEE

R EK DL AL A HEE 35728, @& 5 km, fE 10
m, BT 10 m © 1 ROCBAEET VEAER L. 77Uy Ry
EET 50 THY, FBADESIT 100 m Lz HADOY
PEE I, R4 WX OEE] T —4# (Kumagai et al., 2017)
ELZIT, MRE 20%, 1255 1.0X 1014 m2, #E 2750
kg/m3, BVRE#E 1.3 Wm-K, A% & 1000 J/kg-K LL7-.

WA B (MR E) MHH FL, T\ T350CE
TMASNABREEZH R T A0, WIHLMELL T RO
{&E% 30 MPa, TaOWEE% 25 MPa &L CEDMITY
HIABE T CHRIRIEZ 5 2, AR X FimERR<A
BT 4°CEL, TiiE 350°CLRBW . BERS&MELT, bl
M 4 CHOUEAKE 3.0X10° kg/s-m2 DEETH %, Tl
BEEA—EHEREL, FiiT350°CETMEAINELIIIC,
ETOEMIEBNT 1 Wim2 DGR R Z 5 2 72,

F7o, AL AELT, WIMIRIBR KB ERIZIEANTS
WARIZHE AR DAL 2 F A % 5 2 7=, ) R8T, Hakurei ¥



ANCERIEN B A O2A LB (LIKIE), 2018) %
SEICTHEAE O FHMEEE X, HEA 40.4%, A7
34.56%, WVEA 11.6%, IKEA 7.45%, $XEHR: 4.61%,
TOMAER, &ZF, ANA, EaNZhEh 1%R0E
BWELE. F2, “WREMELTHEAE, 1AV Ah, FFEA,
7V a7, Wwa, BErEia A, A48 #7F Ak, Kl
Sndh, WERELEE B L. DL EDOLKMtEOLE, 5000 FERM DK
JREE S R — g B T o,

2.2 BERKEEKOBEETI VY

BOK D EFITEEIIE, FHICRER LB HE A
W, FHE 8300 m, H 10 m, BATX 10 m O 1 Ko B
ETFNVEERLZ. 7V R5EIEIL 30 THY, EnEins
Uy RIEIEL 10 m EU7=. #IHIE 913 B &R T 19 MPa &
L, i 16 MPa (Hakurei ¥ MG JE i O /K K 1600
m [CFEY) LU, WIBAEAE 1T el T 345 CLREL. R
LML LT, EEERDBK 352°COEUKE 1.0 g/s m2 DEIE T
5.z, EWITEEE ) —ERAELE.

B2 S L T, YIHBEBABIO T ENLEANTHE
KOILFEMAZIE 241 HiDv 2l —ar TELNILEM
WEGZ 1. TSSO, 2.1 HiOTFT OS5t LF
CTHD. UL LD TC, 1000 4F K Ot 247 7.

3. WMERBIUBE

3.1 FBADEZERDOHETE

Yalb—arOfE R, K-—aA KIS TR E Ok
FHED L T OINCEAALTHZERH LN ER-7 (5 1
£). 42 100°CLL FOIRIR L Tk, Mg #5H 75711
TABREIL DL LB L, AT O Mg IRENMETT5
LEHIZ pH METF L. 85-200°COEIE TIL, RE LI
R L CRE A B 2SEE L, Ca & SO EAICEESh-.
100°CLL E iR EfE 2D L, A DIEELIZL Y,
HS A IcimEnc. sikiciedic o Tiiiko pH
MMET L2828, Fe, K, Zn 258 T 58 0ME < 12
fRL, MARFOZTNLOREN EH L.
3.2 BEHBKLKOMEETIVS

Vialb—varOfE R, BOKO EFIESTEII DR T
L, ERMECTHBENELDZE, BIOWBEICE-T
AL IR B DOPLA ABAL, ZIUCAHFEL T pH A EFE 352
EWRENTZ. F2, pH O EFITEIFNL T, #hHEEL TRtk
FEMIDN AL AN boT- (B2 X, 53 X).
NHOWACIE Y DL Bid, I H] TR STk B &
LEEEWTHoT-. Fio, H PRI R 25 S L U280k i
B a2l —ar T, Fry 7 uay OB ERICES TR T
TOWMBRF RSN, vy vays FEIILRENEKRIND
ZEWRIEEN TV (Tomita et al., 2020). LA Lok 5 -
EEEDD, BOK DU LR AL E BRI b EE AR
HEATHLEE ZHND.

4. FED

G4 i N Hakureith A haxt £ E LT, HEAKMH FLT
BOKERDIBRARBLL, REMBUKOL PR EHEE T HE
EBIT, TEMBK N LR/ U CEIS I AT TR EE R TS
WREY I —Yar iz, TORE, Boko EHICE-T
JEAAMMETL, ¥EE A TICB W TN EL, Z0ih
WKL T ZBILIRFBORTABLOpHD EHBFHE RSN,
WS IR I B WAL B N LR D 28RN bho Tz,
SHBOBEEL UL, KIG-HEYIal —varz2%Itic

26

JEARL, BT — 2 LT 22810, S bR 7 mk
ANZOWTEDFEMZRRAS ZATOZENHIT HND.
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Kumagai, H. et al. (2017). Cruise Report SIP-HOT II
"Explorer" CK16-05 (Exp. 908), JAMSTEC.

Nozaki, T. et al. (2021). Subseafloor sulphide deposit formed
by pumice replacement mineralisation. Sci. Rep., 11(1),
8809.

Sonnenthal, E. et al. (2021). TOUGHREACT V4.13-OMP and
TReactMech V1.0 Geochemical and Reactive-Transport
User Guide. Lawrence Berkeley National Laboratory.

Tomita, S. A. et al. (2020). Numerical Simulation-Based
Clarification of a Fluid-Flow System in a Seafloor
Hydrothermal Vent Area in the Middle Okinawa Trough.
Geophys. Res. Lett., 47(20).

R 2> (2018). 8GR 0 Al K] o0 BE 5 A BfF 7812 25 < G
BIFIRBOGA B FIEOBISE: BIEH A ) N— g VAT v o
Z b (SIP) TWRAMEARMEPE G IR A BT ) (2d01T 2 FEAR B K
TERAEE ¥ — (GSI) ONFFBHR S, HH T8 A5 #
%, 69(6), 265-303.
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1. [ZLHIC

KL MRS i ER Mt A 0D BAK R BRI, ﬂ?@hf%rﬁ&
W o IREBRRIRIB R & O BRI O 5 A I B %
Hé.%@tm,ﬁmvx%A@ﬁm%ﬂﬁ§ﬁ®%%
BT, ThoDOMEEETLZEITEETHD. L
L7 b, MTAEEOICEHIITE 200%, SUER RIS
ﬂtﬁ%@&f%@,_ﬂammaﬂtﬁM? BB i
TORECES), BELRZFEOHAETT NMET 5 FIEOR
FNROLND.

ZDOEIBRETMIZEWT, —fRAICEEY I 2 v —
varPRHVWLND. FHllENZT —Z 2 RICEEY R 2
L— g COYEECER G 2T 5 FiRE, HdE
Sal—yaroXxy VT L—alrEEns. —J,
WHETE, =2—I 0%y b7 S0OEKEE =RV
FEPRESN, RREZE T 5252 (Ishitsuka et al.,
2018). #MFEE A WD Z & CHT — 4 2R, Lo
RUMEETET MEEITH ZENTEDEANRHETHS.
L LARNG, BUKV AT LD X5 B84 % €5
MEDR SR E LG, P EIC L s Trllani-sT
SV ERE VRN AT 2T E D AR IR NS Z L T LW
EWVWHHERH -T2,

ZTOREY, KT, WEEANTEL R
Physics-informed == —7 /L% v k7 —7 (PINN) ZHw
TEKV AT LOWRE, £, BELREET IV IT5F
%E%ZB% L7=. PINN |Z, Raissietal. (2019) TiRESNT-
FHET, =a—IF %y U= ZHAWTRES HEXT

RSN D2WEE AT L5 RTER/LIFETHDS.

E7o, B LI TR, EBRO B A i LT — 4
EFRHOTRAEE (T 72, ZORFECB W, REOET IV
(LRI R ThH D bOD, Hidkn b ALz B\ T

X, BERODMZEWINET MET 22 LITE LW

Woyhoie. 207w, BEEMOHE - HIERHBET — X 05
IR S 2 IR A G 2 F AT E L : %”zﬁz v hU
— 7 EMWTEESETLHZ LT, & Rk TE %

IR LT,

2. FEOBMES L UVURIIAT—4
3.1 Physics-informed == —F /LRy hT—72
PINN 3, HABEEIC RSy H R TRk S 4L 5 W Eiikh)
LR MAIAT Z EIC X - T, WEERANCHRE 5 Tl
AR L 5. ARFETIE, WEERIE LT, EFRED
BRI OB &RFH & =XV F— A E W, Fiz,
%ﬁﬁ&ﬁkbf,ﬂm®$mﬁ EXZNE L. ZThbo
FHEAE, EFRREBICBT2EKYI2L—varTHA
WHNdbDThD. FEHNEMIL, Dirichlet TR S &
Neumann R EHO EL L EBETEXH L HIT L. £,
Za—INFXy NU—I DT —F%T77F ¥ L LT, 4END
%@ 50 / — FOEMEAR=a—F 2y U= Z MW,
ANEEEMmE L, HAOERE, B, BERL L.
F7o, BRBEE TIE, BEFEOME T — 2 CHERY LT —
BN, ganxé4AYﬁ&:iH T2V, FElLTW
DEMEETNVEERTEDE L, BUEET VEFRIFE L
Tos, BEBEEICI T #Hoxry NI —27 28 L.
3.2 KERCAWEEMEET LV
WEEIZIE, £ > K327 @ Lahendong HiZHEk (Brehme
et al., 2016) ZH#HE L7=E€7 /L% M\ /=. Lahendong i
DR FTEFAEE L FHER OWIBICHE SN TWA Z L85
ﬂT%U,%EK&&MK%@@@@%ﬁEHi@%%<
o TND. ZORBHZHEMEEZSEIL, FHE
y?®§@$®ﬁ@ﬁﬁ%ﬁﬁ$ﬁ%f@ﬁLﬂﬁbt



F7z, BEFEEICH L TEORIEICIE, — ka7 Bl
Holsk 7 Btk L= EE T v 2 W=, ok, Eakieo
IRJE L E D% 1L TOUGH2 (Pruess et al., 1999) %
WTATo . ZOBBEET NG, FIHMEEREL, %
DONE TORE, £, BBEREZEUNZRFHT—2 L L
7o ARE L7eyidhix, MER» O REXZEMET, $hEhH
IZHIEEI S TWD & Lz,

FTHME DR EZ ERLT 5720, FiIHEE LZIREX
Ml &2 NIRRE X, Tk HIRERORE X & SMEGRE
K& LT, S—tr bl Tl EIT- 7.

B = 100 [Pt 6

DIT, X R Cpreg i, BT — 4 85 X OF R (R
B, S, BEROMEMEONT NN HRT. HIHIEE
2T 10 37TV, BEEOVHEE vz,

3. BRBKLUBE
3.1 PINN CFHILBRE - B - BEERSAF

Lahendong Ml & #45 U 7= Sl € 7 /L % %} 4212 PINN ¢
TR LR, Eh, BEFREH 1 KIORT. ZboT
B LZHEEICBW T, BESENCO T, KiEET
NOFTEREIZHERTETWAZ NSNS, —F, &
BROFMIEEOEAZ TR TETHDHOD, LN
FAE LIV E O MEBE R 2 RIC THRIT 2 2 LIXT&E C
U2,

HBEETLVETIEE DTN ERQ) D —k > FEFET
EEL LI L ZA, IREONFR L OSMRRE X MO
1%, 1.6%& 3.4%Th 1, ESONIFE I OIMEIREIXE D
FRZENE, 0.52%B LN 1.5% THh o712, F£72, BERONEK
EONFER L OIMERE XM OBEL, ThEh 0.82%¢&
21% Th o7z, YIHT —F2ERIIHFEOTREIT>TND
P L, IR X &bk L€, MR X O ZEN
KEL o TND T ERNDMND.

PINN O THIME & el 24T 5 72 9, KRB EIERIS
BRAKMHEEZEE L VW=a—F Ry N7 ZHNT,
FERICIREE, B, BBEROFMEI T, TOMKE, ¥
W E AT IR O L UOYMTERE X ORRZEIT, 1.6%5
L 7.8%ThH Y, FRICHMFEREXMEIZHB VT, WEEHS
L OBEREEZ WD Z L TIREOTHREEENMER L T
HZENGmD. iz, ESIONE, SMEREXEOEE
1% 0.58% & 1.5%, ZBEBROXEIEONTE, FMEGEE X RO
FRZEIE, 0.69%B L1V 2.0%TH Y, PINN & NN TRKE/p
EWTIR LN - T,

3.2 PINN ~DEBEE DG H

HUHD B T2 WL E IS RS 72 35 A S AR
HEMETIVICEMA LG E, T —2 %AW 5721T
X, ZOREFEEEE DT HT 22 ENTE o7z,
—717, BRI TE LT, TboEEE Tl
HTEMHREE o Tz,

BRI, ARIBFEICHWEEKEET VT, mEk
DOWrIE 2 il L Eiaidm Ry — v LRI SRR
ROEEIYIHEN BN TE ST, YT —2 0HR T,
INLOEE TS A X TE o7, —JF, U
T HHEET L% PINN THREHEEZITO L2k T,
NG OREEWEDFHELZ RBT D2 LN T,

4. F&EH
AL TIE, Bk AT L E2ET AT S
physics-informed == —F /L% v 8 U —7 & EEEOHE

28

WA L RET T VERHWTHRIAELZ. ZOFEICL
ST, WEMICE D ZYRERE, £, BERSAEED
ZEERLE. BT — X BFEE LW LE TOREERS
HOFHKEE L5 TRWD, EREEEZISHT LT
ZOMBEE R CX DR A R LTz,
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