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Roadmap and breakthroughs for super-critical geothermal power generation
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A team of Japanese geothermal researchers have been investigating a feasibility of commercial
geothermal power generation using subduction-origin high temperature resources which is estimated
to be super-critical conditions. The potential of the super-critical geothermal resources in Japan
can reach to around one TW, and it can cover almost all the baseload electricity demand with
drastically reducing emission of CO02. Although there must be a number of scientific and engineering
breakthroughs to establish super-critical geothermal power generation, the team has drew a roadmap
after identification of key scientific and technological breakthroughs for power generation in
2050. The authors will describe principles and roadmap of the supercritical geothermal power
generation in Japan in the presentation.
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Characterization and evaluation of supercritical geothermal resources in Tohoku District ,
Japan
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AL )5 (CEF 9 SBIRAMBERICOVT, MEFMN7TIO—F (DILF>7—IR—-X, BRT—5
R—=R, BEFT—IIR-X, #hLl7—9IR—-X, BEar—9IX—X) &, MEKYEBEZNT7 JO0—F (N
BET—5, BHEFEET—5, EREET—5) Z6ISLICKAL, BEONBIEE, BEBE, BUkER
ROBE, HHOFOMIK, BROFRE, HRUERREORE, TFBBORE, BKCI OO EETO>Z. D
GISH'S, (1. MLAIWTSERR - BEF  XBREZTI) , (2. SHRERE  IMEEER

9), (3. HEZEAE  FHEEESRI) , (4. HERERER: OZIOXMNLEREEZTRT) OBRM
Sih S, HBERFMBOEEMmEERE L.

ZOER, 4 DOPTRIATITU— (BLM(promising), ZAM(probability), AJEEME (possibility), F
BM (potentiality)) CTERALMAS DHEERFAMMERE B/ L .

B (Promising) & (&, NRE(ETKW/h) ZEUETOMBARKEDOERIROEEN T, MFRZPTOMEIKIE(CM
2T, 7OtER, XEER, BRI SBEREERUCEEENRSVBERNRER.

SR (Probable) & (&, BREEMOLVMBFKEORIBEMICDUVT, ERICFET SMREPDMEIKRDIEE
OIREDN S H e FEHERE TR .

BIREME (Possible) & (&, HIFREBDMMEIKR(ITTOVR, HERYIEST — 5 H\5 B T HHERMIRFR (CERBVKETREBM
=V VITNTUVBEHETNSHMITT, IX M, KIMNERES (3H D HNKBERENBEGF I N S HBERA
HEERES K UZ Dt

FEM (Potential) & (&, HIREBOMEIKR(EZ LUV, MRBBRENE, 70 =TI FEHS LLERIEFR(C
NOVA Ty EEEL, KEBREEARELE I IARBRTBENES L TREET S C ENBFINBILN
g E R TLS.
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Geochemical characteristics of slab-derived fluid acquired from a study of hot spring
waters: our research history and awaiting solutions
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FE, BRETLU—EDEHAFHCEEE D TRETDEEZXSNDFBAR (XS THKFRIAE) DERBEICD
WTOMENRBATH S (BIXIE, BREFH, 2014 Kusuda et al., 2014) . FAlz5(3, PRESEHVD
BEMRRE XS THKRAEOREEMEDEXRE (U (HEARIFH, 2004 ; R, 2004) , C0,[CEATNa-CLHE
BOSESRICBEZEMIEEN, XS5 TBAKRAEDLL/BEEACH,/CO tb&:%%mf“&:d)%‘i(dﬁ%'&bﬂ%%b LU
WwCezFELRZ (KRIED, 2010 #8EEH, 2014) . COXSEERRIZRERDBEINLIND—FA
T, BHAHFICET ZFEMELRRHCTEINDIWMINVERETH S IRESTEY OIRENS XS THKR
AOEREEFRDIMEETONTSD (HlX(E, Nishimura et al., 2008 ; Yoshida et al., 2011 ; Yoshida
et al., 2015) , VY IVEBETROREIEYIOMEN S (3RS TBAKTAILC,(CEATZNa-CHERDEIE
DKFHETHD (Kawamoto et al., 2013 ; Kumagai et al., 2014) , BEBRROBIEMERKOEELZHER
EDELIMNS, BERROEREREE 7L — K REICER D TL S ETIRREHCHEIUHTULS.
Z0%, 53, BRERRSIUEAIME CEENRROABTE I IMEER/ CKELRUEDT—IEA
FlireCs, BERROBEMNRRKEKERLIIBTULBICEMNDST, BERBKDRENMNAHER (6
D-6"0) &z, (BT B0, PHeIMAHBRTH B EERHL, (0,[CEARNa-CHERDEIERRKT
HOTCEMFUEISTRKRA L (FIBODIIFoNEVWC EERLURZ (KRIED, 2015) . RR%ZE#EL THIEK
FERAEMET BDEEZTHEVCEZBRBIE SN I L LEIC, NI TRRISERKOBDDHI(C X
STHRCTHBICEEHATI SMHKEZREFEERHICENCNHOSEEBLRECHDIEERD.

(3]
WEEMREH (2005) SBREIZF, 55, 64-77.
W@ERREEH (2014) BAKIRIZREE, 44, 17-38.

Kawamoto et al. (2013) Proc. National Academey Science, 110, 9663-9668.
RERFEEN (2014) BAKIRIZREE, 44, 3-16.

Kumagai et al. (2014) Contrib. Mineral. Petrol., 168, 1056, doi:10.1007/s00419-0140105609.

Kusuda et al. (2014) Earth, Planets and Space, 66, 119;
http://www.earth-planets-space.com/content/66/1/119

Nishimura et al. (2008) J. Mineralogical and Petrological Sciences, 103, 94-99.

KREZ(EFH (2010) BREIZ, 59, 295-319.

KRIEZ (2004) 2004FHIKTERFZEAEFERERAASE TyvIa v JOBKMIBFOLAOI—EMEORYE
BE (JBEER) .

KREZ(EFH (2015) BREIZ, 64, 369-379.
Yoshida et al. (2011) J. Mineralogical and Petrological Sciences, 106, 164-168.
Yoshida et al. (2015) Lithos, 226, 50-64.
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Relation of high-temperature acid hot-springs to volcanoes
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NI —BKR(E. REYEEFHWHSREAEWERNIERT BB THD. BNEFEEBER. BRIXILF-&
R, SEMEREESH. NBICREEERLSTIBTEH D, NUMERFNILFDEH S EBER(CEh > T
MR, PHRIEYIR. REARERERENRELD, AT IILF—ERIEIDSEOHEECYROFEER
BHATHBARTRTH D, KDFDEOBIERDFERBICDOVTIIRBERBELOTUSD, €Ty ARETIE
SEBUREANLEDBERERABL. AT ILFT —EROBAEEGZRTITIHOERERE Lz, A
BRAE. NBUEREBROBIE., D)REEARIGOETE. 3)REEODERER. 4)FFREBOHE. 5
HDICOHDOFERE, Uk,

NEMEERKEVIVHERE (KILHTR) EXRKEDEEMTH D, B - KERMALLERICREBI NS EI
BDBEIIBATUNRIEET TTH D, MKRICHTIZERS (800C) &{XEK (25C) OEHMESEUNT
EFILETEIZ. EEMNI00C TRKEHMELDNICEERIICHBEINEEKDEESHRNBETHDEERIEL
Zo
DEBERORAEARIGIIVEE Y F VEICHHNIND D, AR (- NER) NEld 358EEh ShMAETS
BEEBANEBITIT S, BERDAERDIEE B NSDBERICABL. AR (- 0R) N9CETLT
WBZEeETREBLIEZ,

BRI AT <S04-C1BLE SO4BYC DI N, BIB(F ST SICHOASEBE E SU4EER CHAD I ND, COMDD
FEEBRE L TR DECHBILETKRIGDEREENKEFEHE SMBELMIDIBRNEZI SN T D, HHICE
{LRTIREZ HIE U 2 RIS ARG ET IVETEOSETMERE T CHOS-ED, B{EMEEE T T4 AN
BEnsd&anELTz,

LHBERADMEEEENBERBERNABEKR I D ECBIREREETH DN, BOSNIEEE TRIADFEE
REL TKDITFEE ., XEOMEESEKECRTITdE. BBELD LAUICMB LR, VI VHRIANEK
EREA LU THBUBKEBZER L TLWSEEERIEL TUSIDOMNE LMK,

DAL RILF —BRORAESESNERLEN 7 FURKBEKBEL TS Y T 1 HKE(CKRITN. AIBESEH
BRKE, BEIIBYHEESKENET D, XEICRSNDELREISERDEFREE. HREH. SYERRIC
L BHE. MRBRTHD. MEERETLIZ0,

AAEDSEDBRE. MLUEBEROBEROEBRE ., AT ILF - FREFOERBERE U TRIDER
hns,

F—OU—F BiER. AL, HEF
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Seismicity Surrounding the Super-critical Fluid Distribution in the Crust: Some Cases in
NE Japan
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We have been imaging electrical conductors underneath the volcanic regions in NE Japan using
magnetotelluric method. These conductors are compared with seismicity in detail. High seismicity
distributes above the crustal conductors beneath Onikobe Caldera, Naruko Caldera, and Sanzugawa
Caldera. In these areas, the cutoff depths of the earthquakes almost coincide with the top of the
crustal conductor. The high seismicity zones are above the conductors and are in the resistive
zones. These links between the fluid and seismicity imply that the fluid distribute in the ductile
region and capped by silica cap due to the low solubility around 400 degree C (Saishu et al., 2014,
Ogawa et al., 2014). The episodic invasion of fluids into the resistive zones will trigger
seismicity by abruptly increasing pore pressures (Sibson, 2007, 2009).

In the case of the Shirasawa Caldera, there was high seismicity after 2011 in the central part of
the caldera (Okada, 2014). We have found that this seismicity is located at the western rim of the
conductor, which implies that fluids may have invaded laterally.
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Estimation of the correlation between temperature and resistivity using ANN approach
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Accurate estimation of the underground temperature is essential for the resource evaluation of a
geothermal reservoir. However, the quantity of temperature data measured in boreholes is usually
limited and therefore the estimation of temperature distribution at depth is often difficult. Here,
we have tried to indirectly estimate the underground temperature by geophysical data that depend on
temperature, by applying the artificial neural network (ANN) approach.

By using ANN trained by geological and geophysical data, this study aims to estimate underground
temperature by resistivity data obtained from magnetotelluric (MT) sounding. MT investigation can
estimate resistivity of deep underground easily and reasonably. If we can estimate temperature of
deep underground from MT data, for example, we can find a promising geothermal reservoir and decide
the location for development of a geothermal power plant.

We chose the Kakkonda geothermal area, Iwate Prefecture, Japan, as a test site of this study. It is
because the area is underlain by a high-enthalpy geothermal system, reaching 500°C at 3700m depth.
In addition, many drillings and 2D or 3D resistivity surveys were carried out before.

We educated the ANN by position, depth and temperature data from well logs and resistivity data
from MT sounding. After that, we tested various ANN structures to verify output temperature with
observed well log temperature. As a result, we obtained good agreement at up to about 2.4 km depth
where we have a lot of drilling data and fine resistivity data. However, fitness was not good at
deeper part because drilling data were limited and the resistivity structure had low resolution at
this depth.

F—O—R:AIZ1—-3J)bRY D=0, LiEH. BE
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Laboratory study of induced seismicity in a brittle-ductile transition regime
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HTREREIC & S BEIRFINEDEREFB U CHKBERIRI S(CHc T, FRME CETKEDABMITE
[CLO>THRETIME) OUIIBREEZFTENVEDTHD. RARKEINTL\ StEETERE (I LLERIE
B BERATHSCOHRUNLENZEESERL, FRMBLZSITRIIH, BRFMMTEECTIZE - &
ERBETOROC, aBNEENENZERHERL, FAMEOBBEETVNEEXSNTEZ. LHL, BRA
DEGACL B &, HMTInEREDFREBICHUVTE, BNMEEREEL TLBSCEREAThTU

3. Efz, KIBLE DREPIEHITEMEM — BUEBRBMEEICH UV TEMRARMNMEEZ RIS CERLESN
TUS. COLDICEBRFAMATBEFEA CEMRNBUENESEZES, WIMIENREEITIHEENHE L
BN TERM, ZORERECANZILICDOVTIE, HBERFMEFEREICE > TEZENICEEELRE

4, 500°C, 100MPaIfE CHFHAMEREZAIC DUV TORIINSEOBIRAMBABR(ICE >DTEEELMNRE
5%, EROREAIC, BEFIREICHDIEMRATRET IMERERREERL CHHICE, ek
MBBRER TOMESRRNE E (L, ERERICLDRINERLFERELED. LT, BREABERICH TIDH
FHIMBBEE DO (CEBN 7 7O—FORRICDODULTLE1—-L, ZOREROCSEORFEEZRELL. R
FERIEICH VT, BBRECERRIEDEERLICLDMEBRERUEPLCZNICL O THERINLHENA LT
ALEEATEMERIIT S C ENERNEAERICHITIEBRENDVOEDTH D
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Permeability of high-temperature fractured granite under confining stress
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A new and economically attractive type of geothermal resource was recently discovered in the Krafla
volcanic system, Iceland, consisting of supercritical water at 450 °C immediately above a 2-km deep
magma body. Similar resources may be widespread below conventional geothermal systems. However, in
case of such geothermal resources, it is expected that the reservoir rocks are ductile and have low
permeabilities. One of possible ways to enhance permeabilities of ductile rocks is hydraulic and/or
thermal fracturing. Although creating fractures may be possible, there is concern about the
permeability of the fractured rock after recovery of temperature and/or effective confining stress
to the initial state, at which plastic deformation of fracture surface may occur. The present study
has experimentally explored permeability of thermally fractured granite at temperatures of 350-500
°C under confining stress up to approximately 100 MPa. It has been found that, at each temperature,
a change in stress decency of permeability occurs at a specific stress level, beyond which
permeability reduction with increasing effective confining stress is much larger, and the
permeability reduction is irreversible, due to transition from elastic to plastic deformation of
fracture surface.

F—OU—F I RER TR, B
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Depth distributions of magma chambers under old calderas revealed by melt inclusions, and
their relation with geofluid activities: Examples from Shirasawa caldera, NE Japan
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EillY OV (FHBADKFMEHEDREFELY —IXTHD, TEOVIVEIDORELSKEDEERZE, L
BRI 1 F = O BRI S LTEETHS. K, 0MNFEORIHPRIMEBELIRE, Z<OBERMENSD
WFSTTRELTED, RFREFBNREINTLS(0kada et al., 2015). BIRAILTSEFZEDLSEEA
WFSO—D2THD, BEOXLTOY ~OHI15 kmREIICMEY D. EDERENILT-8 MaTHBH, BIRS
LT ST CEIINERREECLHERBERERENGIIN, BETCEMRBRREOEEIAHEVOTUS EREBIN
TW3. COELSENIVTSTOMERZENLREEZRASMCTBROIC, GNILTSEBMFOXIL-BE
MOBENZTV, YVIOVBIODDOREDH, XILEOEKE, DMEBREHESHNCL, HERYIEER & DR
Zf1o/2.
BRADILFTSOAERDAIL ~SEVDEETHRBMRIE, B7ILAURKEICHEIN, RIREOMENL Y
RICESD. —EBDERIISIO0,ICHEINZ L KKOICEH, REA+ARDMEEL Y RTHIATES. METER
R FBIMXEE CTRIBMET S ESr, BLBREARAHD, RERADEHEANNTHS. LEMR>T, AEPOD
XV -BENEREA—AREOHMSERERRRLTVSEEZX SN, HEISEROEDKEED SHER
NEWEIT B ENTES(e.g., Blundy and Cashman, 2001). HEINZ XL NEEYIOBEEHE, E(C
30-300 MPalcEA L, EZ1 kmh\51 kmE TLEF U DDGRIICHMELTcC EMNTRBEINS. e, REVE
HEX IV SERES S, Z<OYYTIVMBETILAYRFICHEI NS CEHS, KREaBEXINERRER
EIBE, TOREFEIIHN0-20 km&HEI NS (Best and Christiansen, 2001). FT-IR(C LK DIERIMERM D
AENS, XIL-IBEYOEKE[R2.8-5.5 wts, (0,EZHE(I38 ppmA T THD. COERMERDEHLS, D
< ETRET-5 kmTEX IV EHOICEEFML TUO e C EMBAS A D TZ.

—7, BRALFT ST TCRRFEMEREICEIDAILTSREM.S kmiEETH B &, FE2-5 knlCREHE
R0, KEECBEUERREDEFENTEINTLIS(Sato et al., 2002). Ffz, MERNEIT ST r—ICK
N5-10 kmlT{EVp, Vs - @R Y VLEDMEHM, 10-20 km(T{EVp, Vs - AR Y U EHLOSEEHAER I N TS
D, KFACECEAEHANSINTL S (Nakajima et al., 2006). CNSDEREFPRHEEE, AAETR
BESNEEAMEBEVYIVEBID)IREDT-1 km, SXUCVIVREERE(10-20 km)(CHIGL, YIVEID
DEEH DV EERENRAETBBLELOTLHEEISNS.

Best, M.G., Christiansen, E.H., 2001. Igneous Petrology. Blackwell Science.

Blundy, J., Cashman, K., 2001. Ascent-driven crystallisation of dacite magmas at Mount St Helens,
1980-1986. Contrib. to Mineral. Petrol. 140, 631-650.

Nakajima, J., Hasegawa, A., Horiuchi, S., Yoshimoto, K., Yoshida, T., Umino, N., 2006. Crustal
heterogeneity around the Nagamachi-Rifu fault , northeastern Japan , as inferred from travel-time
tomography 843-853.
Okada, T., Matsuzawa, T., Umino, N., Yoshida, K., Hasegawa, A., Takahashi, H., Yamada, T., Kosuga,
M., Takeda, T., Kato, A., Igarashi, T., Obara, K., Sakai, S., Saiga, A., Iidaka, T., Iwasaki, T.,
Hirata, N., Tsumura, N., Yamanaka, Y., Terakawa, T., Nakamichi, H., Okuda, T., Horikawa, S., Katao,
H., Miura, T., Kubo, A., Matsushima, T., Goto, K., Miyamachi, H., 2015. Hypocenter migration and
crustal seismic velocity distribution observed for the inland earthquake swarms induced by the 2011
Tohoku-0ki earthquake in NE Japan: Implications for crustal fluid distribution and crustal
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permeability. Geofluids 15, 293-309.
Sato, H., Imaizumi, T., Yoshida, T., Ito, H., Hasegawa, A., 2002. Tectonic evolution and deep to
shallow geometry of Nagamachi-Rifu active fault system, NE Japan. Earth, Planets Sp. 54, 1039-1043.
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Occurrence of rock fracture under the rapid decompression condition of hot water
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In our previous water-rock interaction experiments under the various hydrothermal conditions using
granite or artificial quartz samples, clear cracks or fractures in the samples were observed under
the specific hydrothermal condition. This phenomenon was derived by heat stress of cooling by
evaporation of water. And, this cooling effect is caused by latent/sensible heat of water. So, it
is possible to generate heat stress by rapid decompression of high pressure hot water around the
rock samples. Understanding of details and application of this fracturing mechanism may be useful
for technological development of geothermal reservoir usage or clarification of vein formation
mechanism in the Earth crust. We tried to rapid decompression experiment using granite sample.
Experimental sample has a borehole, and rapid decompression is started in borehole bottom.
Experimental conditions are from 500 C - 30 MPa to 600 C - 45 MPa. After the experiments, we
confirmed the fracturing around the borehole by X-ray CT. In addition, we observed porosity and
p-wave velocity of experimental samples. As a result, Fracture and porosity were increased with
temperature rising. Maximum porosity was 3.3 %. P-wave velocity was decreased with temperature
rising. And, some sample's has a very low P-wave velocity that it is below water's P-wave velocity
1.5 km/s. These results indicate that it is possible to make fracture in rocks under the
hydrothermal conditions with rapid decompression.

F—U—F  [WERRE. ERBUKEEER. ECOF. BUkESEiEEIN (HDF)

Keywords: rapid decompression fracturing, Water-Rock Interaction, granite, Hydrothermally Derived
Fracture
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Molecular Dynamics Simulations of NaCl-H,0 fluid: Prediction of Electrical Conductivity of
Salt Water in the Crust
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KOBFEE. EADEIREECKBOEZEE ZMEN - MZNICETIEIUHERSD. ZORHPEZA
BDCENMEREDANZILEERRIT D LTEETH D, MRICHITIKIE. HRRET T VEBNUZIEK
ELTEAETBIEEZON. EN7F VEBEICLIDERBECEEALDEMULEVERICEEETR I,
DFKEEENDBSCEENEZZFNAL T, BRIGEEOEAN SEKODHEARDHANRERHINTL)
3o ULHULEMS, GK (NaCl-H,0) ODEBERUTEE(I0.4 GPaF TUMNHISNTHFSF(1,2]. MmEBELT
BERGICHITIEKOESIGEENKEBIATH >Elcdh. MROEESCEEBERKODEFAETHHATESD
NEDHDERNTEEN DI,

BAQ (3. REMEEIT SRE - ENRETNa(L-HOREDOBMEEE - BE - D FEHEHSHICT B

. HHEDFENZE (M) SHBEEXfLIZ, ERT—IDEVEE - BF - SEEERBENRET B

O, ITHRAREEBITKOYPEEBIR - FATBIHIDFETILEERL. ZOEBYPUES LUBEELTO
MEZEMEENSERLIZ[3]. RICCOHODFEFTIVEAVT,. NaCl-HORENDEE - FREMEXRZHE
L. NSOV OEYIMEDZALE KFEOKMFREVSZ OO TEHRAL 2[4]. RIZHIICNaCL-H,
ORMENERGEEEMETENSER LTZ[5]0

AFKTE. NaCl-HOFRAEDMBATHOEEF ZHRI D& CElc. BRSEAICLDERINTLSHIRLIE
HAHFNEBRMCEEFTERKTHAL LS E LRIBAIC. EQOXDTIREE - FEENMENCDVTE
I D,
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Development of the Stokes-Darcy coupled flow code for simulating the geothermal system in
geological time scale.
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The geothermal systems of subduction zones are of great interest as a resource of geothermal
energy. In order to evaluate the sustainability and assess the environmental impact of geothermal
systems it is important to model their formation and their dynamic evolution. We use numerical
simulations to quantitatively investigate the dynamics of crustal deformation coupled with fluid
and melt generation for periods ranging from tens of thousands up to millions years. Numerical
codes solving Darcy’s and Stokes equations are commonly used to simulate fluid flow in porous media
and solid crust deformation in the geological time scale (e.g. Bauville et.al. 2015), respectively.
However, these earlier numerical simulations did not address both the solid rock deformation and
porous fluid flow in a coupled manner without large simplification.

This presentation reports the preliminary results of the development of a coupled simulation code
solving Stokes and Darcy equations. The governing equations are based on the work of Katz et. al
(2007) which deals with compaction pressure in addition to the hydrostatic and dynamic pressure.
Our implementation is designed to include concepts of fracture network commonly used in the
engineering field of ground water simulation. We use a hybrid discretization scheme with 1) finite
difference method with marker in cell scheme for the Stokes part and 2) finite volume method with
unstructured grid for the Darcy part. The non-linear equations of the system are solved by a JFNK
frame work (Furuichi and May, 2015). We will perform a series of numerical experiments to
demonstrate the feasibility of our developed code.
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