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Science and Technology for Geothermal Frontier
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TSUCHIYA, Noriyoshi*
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LGraduate School of Environmental Studies, Tohoku University

This project should cover multidisciplinary scientific fields such as geology, geochemistry, geophysics, water-rock interactions
rock mechanics, seismology, drilling technology, well logging technologies, reservoir engineering, and environmental science.

(a) Characterization of rock mass in BDT

Preliminary work by the Japanese researchers has revealed some of the behavior of the rock mass in the BDT, such as t
drothermal brecciation and presence of hydrothermally derived fracturing (HDF) (Hirano et al., 2003). However, fundamental
understandings of key parameters such as the stress state, lithological structure, mechanical and compositional homogeneity,
thermal characteristics require much additional work. Laboratory tests would be the most effective means to obtain fundamentz
knowledge on the ductile rock mass in the initial stages of the project combined with analysis of core samples and pore wate
collected from an experimental borehole. This combination of laboratory and borehole data will generate, new knowledge on thq
rock mass and provide constraints on, and validation of the laboratory tests.

(b) Creation and control of the reservoirs

The HDF would create a brittle fracture network consisting of very fine fractures at grain boundaries, is created by cooling and
depressurization from the borehole in the BDT. If a similar process operates during drilling then cooling of the ductile rock by
the drill fluid may be expected to induce a grain-scale fracture network in the near field of the borehole during the drilling phase.

(c) Numerical simulation

To achieve sustainable energy production from EGSs in the BDT, it is essential to design the area of heat exchange betwe
water and rock, and the risk of shortcut flow paths must be carefully evaluated. Simulators with capability to handle T-H-M-C
behavior of the rock mass are expected.
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Deep seismic reflection profiling in geothermal area: case study of Shirasawa and Shich
gashuku calderas
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Octcurrence of rock/mineral fracture under the rapid decompression boiling condition of
water

TR T FEER T A M L A B R HIE L R s !
HIRANO, Nobud* ; AOSHIMA, Satoshi ; KASAHARA, Naoya ; OKAMOTO, Atsusht ; WATANABE, Noriaki! ; TSUCHIYA,
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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. We have nam
this phenomenon as "Hydrothermally Derived Fracture (HDF)”. Understanding of this fracturing phenomenon may be useful
for technological development of geothermal reservoir usage or clarification of vein formation mechanism in the Earth crust.
In our previous experimental results, HDF were progressed under the high temperature and low-pressure condition. The rest
of detailed observation, it was thought that the thermal stress occurred with rapid cooling of rock/mineral sample surface by
condensed vapor dew. Similarly, rapid decompression from the high-temperature/pressure state causes, the temperature drog
latent/sensible heat effect. Therefore, when the such rapid decompression was occurred around the rock/mineral samples, HI
may occur under the hydrothermal condition. And so, we attempted rapid decompression experiment from the over 20 MP:
/ 400?C hydrothermal condition. As a result, the fracturing in the samples was progressed clearly. Therefore, decompressic
fracturing is possible and the same phenomenon may arise subsurface of near the volcano or hotter and deeper crust with wat

F—U— R VKN (HDP) |, S OEVKHENER, 20T, fekda, Sl
Keywords: Hydrothermally Derived Fracture, Water-Rock Interaction, rapid decompression, granite, fracturing
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Fracturing of granite under pore pressure and evolution of permeability
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I ERERERT OB 20 MPaIZ ) 2 /BRI A R DIRIBHRIZ 2.0 X 10719 m? Lixo Tz, —HliEMEHHIEZ OERS
URLOIRIB RIS R & LEATHIIN U, BT 20 MPa EIBR/KE 0 MPalc 38U 2iiE%1E 2.5 X 1078 m? 35N iz, £
T % DR OB R I BB/ E DI RN BN U, BIFR/KIE 15 MPaTIXiRiE#RIE 7.0 X 107" m? I Lz,
ZC, B R & SNSRI 2 IBUKIEI I L FIRIGR NS % T EMHL MR > Tz, F Tz =il EARR SR A I R
IKFEDBIC DA U, BIBR/KE 0 MPalc 35\ Tld 400 MPaTdH - 724, BlR/KE 15 MPaTld 350 MPak i L 7z,
Tt U 7z el i BRI R i & NS Ta 7 5w 7 e sl % T e h sk Tz,

il EAER A RN B RBRKE OBIAMC X 0 IERMELFINC LT 2 RN & U T, BIBRKEDKEWIZEE
U275y 7 OIENEML, £72id 75 v 7 Okl « (O A E LIE TS LICERT R EEZ NS, X
72T DY Zy 7 OIHEOZ LD = EARIHIERE O BB L TV B EALN, REREERT 5 LTI I Ty
T DRIARREIZ —DDINT A—R L2 D 5 %, 543 X 0 BHENBKIERFOBFEZ HIE L, 21 R TOKE ERIC
X B EERDE R R COREHENC B 52K - BBRWEEITS TETH 5,
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he numerical study for behavior of fracture aperture associated with cold fluid flow
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KANETA, Kousuké* ; MUKUHIRA, Yusuke! ; SWENSON, Daniél: ITO, Takatoshi
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Hnstitute of Fluid Science, Tohoku University, Japaklechanical and Nuclear Engineering Department, Kansas State Univer-
sity, USA

Power generation of geothermal power plant sometimes decreases due to reduction of reservoir pressure. Reinjection of us
geothermal fluid/cold fluid into the reservoir is conducted in several geothermal power plant to keep/recover the reservoir pres
sure. It is required for recharge of reservoir pressure that appropriate condition of reinjection in terms of injection pressure.
amount of injected fluid, and heat balance. On the other hand, it is empirically observed at some of the geothermal field tha
amount of injected fluid increases when lower temperature fluid is injected. In this research, we investigated relationship betwee
temperatures of cold fluid and fracture aperture, using numerical simulation.

We conducted numerical simulation for the change in fracture aperture when cold fluid flows into the fracture, using 2D FEM
code” GEOCRACK2D" (Swenson et al., 1995). We set the condition that cold fluid was injected into a single fracture within
high temperature rock mass. In this simulation, cold fluid flowed from center of fracture to edge of fracture. Fluid pressure was
1 MPa at center of fracture and 0 MPa at edge of fracture. This given pressure condition made fluid flow from center of fracture
to edge of fracture. Initial temperature of rock mass was 80é@nd that of cold fluid was 10@. Initial stress condition was 20
MPa in x direction and y direction.

As a result of simulation, the fracture aperture increased with time although 20 MPa of normal stress worked on the rock mas
and fluid pressure was at most 1 MPa. It was also simulated that the rock mass around the fracture was cooled down by cold flu
and cooled area extended with time. Normal stress on the fracture decreased. The area where normal stress decreased exter
over time.

These results can be interpreted that cooling of rock mass by cold fluid caused thermal shrinkage of rock mass, which de
creased normal stress on the fracture surface. Finally, the fracture aperture became large, suggesting increasing in permeabili

We also conducted the simulation for the effect of difference in initial temperature between rock mass and cold fluid. We
compared the change in fracture aperture about four temperature difference conditions. Fluid flow, fluid pressure, temperature ¢
rock mass and initial stress condition were same with first simulation. Temperature of cold fluid w&s 160°C, 200°C and
250°C.

As a result of simulation, the fracture aperture increased drastically when the temperature difference between rock mass ar
cold fluid was bigger than 15T. The fracture aperture slightly increased when the temperature difference is smaller than 100
°C. The bigger temperature difference was, the earlier fracture aperture opened. The results of simulation suggested that the
was the critical value in temperature difference between °C08nd 150°C. It was summarized that the fracture aperture in-
creased and that the fracture permeability became large when the temperature difference was bigger than the critical temperatt
difference.

F—U—F: HENRE, SR, SR, 2ARIE, 2R, BUKET - 8
Keywords: Geothermal reservoir, Fracture, Aperture, Thermal elasticity, Thermal shrinkage, Reinjection
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FISIip—abIe area: New index to evaluate the fault area under critical state based on micrc
seismic data at stimulation
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Hnstitute of Fluid Science, Tohoku UniversiBAIST, 2Geo Explorer Ltd.

Unexpected occurrence of felt earthquake has been big issue as critical environmental burden associated with geothermal c
velopment and other energy extraction. The magnitude of seismic events induced by fluid stimulation is generally small enoug!
to be perceived on the ground. However, at the Basel, Switzerland, some of the events had large magnitude, resulting in tf
shutdown of engineered geothermal system (EGS) project. Our previous study has revealed the fundamental characteristics a
the trigger mechanisms of the large event at Basel. However, we have not reached full understanding of physics of the larg
events, which enable us to control or manage the magnitude of induced events.

Concept of Slip-able area

Our previous study suggested that the dynamic behavior of pore pressure especially propagation of pressure at the shut-
correlate the event magnitude because many of large events occurred at the shut-in phase in Basel. The pore pressure grad
should exist from the well head to the pressure front during the stimulation. At the shut-in when pumping is stopped, the pressur
source despairs and subsequently the pressure gradient may become small with time. Finally, the pore pressure in the reserv
will go back hydrostatic state uniformly. In the relaxation process of the pore pressure gradient, it can be expected that the por
pressure at the far field from the well might slightly increase to average pore pressure increase in whole reservoir. Pore pressu
increase at the front of the stimulated zone may put large part of the fault plane into near critical state. In contrast, only some pa
of the fault plane may become critical state, when the pore pressure increases with the pressure gradient. This is the expect
scenario for occurrence of the large event at the shut-in.

So, in this study, we originally defined new concept of Slip-able area, which describes the summation of fault areas in study
area, under critical state during/after the stimulation. The informations used in estimating Slip-able are given by the detailec
analysis of microseismic events and stress information. Slip-able area can provide the information of the potential fault are:
which can have shear slip at semi real time. Slip-able area can be directly converted into the event magnitude, suggesting it
also available to the risk assessment of the large event.

Methodology of estimation for Slip-able area

We propose the methodology to estimate Slip-able area as follows.

1.Determine the number of the potential fracture within a given rock volume from microseismic data at the first stage of the
stimulation.

2.Characterize the size of the fractures from source parameter of microseismic events and their critical pore pressure for she
slip.

3.Divide the reservoir area into a number of the block with the same size of stepl.

4.Determine the stimulated volume in three dimensions by the divided block and information on occurrence of microseismic
events.

5.Infer the number of the fracture in a stimulated volume determined in step 4.

6.Estimate maximum increase in pore pressure at given time in each block of stimulated volume.

7.1dentify the fault area of the fracture under critical state using the information assummed in step 2.

8.Integrate all fault area of the fractures identified in step 7.

We have to note that the methodology shown above includes some steps with much difficulty or impossible because determ
nation of critical pore pressure is based on the information on orientation of fracture plane and stress information in study aree
These informations are not available in many of the geothermal field. Estimation of fault area also required high quality data
set of microseismic events. In these cases, it can be valid for simplification to use appropriate constant values like b value as
substitute for characterizing of fault size.
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Hydration of crust through brittle fractures: Example from Sor Rondane Mountains, East
Antarctica

FEF R T RA Y TR iy
UNO, Masaoki* ; OKAMOTO, Atsushi ; TSUCHIYA, Noriyosht
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Bl NS OMUERSHED S FICARIEN OB ENTVE EEZENTED, GKIEMICEATN S EAVR
BEND. LHLEDD, ZTOXKS EEIIHTEND HO i fitiG D& & Z DRI S 0IcZa > TR, N
WICET BTABEHREE LT, BBEREF YRV 7 T70—0 2 0N EF5Nn%. Bl FOKMTIERFAEA LT
TV EeM5, Mtz NS Fv 2V 770 =Nl 5 N TRENS. ABIFETIE, HgA\ORIAERGIC
WS B W MERHE OB 2B SIS 41, Mt —)ba > 2 — 3 Ui s 0,  HiiR- A )V Sk ES & i LTz,

A TIE, BRE-ABA-DA L AGIHEREESIRDIEMENICEA L TED, ZOMICKICHDMEREN TS
(Fig. 1). Z DERSEMBIHAGDOED S RE NI FEBHGERST T L HER T N, MAHGEERITICERT % X)L F-Ea0D
T ACERIHEER 2854 2 DI L TV 5. RESICHT B IERMEE SIROAREEI 13 10-2092E TH D, Bt
ICJEER) 5-10 cmD SR EN TS, {ERAIRD SRIE X TRERESLITD 4 DORISHICTT BN, ZOFh
YA ELRIE RO TH S ¢

i) {ERdE R

[quartz + plagioclase + K-feldspar + biotite + rutile + zircémuscovite]
i) RV T LY R-FLETA ME
[hornblende + tremolite- quartz+ apatite+ biotite]
iy FLETA N-HERE
[tremolite + biotite + spinelt hornblendet pyroxene]
iv) BER-ARIADADLAS
[olivine + orthopyroxene + biotite + hornblende + Cr-spidemagnetitet apatite]

INHDRENE, TEREE AV FD LRI E Nz HoO ERES L DIk IS e L THEIfRE NS . fERGIROFEA L
FRCHET BV 7 Ly RICHERERT U 2580 L7ckR, < OWKRISOIREIZH) 700°C & REE 51 %.

AT, RICTHT CIERE NE/KIE OB 5, fEMaBE AV bt E NIz HO B2 HED, J/KXV b2
ELUTEIR Mt E N AR L Z Ok, HAD HoO N A 1 = X L7z 5.

51 :
[1] Holland and Blundy, 1994Contrib. Mineral. Petrol. 116, 433-447.

F—7— R HEGaRAk, BatEmiE, 2V, Wok S, 7k—EAHEAER, mf
Keywords: geofluid, brittle fractures, melt, hydration reaciton, fluid-rock interaction, Antarctica

Fig. 1 Biotite-hornblende-peridotite (brown) intruded by granitic dykes (white), Ser Rondane
Mountains, East Antarctica. Note that reaction zones occur at the boundary: green or black layers
are hornblende-tremolite zone and grey to reddish brown layers are tremolite-biotite zone.
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Composite basaltic andesite lava in lwanuma (Miyagi, Japan): Differentiation along seg-
regation veins and columnar joints

AT RO 25 A W
KIMOTO, Kazuki® ; ISHIWATARI, Akira'*
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LCenter for NE Asian Studies, Tohoku Uni¥Dept. Earth Sci., Grad. Sch. Sci., Tohoku Univ.

BEERERIE, PREFICHSEDEZ D 3-5m D& DAY Kuno (1950 B M, 56, 167-172 7= I X > THE X
NV, Bar, K FEUBIREEN 2R ZEH BH—0mila=y M/ L, LK% % EoBiiic sy
FEIRDFEE LTz, IERICREWESTAGRZR A LD T, T ITHET %,

i (15-13Ma O LREEZILEDIEE 110 mL FORENEREESETHORAHICHEL T 5, 1-2mH
FROFEIRFEEAFZI LRI K S HET B, TNEEBBEIRTH D T (0-42m)iE0%° Si0, I E A (55 wt.%), 1P
(45-110 M) SiO, ICZ LU (52-54%), FHATIE N & EEORIC Y ¥ — T REBEFRUIMER T E RV, 8 N TIEses
BITEWAFEOREAD, FEBE20HIRL (0.3mm), LRIk (0.5mm)TH %, IAETRDEGRITIZIRNT Y >V H—
WHERTE AN, HHIIRBIN TV S, TORETRICIE, KD 5 6-14m, 45-64m, 80-95mD 3 JEHEICIZIZ/K 7257 FE R
WNERFEET o JEND 6-14mDEDIFEE ImmELE T 1-10cmilf@ TH . HI RAE TREA LSk a DM E &
s, 45miHEDE DIZEE 5-15mm T 10-15cmilfE. 52-64mDE DIZJEE 3-5mm T 5-15cmiifE TH v . fEME TR
EfA. ¥Vg UlA, CalcZ LWisaaZ2E8T, 80-95mDE DIF/EE 3-5mmT 5-7cmiEifETHh b . dik & [kt
% - YA G DR ZRT, D SEIET S &, HERO S A )L MEKR A b D A )V b 7096855 b L 721 D58 T
BB, TNEONFEMRIE. FIWISREHIHEIC X > TECREKEREINE WORETHED) 1S5k iR L TR
INEDEEZ LN, TNHIRTASDEHL L LEHRD S EE R EEIC K S RET 5, IR SN2 MEITIRD
FEIRIE BT A TE OREIL T H % 6

FRRETFIIIRIE KPR S R REICHE ., DHIREE2ICY > TW5, FERETHE O ICHET 3 5a3A0 R
HOAEAL D BEEMEL, HFTRSENRLNZ D, HOHRIBOELIETEEETIZEALREEL THEY, T0D
C bk, FRIREPRIE ORIR (BCRETED) K0 &%, KO KEDIKE TR E NN, ZORRTEZD AL M- T
B0, BNEOEICHE> TEFDELD AV SHRFERIELTZC EZRBT 5,

F—U— R EETEETR, 7HEIR, SCRETEL, ARETH, XA Zea, # o ErE
Keywords: composite lava flow, segregation vein, platy joint, colunmar joint, basaltic andesite, crystallization differentiation
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The formation of the permeable-impermeable boundary within the Earth’s crust revealec
by silica precipitation

B AERE T AR B R g !
SAISHU, Hanaé&* ; OKAMOTO, Atsushi ; TSUCHIYA, Noriyosht

LN ATIBOE NPE SRR B ISR, 2 ALK E R A BB B R A 2R
LAIST, 2Tohoku University

Silica is one of the dominant constituents of the Earth’s crust. The permeable-impermeable boundary corresponds to the brittl
plastic transition at 300-450 C [1]. Ubiquitous occurrence of quartz vein is one of the evidences that the spatial and tempora
variations in permeability within the Earth’s crust are affected by silica precipitation in agueous fluids. However, the role of
silica-water interaction on fracture permeability is still unclear.

The Kakkonda geothermal field, Japan, has the well WD-1a that penetrated the boundary between the hydrothermal convectic
zone and the heat conduction zone [2]. Calculation of quartz solubility along the well WD-1a revealed that (1) the depth of a
local maximum of quartz solubility correlates with that of the strong reflector in seismic data at 350 C isotherm [3], and that
of a maximum of fracture numbers revealed by the logs of FMI [4], and (2) the depth of a local minimum of quartz solubility
correlates with that of the permeable-impermeable boundary, in either case of hydrostatic or lithostatic conditions [5]. These
results indicate that (1) the preservation of open fractures at the margin of the Kakkonda granite is controlled by dissolution o
quartz, and (2) the quartz precipitation could occur from both downwards- and upwards-moving fluids, which could divide the
hydrothermal convection zone and the heat conduction zone.

The hydrothermal experiments of temperature dependence of silica precipitation were conducted at 24 and 31 MPa and 17
430 C, by using the solution made by dissolution of granite. The large amount of silica precipitation occurred only in the
supercritical conditions of water-390 C). Strong temperature dependence can be explained by the homogeneous nucleation of
quartz in the surface energy of quartz of 130 nJ[&j.

The results of the calculation of silica solubility at the Kakkonda geothermal field and the hydrothermal experiments of silica
precipitation suggest that rapid quartz precipitation via nucleation could occur when fluids are brought to the depth in the super
critical conditions of water. The forming and sustaining the permeable-impermeable boundary within the Earth’s crust could be
controlled by precipitation of silica minerals.
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