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Overview of the ‘Studies on Deep-Seated Geothermal Resources, with Special Emphasis on
Analyses and Evaluations of the Deep Geothermal System at the Kakkonda Area, Japan’

By
Hiroshi SHiGENO!, Hirofumi Muraoka!, Tsuneo Isumo! and Keiji KIMBARA?

Abstract: Exploitation of deep reservoirs at the geothermal areas, where shallow reservoirs have
already been utilized, has been expected to be one of the promising ways for promotion of
geothermal power generation in Japan as well as in other countries. However, poorly known
environments at depth and economic development of deep resources are essential problems for
geothermal exploitation. In the New Sunshine Program, the ‘Deep-Seated Geothermal Resources
Survey’ (FY 1992-2000) has been conducted mainly at the Kakkonda area, Iwate Prefecture, by the
New Energy and Industrial Technology Development Organization (NEDO). By drilling the 3729 m-
deep exploration well, WD-1a, many precious scientific and engineering results, especially high
temperature distributions over 500°C in the Quaternary granitic body emplaced at fairly shallow
depth, have been obtained by the survey.

The Geological Survey of Japan (GSJ), cooperating with NEDO, has béen conducting the ‘Anal-
yses and Evaluations of the Deep-Seated Geothermal Resources Survey’ for better understanding
and modeling the Kakkonda geothermal system, improving exploration methods, evaluating deep
reservoir performance, and integrating various analysis results. Most of the study results have
already been published in various journals and reports, and presented at meetings, or will be
reported in the near future. This volume of the GS] Report, which contains newly summarized
outlines of the above study results, has been published in order to provide the public with integrated
and helpful information on the subject. This article overviewing the background and results of the
above studies is an introduction for the GSJ Report on the deep-seated geothermal resources.
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Table 1 Schedule outline of the ‘Deep-Seated Geothermal Resources Survey’ by NEDO.

AEEE :3: I C 379 04 05 06 07 08 09 10 11 12
Study subjects Fiscal year 1992 1993 1994 1995 1996 1997 1998 1999 2000

FEERHREOMHE] - AL
Drilling of deep exploration well, flow tests, etc.

HMHARAREREOBRB IV ERE
Development of exploration methods and techniques, and geophysical surveys.

B ER T IV OIER
Modeling of deep geothermal systems.

FEERAF A EE A DR ====== somm==
Studies on utilization technologies for deep geothermal fluids.

TR Hh 2 R E A e — I T I ITE T
Evaluation of deep-seated geothermal resources.

TRERHI BB O BAFRHE & DIERR fokokkk ook kK
Establishment of guidelines for exploration and development of deep-seated geothermal resources.

=== X CERAHMKOFHE - BFFE (Studies mainly for the Kakkonda area)
wskkokok 32 BRI Ut ASA O BEBR R HUS O HZE - BF5E (Stadies mainly for exploited areas except the Kakkonda area)
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$;1 BT IR EAR H B o (78 X K U,
Muraoka et al. (1998) wH-o <.

Fig. 1 Location and topography of the Kakkonda geothermal area, Iwate Prefecture, Japan.
Based on Muraoka et al. (1998).
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Table 2 Outline of progress for the ‘Deep-Seated Geothermal Resources Survey’ mainly for the Kakkonda area.
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Geological and geochemical studies (modeling)
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Contact metamorphism around the Kakkonda granite:

Analyses based on free energy minimization method

By

Naoto TAKENOQ!, Hirofumi Muraoka®, Takayuki SAWAKI' and Munetake SAsakr

Abstract:

The Kakkonda granite, located in the Kakkonda geothermal area, Shizukuishi town,

Iwate prefecture, is one of the youngest granites in the world. It caused contact metamorphism on
the surrounding rocks. The present deep geothermal system can be thought as retrograding recent
contact metamorphism. Using free energy minimization method, we examined the stability relation
of metamorphic minerals in systems chemically equivalent to five rock samples obtained from well,
WD-1a, drilled by the New Energy and Industrial Technology Development Organization. We tried
to construct a thermodynamic framework on this metamorphism. Relation of the observed isograds
can be thermodynamically explained and the 200°C temperature decrease from the thermal peak

estimated from the isograds were concluded.
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F— - EERMREFRAEEIC L JEH 2/ WD-1a ¥
2 ERIL 72 5 OB O 28 AR b b
S 7 F 12DV T E BT AL F — B MbE b
EHAWTEMOREBBC OWTRE L, ZOHigosE
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U MBI (Geothermal Research Department, GSJ)

DEFEZONTVD (IUEEIZH, 1993 1 BIRIF, 1994),
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Fig. 1 Locality of Kakkonda geothermal area and deep
geothermal resources survey well WD-1a.

Keywords: Kakkonda granite, contact metamorphism,
isograd, free energy minimization, deep geothermal
energy, thermodynamic simulation
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OB RAER & LT, ZREYNC D W T < OFEH
M ER TS (B2, HigE-ERE (1995), Muraoka
et al. (1998), Doi el al. (1998)), I DHbIE D GEELHEL
BIROBPIC R ERE D A B L% 2 5 1L 5 Bl
VER # RIS 5 2 2 i, BEORBELH T 2 2
ETHHY, FEEHBEFEOFMIcE > TEETHS L
Ezohb,
SEOWFER, BHT AV —FIMEEBEERWT, #
S BRAE N D TR PRTRRI I 2 (T 72 b O T
Hp, HEOLEIMEMIZE £ 8 BRI o133
NTWDEEZONDD, 20X IRFELE2TY L,
B R B 7 v — AT — 7 B2 B Tk
THY, IEFHEN L ERPERICH -/ LTH, TD
FRRUC B 2 FEOFIRI MRS Z LR CE 5. %170
VRN IR ATRE 2 B ic D W T, S xS ERER
TR ORI LR TELTHSH D, AWIEETH
WEER OB AN 70 7T A, B IER %
RS ZENBOTHAD EFEZ N5 EEHERICE N
TILSEHATELFETHLEEZ DN,

2. WERUHBROEE

AHIE L, MBS RIEHEORER L,
HIHE B O T # A & B 2660 m W2 [ T, Mo LER
&, ERERE, ERNE?SHET 2. LETiE, LU
TRESBLTA VA VEBEKAVTHANWCES 222 T
HIRL, TETIEE L UTRES L ZUPEEE A
MANCE S 22 THHRT 5, 2660m 45 2860 m & T
i, REER0E, B, RIUEEBRIKESES R
% (Muraoka ef al., 1998). ZEE 2860 m 7» 5 HEE T,
RSP HET 5. ZOTEREE, BEEOER
#T, WD-15LARTOREH TOHR I Twd (H
E, 1990), ZoOfEREE I, ViHcBw Tz LD kic
b HEE=ZRRVE=RDOHE MR ER % gL
Twb, ZOFEMERERSIEREROI T IEEEE
HREER->TBY, BERTAV Iy N, EFEA7A
VI N, ARV TNFALNTAV T Ty R, A
TAYIT Ty RO ENT WS (I - EE, 1995 ;
Muraoka et al., 1998 ; Doi et al., 1998)., ZnodD 7
AV 7Ty FiE, FiHEE OB TE RS S S EE OHEE
WHIA & T2 HIgEE 2, 1993). Ml ikl LE
JiR), BAREAFELEG) RUEILE - 2L £ —
(BR) 1 & D ERH 1 ST (50 MW) K VS IRM
2 SHHEGEERT (B0 MW) »EiRs T D, Ry
J& R QNG ETRE B s S FEBH OGNS L Tw 3,
GEERH BB Y, COEMEROFEL D ICHET 57
S Fv—THdEFEZLENT DL (NEEIZ», 1993,

o
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(%8 284 %5)

Tl - ik, 1995).
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MR H A L X ZOHHL ANV F =R/ d 2 &
ZRHLC, (LEPEpREC b 2 HOBE - 22 FEI
SORDLZHDTHA., HHZ AVF—& LT Gibbs §
A=Ay —2ATRE, BE T8 EDRO(b
SENETIRAE AR D B Z L AT %, Helmhortz i #v
F—E2FHTNE, RE LR —EOROLFEVERR
BEERDZ I ENTE S, KPR T, ZRAER DT
WEBERPbN L /87 A—FRE, EHCD0T{L#F
BPREEE KD B ROBAEN R T vy v L LT
Gibbs 1= AV F — A8, FhrR/hNeT2 2 0T
%,

FOAREEE, — BRI, ROMBEEEE OO
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ETHDH, TNOEENRT FaY—3KE R ERT
b3, KAGHERTIE, SBICHEEEKBRERAL
T (ZZTH#ERERS) FoPRANTERE ST
i, HAHREREL BRI IR RS L THREY R
WOHLTEI IR TEI2pFARE, ThEHB
IANF —R/MBRIC X DEEICEIDERL LI T 5
LOTHD,

IITHETANEI L, FHFEEBRSKBARERE
BFELTLEI ZERBLTREVWI ETHS, L3,
KREVE PR EER L ETEERIIEORROBRIcH 2 L E X
%, ¥ HRIEERIE, B 3y bu—&ifokE
BRESEREZOBNZET S OHBEL L T2
THsb, —HelEEBRODA D v ME, VEZETEZE
SEFIA LIz & 2 70 s o ne—EERT IEEED
REERERIC A HEE 2 X N 2HET 5 Z L0 T
XB52LTHB,

AWFE T, SAPKOBRNAFEIET 2 —EL 154
TT300°CH 5 700°CE T ICTOEER FIFTwn L&
WED LD HMHAELEYE(LT 50 % 5 BOSEE
AT OO TEHEEBRTHATA., bLEER2 TS
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TECHEY AR H L T BEBEOKASERERTH
2705 EHAMNIC B - T X # 2000 BOEBRICHHY T 2
Zrky, HEERL S TR IFETTELERES
Zb.

FHEICHIA LS AR b a 7 CEE G
WD-1a J D & e b D95 RO b T B O 4
MEERL: B1R), Thbb, BE1447.90m,
1696.20 m, 2276.55m, 2688.20m, 2843.20m THh 5,

KICERWE DWW HERGHE A E0d. FE 1447.90 m @
HEHIBIKE T, 7N DR E RO RS AL
/w1 MEL, EECRRA, RO
LT3, FEE1696.20 m OREHIEIK S T, RO
U4 MEREh, HEE, SEAECTHRAIR
RO GHESEHILD, BEEE, BOE, GRIROEED S
%, 2276.55 m OFREHIEHAE T, fRIEAKSICEE
DA b ERRBAESHEL, FEEI2E0.02-0.05mm @
1Bk ORERNHIYT 5, WEME Y RBINCEL, ¥
AT ENTH B, FEH 2688.20 m DEHIEIAE T,
EENIZREE L TEHCSREICHBL, SFLE
DA, FHAE - WL L B, RIEOPET .
BEEE 2843.20 m OFREHIBHKET, 4 ) FhH, B2ER,
HER, EFA, G, AREerokh, —Hicas >
FLEEL, IS DESOEFEHEE 20 m & & ISR
L1z A7 A4 LD E b TE 2RI, 20
M»s, EERZCHOELROEEHEK R, 271 401k
SRR EP 2 12127, F OMYEROZTE 2 H L 2k
kD, RFFHICHIE LSS O W TR T
HIg 2 2 EMAJREE 75 5,

FEEIILL EOER & Elia bFMR R RO R B E T
%, ZOFF TiO,, MnO, P.Os7% £ DA 8D 13 HEH
L, FOMOFERSICOOTELRICE LT, 72770k

1R BEEBICHE Lok,

WOWTIEEFNCFET L D EREL 50 EWVSF 2 72,
ORI AR (3823 DWW, Gibbs HH T A1
F —i MR & ALV E AT - T, ZERHY
et L, PRENZCFERISKEDWTHREN, FEE
ROLBVWEETH D 1447.90m D b DI DT 50 MPa
(0.5 kbar) 2L, ZOMDH DI 100 MPa (1 kbar)
PRE LTz, BEE, 3000CH» o 700°CE T 1I°CI > LT
7z.

KIsik Na-K-Ca-Mg-Fe-Al-Si-H-O 2 CcEHE SN,
FALETF—=S RO EBY THS, #:713 Holland and
Powell (1990) 2R, F7—2 vy s THHATE 28,
WNE 3 N TCLERMR OB 21T - 7. BB HIEPIE )
THEEE R E LT 7o, 2 OREE 48 WisifE, 23 [
BRIMEI A SR E R oIz, KD 74 v F—1iF
SUPERFLUID (Belonoshko et al., 1992) #FwT
Saul and Wagner (1989) % 7 4 ¥ F—{REzEiz L TH|
AUk, 7AREIX, H,O, Hyy O, CH D, FFEICIE,
SOLGASMIX (Eriksson, 1975) OFHECE > - Hil~
ANF —gMbEE TILEN 2RO 2 BIFD 7 a7 5 A
FLASK-SG #Hwiz, ftEGEASZO 707 5 L0
LSy APy AN

4. FEERRURE

HEREREE IN-BE 7THMORT. s oM, A
R OFNOZEALDE LA1] 20 mole% DERSEHLA L
TRLTHD, 72720, RIS IRERHCRFHE RN
T, B onirol, 45 WDI-1447.90 @
524-528°C, 455-457°C, 360-362°C, WDI1-1696.20 &
540, 541°C, WDI1-2276.55 @ 540-542°C, 388-391°C,
WD1-2843.20 ¢ 542°C, 538, 539°C, 533, 534°C, 473-

OIEZEZE~ 7 ) 7L (R BREERTIC £ 5.
Table 1 Chemical composition of core samples used for numerical experiment.
Analysis: Mitsubishi Material Co. Research Center.

components (wt%) WD1-1447.90 WD1-1696.20 WD1-2276.55 WD1-2688.20 WD1-2843.20

5104 58.8 58.6

AlyO, 15.6 14.3

TiO, 0.75 0.81
Fe;Og 4.25 4.02
FeO 3.07 3.98
MnO 0.20 0.48
MgO 4.18 6.38
CaO 4.97 0.88
NapO 3.71 3.33
K,0 0.23 0.60
P,0;5 0.13 0.12
H,0+ 3.10 4.42
H,O— 0.79 0.72
COq 0.14 0.16
S 0.10 1.82
504 0.01 0.19
Total 100.0 100.8

53.6 54.7 70.6

19.9 19.2 16.0
0.64 0.68 0.32
4.40 4.03 1.33
3.52 3.09 1.39
0.27 0.38 0.10
4.59 6.08 1.43
4.23 1.44 2.08
4.52 4.45 1.38
1.12 1.58 3.68
0.08 0.13 0.07
1.97 1.77 1.09
0.59 0.63 0.46
0.11 0.12 0.05
0.07 1.50 0.01
0.09 0.02 0.01

99.7 99.8 100.0




HOH O#H &

& (FE2845)

A Andalusite

Anorthite

Grandite

Muscovite

8]
WD1-2843.20
¥

WD1-1447.90

<500 m
500 to 1000

1000 to 1500
1500 to 2000
2000 to 2500
2500 to 3000
3000 to 3500
3500«

4 O O % X + > O

Cordierite

Amesite
WD1-2688.20

fay
WD1-2276.55
X A

WD1-1696.20

Annite
Phlogopite
Talc
Cummingtonite

Calcite Diopside

Wollastonite

Tremolite F

B2 WD-la HhofBRE NI H v 7 14 > 7 AR U EIC AV e 2R3 O b4,
Fig. 2 Chemical composition of cuttings from WD-1a and core samples used for calculation.
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Table 2 Starting chemical composition of virtual system for calculation.

components (mole) WDI1-1447.90 WD1-1696.20 WD1-2276.55 WD1-2688.20 WD1-2843.20

5i0, 0.9786 0.9753
AlLO; 0.1530 0.1403
Fe,0; 0.0266 0.0252
FeO 0.0427 0.0554
MgO 0.1037 0.1583
CaO 0.0886 0.0157
NayO 0.0599 0.0537
K,0 0.0024 0.0064
H,0 50.0 50.0

0.8921 0.9104 1.1750
0.1952 0.1883 0.1569
0.0276 0.0252 0.0083
0.0490 0.0430 0.0193
0.1139 0.1509 0.0355
0.0754 0.0257 0.0371
0.0729 0.0718 0.0223
0.0119 0.0168 0.0391
50.0 50.0 50.0

475°CTH 5, HMPREDES LR h - 72 IRE OFF ORI,
ZOLETOBRPBNIEEOKRLZESFEATH 5.

BT ORABTIE, REELLUZWER D B o
B TREL T, TORERESERERT Lk
T5, Flz2 e, EHA-REFAEEERD L 2 HIcHEE
A LR,

WD1-1447.90 m OAFTIE, 300°CTHYE, EEAK
SPICETRRA, BEEA, AER, BRH, REKEEH
WL, BENEETLZICON, BREAKS AL, &
BOLEAT 5, AERRbS THVER, V=74
YISHELE S EER, HUOY =T BT 5,
AL, YrvEIA N, WA, EEA, H I
T hFA NONREO FRE & HICHELT 5. WD1-1696.20

m DK TIE, 300°CTREN, HER, BEA, Rk
NHBL, REO LA CHVRITR, EFH, HER,
BIVTNFA R, BT UHBHIRT 2. WD1-2276.55
m OFFETIE, 300°CT WD1-1447.90 m DA & L7~
JWERTA, PVETA L EWEGHERD SNV, WDI
-2688.20 m OEETH, WDI1-1696.2 m & {Ul7- @ %77
3. WD1-2843.20 m OFEITIE, 300°CAHL Tk WD1-
2276.55 m LT 228, BENHE S W/REHHTH
WU, #3227 A FPHEE T, fEaPRETT
HIRS 2, SEMOEEZL 6 L TWE KGR EHOL
WWRL, ZDOHMOREL2E 3 RIS, RItO—E2E 4K
WY,
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Fig. 8 Comparison of predicted and observed metamorphic mineral paragenesis and estimation of isograd temperature.
Temperature of appearance or dissappearance and reaction number with a core number are shown in parentheses.
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Table'3 Abbreviation of minerals, mineral name,
and chemical formula.
Formula weight used in calculation is based on
this formula (after Holland and Powell (1990).)

abbreviations minerals formula

Ab albite Na[AlSi;]Os

An anorthite Ca[Al,Sis]Og

And andalusite Al,SiOs5

Chl clinochlore Mg (MgAl)Siz[AlSi]|O1(OH)s

Crd cordierite Mego[ALSis}O1s

Cum cummingtonite MgaMgs(Mgs)Siy[Sig]O2e(OH),

Czo clinozoisite CapAlAlSiz042(OH)

Ep epidote CagFeAl;Si3012(OH)

Hem hematite Fe, O3

Kfs K-feldspar K[AlSi3]Os

Ms muscovite K(Al,)Si5[SiAljO19(OH),

Mt magnetite FeFe, Oy

Pg paragonite Na(Aly)Siz[SiAl]O19(OH),

Phl phlogopite KMg(Mg,)Siz[SiAl|O1o(OH),

Qtz quartz 510,

Tle tale MgoMgSis[Sin]O10(OH),

Tr tremolite CasMga (Mg )Sia[S14]022(0OH),
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Table 4 List of chemical reactions.

Only Mg-endmember reactions are shown for the
reactions which involve Fe-Mg solid solution min-
erals in a similar formulation.

Qtz+Ep+Ms = Kfs+0.5Hem + 2An + 1.5H,0
7Qz + 6Cz0+ Chl = Tr+ 10An + 6H,O
2Chl 4 5Kfs + Tr = 5Phl+ 2An + 10Qtz + 4H,O
30Qtz 4 3Tr +6Chl = 15Tlc + 6An + 12H,0
Qtz+Pg = And+ Ab+H,0
11Qtz + 2Chl + 8And = 5Crd + 8H,0
8Kfs +3Chl = 5Phl-+ 3Ms + 9Qtz + 4H,0
29Qtz +6Chl = 8Tlc + 3Crd + 16H,0
2Qtz + Ms+ Chl = Phl + Crd + 4H,0
15Qtz + 2Phl + 6Ms = 3Crd + 8Kfs + 8H,0 (
7Tle = 3Cum + 4Qtz + 4H,0 (
57Qtz +14Chl = 8Cum + 7Crd + 48H,0 (
Qtz +Ms = And+ Kfs+ H,0 (
24Qtz 4+ 7Phl = 7Kfs + 3Cum + 4H,0 (

N3b0OTIIRL, HAOHKICIDVEEZ W DO
RIEBS—DDTAY 7T v FELTEZSN S AREMED
BHDHIEDSIND,

RZY LIPS RTALS, BEOIZ T~ TRBE
£ D 380°CHh 5 400°COMITHEL T2, fEAIRED
ORI X0, KINT), (8), (9), W)THEL, ZDORE
#HEE, 476°CH 5 53PCICE e Tw3, HERRKR
IER9), THEL, ZOREEHI, 520°Ch 5 566°C
Th5,

FLETA MEF—D2DRBMTULLHIRL s, KIG
(2THEL, RIBWTHKL TS, ZOMHEEL T
BIBEEE, 363°Chns 453°CTH S,

BERIKIEG), (7), OTHEL, Ksl), TR
T5, M LD 2BEIZ 397°CHh o 521°CETizblzb,
HIR T 2R 532°CH 5 618°CE Titbz b, 20X
W EERG UM OEREY O TR b HIR L HEOR
ERETOMBICEREL TS #Th b 2 L3y
MNb, IO, BERTAVISIy P (B 18
‘A5 D, OB LEREDOSEHRMRCERES
BbROEWTRNWT E24rh 3,

BEIR—DOFRBTL2HE LHBEL LW, KINd)
THRL, RISOTHEBT 2. SRHEL TWw2EE
P IL 454°CH 5 512°CTH %, T O, HigkE- 1Lk
(1995) ICEHSEHRE SN TV 5E S OO YHIRDOZER Y]
FLTHEVEEZEDOLTOWRVWES TR Z 525, WD
1 HTHEERE 2100 m 225 2760 m I TEH L TWS
(Muraoka ef al., 1998), % hFEEx2#bhd, —R
FHRIZEZ 2 ZOEREY O BEBSEIENC TSR
RLEDTH2I L%, SEOFHERITL TS,

[ I R N

= = e e e e o e e e
W N = W 00~ >

—_
M



BRI C e I OB ER (15 1325)

HEHOIZRIGE), 8), 9), WTHIL, ZOEEEH
X 493°C 5 532°CTH 5. 2 LT, stED FRIBETH
2 700°CE CHEL T\ 5, ORI EEEA KIET
HIET 20D IciE, ZOREHERES T4V Iy N
DEFEMBEEKFE HEBR/NE W EF 2 5,

B2y A MR, 12, WTHEL, Toi
FEEIPH L 529°CH 5 618°CTH B, £ L CEHED FIREE
THH00CCETHELTWS,

FAEAR, 28T T4 OS2 RR5G)T 480°CHfit
THET2BE L, RIGW)T566'CTHETAEE01H 5,
NI TF A MZDOWTIE, HHRTHELTWEEED
IR, FELOBETh A ARER b H B, T T
F4 ORI, AERCEETCELELD B IEINCE
{, EBDAAT Na B EOHIZATEN TV L0052
BoOREDLLERHL, TDOLHWNTTHA R
5 RIS B H 5 DT, F 8 Kz IO A5 L
7.

IO LD 7o, FEERROERGINNT
HHOT, BIMOTEIW, BERTA VI Fy F, #
HBEOTAV IR, AT A4 (EEA) 7A
VI R, fIERTAY 7Ty REBEOT 580
HIT 2 RIGAE S £ 2 OPh TORIKBES £ Lo,
BERTAVIS IR, EERTAV I 7R, H3v
I AN (EER) 7AVITIZy N, IEATA VT
Z v FORERE 397°C, 493°C, 529°C, 566°C L 7% b,
CDOTAY T Ty FOEE L RBEORREIAOHE
U077 ANMCBERTRLEONEINTHS, Zhilk
% EFRAEOHIRANERE 2800 m fHIE T4 < £ b 2000CET
LTwa ZEHEEs NS,

Sasaki et al. (1998) 1%, WD-1$LDZERAIER 0 &
ELZBROBRE a7 740 ELT, &l (1997) %
FIHL T A, RIFEOFRERIE ZNICENTRERT A
V77w Rk, W00CCIEL B, BERTA V77w i,
50°CHE &L, KT A V7T v Fid, 60°Ciff < {Euo,
ZDEVE, KEL TWAEHO#ELOED, G (1997)
MRROBEN S LLHEREH TV DI L,
KEFFEIE, EBRT - roEELLBERIERLTVS
EEIEROVERBLI-LDTHS S, L R
Z OHVE WM _E O TSR IEDBED o nisn—TF, x
DFHFIIE, BIET — 8 RS ERE T LOR+5 &
MHY, INGBIDLI LA —HELIHLTnED
DEEZHNLS,

O X D SO EITEMAERIER O~ 7 o ik BiF
IR EOR-ESICOWT, FENELE 2 20 L
W2, FERUIE D BT S S OWERY, [
KA & T b A - Te EBOER & o Hig, CO.E0
A AR O, BLRTTKEOZE L E 5% S 51T
DL RETF—wREEIN TV,

Temperature(’C)
o] 100 200 300 400 500 600

R

1,000 \

Metamorphic
/V peak
temperature

Simplified F
present profile
B temperature By #
= profile \ c
o 2,000
[
a
Cu
A
3,000 \i
\\k
3,800

BIXK TAVIZ Iy NhoifEdni@ior—7RE EH
TEDMFFIREE & D IR,

B:BENTAVIIVN, CIEFATAVI 7Y, Cu:
HAIVTNFANTAV T Iy R, ARIEGTAY Ty .
HAEDOKE 70 7 7 4 ik Muraoka ef al. (1998) 12X 5.
Fig. 9 Comparison of peak metamorphic temperature
estimated from isograd and present temperature profile.

B: biotite isograd, C: cordierite isograd, Cu: cummin-
gtonite isograd, A: andalusite isograd. Present tempera-
ture profile is after Muraoka ef al. (1998) .
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$53% FLASK-SG T#H> Z DT A{L3#HE,
B TRYI S h 2 EEHYE, Fno Bk s L fibn 3 2 L %59, Holland and Powell (1990) O#i44

BoMbERICED . V WZBFE 2R,

RTEBITEHL O 0L T EHRFRFETTL Trn 2 LIcER.

Table 5 List of chemical species available in FLASK-SG.
Minerals between broken lines form a solid solution mineral. Mineral name and chemical formula are after Holland
and Powell (1990). V indicates vacant site. Suffix in the formula is not subscripted due to a computer output.

gas species--—--------

H20
co2
H2
CH4
Cco
c2

solid-solution minerals

almandine
pyrope
grossular

andradite

annite

phlogopite

eastnite

siderophyllite

CH4

Fe3A125i3012
Mg3A128i3012
Ca3A125i3012
Ca3Fe25i3012

KFe(Fe2)S12(S1A1)010(OH)2
KMg (Mg2)Si2(S1A1)010 (0H)2

KMg (MgA1)Si2(A12)010(0H)2
KFe(FeAl)Si2(A12)010(0H)2

clinozoisite Ca2A1A125i3012(0H)

epidote Ca2FeA12513012(0H)

diopside CaMg5i206

hedenbergite CaFeSi206

enstatite MgMg(5i2)06

ferrosirite FeFe(Si2)06

forsterite Mg28i04

fayalite Fe25i04

glaucophane VNa2Mg3(A12)5i4(514)022(0H) 2

Fe-glaucophane VNa2Fe3(A12)Si4(Si4)022(0H)2

VMg2Mg3 (Mg2) Si4(Si4)022(0H)2
VFe2Fe3(Fe2)Si4(5i4)022(0H)2

anthophyllite
Fe-anthophyllite

clinochlore

daphnite

amesite

Fe-amesite

Tschermaks_talc
Fe~Tschermaks_talc

tremolite

Fe-tremolite

Mg4(MgAl)Si2(A1Si)010(0H)8
Fe4(FeAl)Si2(A1S1)010(0H)8

Mg4 (A12)Si2(A12)010(0H)8
Fe4(A12)Si2(A12)010(0H)8

Mg2MgSi2(Si2)010(0H)2
Fe2FeSi2(Si2)010(0H)2

Mg2A15i2(5iA1)010(0H)2
Fe2A15i12(SiA1)010(0H)2

VCa2Mg3 (Mg2)Si4(S14)022(0H)2
VCa2Fe3 (Fe2)5i4(S5i4)022 (0H)2

cordierite

Fe~cordierite

dolomite

Fe-dolomite

Mg-carpholite
Fe-carpholite

Mg-chloritoid
Fe-chloritoid

Mg-staurolite

Fe-staurolite

Mg2(A14515)018
Fe2(A14Si5)018

CaMg(C03)2
CaFe(C03)2

MgAl25i206(0H) 4
FeAl25i206 (0H) 4

MgA12S8i05(0H) 2
FeA125i05(0H)2

Mg4A1185i7.5048H4
Fe4A1185i7.5048H4

hornblende

Fe-hornblende

VCa2Mg3(MgA1)Si4(Si341)022(0H)2
VCa2Fe3(FeAl)Si4(5i3A1)022(0H)2

muscovite
celadonite

Fe-celadonite

spinel
ulvospinel

hercynite

equilibrium_albite

anorthite

KV(A12)Si2(SiA1)010(0H)2
KV(MgA1)Si2(Si2)010(0H)2
KV(FeAl)S5i2(Si2)010(0K)2

MgA1204
Fe(FeTi)04
FeAl204

Na(A1Si3)08
Ca(A125i2)08

cummingtonite

grunerite

stoichiometric minerals

acmite
akermanite
andalusite
aragonite
beta-quartz

brucite

Ca-Tschermaks_pyroxene

calcite
chrysotile
coesite
corundum

deerite

VMg2Mg3 (Mg2)Si4(Si4)022(0H)2
VFe2Fe3(Fe2)Si4(514)022 (0H) 2

NaFe(5i2)06
Ca2(8i2Mg)07
A128i05

CaC03

$i02

Mg (0H) 2
CaAl(SiAl)06
CaCO03
Mg3$i205 (0H) 4
Si02

A1203
Fe12Fe63112040 (0H) 10
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Table 5 continued
Pbca-diopside
diaspore
diamond
edenite
C2/c-enstatite
gehlenite
graphite
hematite
ilmenite

iron

jadeite
kalsilite
equilibrium_K-feldspar
kyanite

lawsonite

leucite

lime

margarite

magnesite
manganosite
meionite

merwinite
Mg-Tschermaks_pyroxene
monticellite
magnesioriebeckitte
magnetite
Na-phlogopite
nepheline
paragonite
pargasite

periclase

prehnite
pseudo-wollastonite
pumpellyite
pyroxmangite
pyrophyllite
alpha-quartz
rhodochrosite
rhodonite

rankinite

rutile

sanidine

siderite
sillimanite

sphene

spurrite

tephroite

tilleyite

BRI RS A DR R (P F

CaMg(Si2)06 vesuvianite
A100H wollastonite
C zoisite

NaCa2Mg3(Mg2)Si4(Si3A1)022(0H)2 K20

MgMg(5i2)06
Ca2(A12S1)07

C

Fe203

FeTi03

Fe

NaA1(8i2)06
K(A1Si)04
K(A1S5i3)08
A125i05
CaA125i207 (0H) 2H20
K(A18i2)06

Cal
CaV(A12)Si2(A12)010(0H)2
MgCO03

Mn0O
Ca4C03(S16A16)024
Ca3MgSi208
MgAl(SiAl)06
CaMgsSi04
VNa2Mg3(A12)Si4(Si4)022(0K)2
FeFe204
NaMg(Mg2)Si2(SiA1)010(0H) 2
Na(A1Si)04
NaV(A12)Si2(SiA1)010(0H)2
NaCa2Mg3 (MgAl)Si4(Si2412)022(0H)2
Mg0

Ca2A15i2(SiA1)010(0H)2
CaSi03
Ca4A14(MgAl)Si6021(0H)7
MnS5i03

412814010 (0H)2

5iD2

MnC03

MnSi03

Ca35i207

Ti02

K(A1Si3)08

FeCO3

A125i056

CaTiSi0b5

Ca4S5i208CaC03

Mn25i04

Ca351207(CaC03)2

Na20

1)

Cal9Mg(MgAl7)A14Si18069(0H)9
CaSi03

Ca2A14125i3012(0H)

K20

Na20
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Profiling of the Kakkonda geothermal system by bulk rock chemistry of the well WD-1a
By
Hirofumi Muraoka!' and Tomoyuki OHTANI'

Abstract: Well WD-1a drilled at the Kakkonda geothermal field penetrated an entire hydrothermal
convection zone, an entire contact metamorphic aureole, and part of a neo-granitic pluton to a
bottom-hole depth of 3729 m. The pluton is called Kakkonda granite and still retains a subsolidus
temperature higher than 500°C, providing valuable information on the magma-wall rock-hydrothermal
interactions. Multi-component chemical analysis has been performed on 186 samples of cuttings
taken from every 20 meters interval along the well. Continuous changes in abundance of the multi
-components with depth show that the Kakkonda granite was derived from a single and
compositionally zoned magma intrusion. Vapor transfer played an important role in the
compositional zoning of the magma chamber. This may be the first time that a detailed profile of
H.O (+) contents across the contact metamorphic aureole has been obtained. Negative anomalies of
H,O ) contents of cutting samples often coincide with the lost circulation zones. This is ascribed
to the reason that a permeable zone is only the place in which the pore pressure can not greatly
exceed the hydrostatic pressure. Fracturing in a magma-ambient condition is subject to the pore
pressure raised by dehydration reactions, and brittle-plastic transition. Integrating these factors, a
concept of a sweeping dehydration front was proposed and a genesis of the dense low angle fractures

in the contact metamorphic aureole along the well was explained by this concept.

® B

AR BRI 3729 m & TIREI X 417 WD-1a
Hiz, Bk RekrEx, BEREOELE X,
B REEERSERO—EE2E Tz, JOBESEERE
BARFIERE LS, £72 500°CLEDY 7Y ) 7 2R
AR TWT, w7 v —g—-8uCRIEEERcE L
CTHEELSERE LSO L2, ZOHHICHE > T 20 m [HFE
TEHR U7 186 B4 v 7 4 ¥ 7k DWW, S
(LR EM LT, TheDF—2 iz L, 1B
AR DRI AL &, EARETE R SRR I B
Lii—Dv 7 ~HARTHS LHians, 825K
FELEEN Y 7~ OMREFER I BEE 2 RS 2R L
oL Bbhs, BAZEEE 2 Y5 HO (DS OFH 4
U7y ANBEESL INETTHID TRENZ, &
v 74 > 7RO H,0 (DR O BB 3 LI U IdsE
WY S, Zhid, BAREORVWEZE, HBUKED

U b (Geothermal Research Department, GSJ)
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Mi—DBFTH 5 LB EFEZ SN S, < 7 ik
BRI B 2 BRI BOK RO & 2 EBAED 15
KOt - EHERICKRES NS, Jhs OFBREER
SLT, BET ABKk7 oY F OBSEIREL, K
& T WD-1a HOEMA RN R 515 T8 K B
FROREA % HEHL 72,

1. A A &
W aov¥— - BT GREREEE (LUT, NEDO
EMERR) SPEL 4 L D KL Ty B BRET VR TR

BT, BRI EIR I R 3729 m OHIEGE WD
-la PSEAI & Ltz ZOFIHXERE L D EFCE» - T,
BoKW R DR, EMEREOLEE, T LT, %

Keywords: geothermal modeling, deep geothermal
resource, deep well, high temperature well, granite, pluton,
Kakkonda, contact metamorphism, zoned magma cham-
ber, cordierite isograd, dehydration reaction, pore pres-
sure, brittle-plastic transition
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Fig. 1 Location map of well WD-1a (Quoted from Muraoka et al., 1998. Shaded relief map was produced by the 50 m mesh
digital elevation data published by the Geographical Survey Institute, Japan).
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500°C2# 2 CT\»% (Uchida ef al, 1996 ; Muraoka et
al., 1998).

B3I, SREMBHMBEIOMEOHE L WL D
HOREESR 23 (Muraoka ef al., 1998). EiRHEHE
BT L ST K LS ORI LB T 5. [LEO/\E
S L RAE AR KL 7 a > b v Iz 70~80
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Z OHUE OMIE I SE SANEARE R, PH RS R
RS, PHHEASE, 65— Hai X ERERIKE,
T — SERT R E L 2R L T 2 LA, RV
EHEASE» %5, B 3IROHATIE, EE=RL
ERSHIIRICEL YT, PHMOBEL b SIS
ERWv, RECE 2, PFRIEESAEREEY
PEREGOBBRTHEL, TALDERNE, ERIFE,
o BEEE, LEAE»s%S, BRAEMRSER 1S
BB S T 3 RERMEETEEIL, 3T TZO
FETICFEL TWwd, BB s — 5
OV OPDEITLIL SR BLEDT A A MNE KR
HBEDORHETH D, PHFRETESICHEL T3,
Zh 5t 2~1 Ma @ K-Ar %R L (ZHBE, 1987), 2,

3OANT FHBEOEHPRLCHEKRTEEFEZ N5, L
L, ZHEHEVKIIEHEBNECHEL WL LD
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-Ar FARRE TR T, KB OIEMREAL TR O HIE
TREELUIERI LT, BIIEBEKEZ0.73 Ma
XD (FEE, 1987). Lo T, Fhobdvwr/<H
Did, HEOHBIERENINTSBIEE LTI, 4L
BFERTE R, B — ittt or A XSS,
ZOMIBICR LI AL, SEOKREKILZHEKL T
w3, 0I5B, HEINEVAKILE LT, KER &,
BB EFILO=2DKIUBEE OB KEFERb,
JAESE KL (BegE) BB % 5 SEHtoB kKBRE2#E -
Tw3, —ffiCiE, INo0 <7 vl D 2GR
(LFR) OHEEBOBRETHD LIELH6NT w5,
BRI ER 2 S AT T OBEERE T,
HABEALY T2 (FF) BB ER 2> 72 2 7 OFLE
5, EREHMEEE O RS HIEIT R I8 O BRI B
HIMRIET B Z L B2 FR LT (Doi ef al, 1988). 2o
FAIE, ZORICHRE] & N7 EEHITH =R b —F
HHEERERIGEEL, EEshsZ ol (L
E2, 1990 5 MIEEIE DY, 1993). O b —F VEEREE
Fix, BRETERE AT oNT: (EBEIZ», 1994).
FEARMTERE 3T ORROEARBIGLW B H -
T, £72500°CLLEDY 7Y Y) ¥R REFE > TS mH]
D~ 7 <Y TH5 (Muraoka ef al., 1998), D5
o, HHRMICRTY $hiaftRElThs, Larl,
ZDSKILEE 2 E > T B2 IIFHATH - T, FiHRD
FNBERHEREPLRUEEBKLIEEDOS /< HE LD &
SHBREHED, £ Oho Ty, BERHIERE
A K-Ar B ERRIE B T 2 KES OO FIR
ErXVERThHY, HEESTII—, ANEAED K-ArF
ROAZPEFETE 3, BRHEREAD 6 BEOAREER
13 0.34£0.37 Ma 225 0.08+0.18 Ma O&H%xRL, F
$#0.19Ma TH % (BEIZ», 1994), BIRHHEFEERR
2 SBOEHBATHBICHEET 2MBIZIEZ LA LD
&G, ZOBRBEEE L KBOAFESMEBEEE DE
FpoBEF100 MmN R oo TH Y, MEIICIIEE
HEDTHO, BREMEEEORICS > (IR - Bk,
1995). 2D & 5% 4 T OB HETE B 1T S
T 8 (plutonic-rim reservoir) MR ERTE 3
(Muraoka ef al.,, 1998), WD-1a #i3 2860 m T Z D
FEE2EEL: DD, i3I NIZLEOFE AL L,
EEEBEIRITEEN RN Tnic, 20k, 70k,
WD-1a H®D 2250 m 3£ 5, WD-1b H2EEHICEIT
APy 7HEITE 2L, WD-1b FHIZZ OB
BT B 2 I U7z (Fujimoto ef al., 1998).
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I D, 2O BT 2RI Y E S IEMME
DEWILEOEBRE| 2T THAI. Lis->T,
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—[E, B nesSesERESN BRI, SHESHE
HE-T, v/~ EEroBLRS EAERL, £0
ZEWkoT, v OHEBRN LT, S BITROME S
BIoDTH?5 EIR). pilERERb~ <A
#— & H3L8 (Hildreth, 1979, 1981) &, kA ic@E» -
TETEOGBLZHETA I LRE LY, ko7, &5
i, KHHS DS, ~ 7 ~PEEHEROBREAELICK
BRERRLEDOTHSS (BIX).

ZDk E, BHRO 2960 m A S 2905 m E T DY HIpH
BB AL ZROEER, ROLHEEZONS,
H.OZEDERMER T I EARIICIE, 378 6 MRS
TdH B EERE 3100 m 25 3000 m AT TRIFIL 72, % DFF
iz, HIKD £ 512, BREAREENICBIF % H,0H
RO DERDE— 27 EIXEE 3000m iR ohd, D%D,
Z OIS ERETROBHOFLTH o7, LrL,
H.O% £ & ¥ 2 #F MR T, SR, EhT~
IYAEER LU, ZOBHC X238 5BEHDD,
EED 2960 m 5 2905 m (T E THEFEL DD EFZ
5D BIX), Lies->7T, ZOEEDITICDHS,
SWOH, TRbbITuY T 4w I EEAES TS
DTH I, bbdA, IDIENIC, HRCHEEEN:
KIUHF A EZBIIH oz bDEGENS,
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5.2 EMETREOH0H7To7r740

% OEREMREIBEMERFICBVT, BERE
BNED < 1Z EBMERETO H0 25 35 Z L %18
LTws (Bz1E, Labotka, 1991 ; Mason, 1990,
p64), TR b rb o T, EMEREICB 2 H,0&
RO 707 7 A VBHREINLEHARIFEAL
Vv, FOEMRZ, —DIRRBRBRCBHLULEWEAS
DEMERHIEAL, SFLELFERLZITVIL
5THY, Fh—D2EFRADEHICE W CITEMERE
DR > 7)) > TIREEIE & TH S, WD-1la Ffic
BWTHE, Z0OXLIBEEMILAER L, BIRHETE
2 OEMAE R ANRED K-Ar #£250.3 Ma £ b
FEIZECHHETH D (EEIE, 1994), EEHIZhERE
DR > 7)) T EARRICL Twb, Licdi> T,
FERICR U727 — 513, 1E & A R THID T Dz
B B2 HLOHES D707 7 AVTHBEEEZ &
.
BRZIR T2 & 90z, H,OMBE 53 13 B2 B Ve F LARTIC
BFCRBRCESENTED, ZAbt 0.3 Ma DIRED A
ERIEHICE - T, BREERECELT 213, MR
WAL T2 BEIK). ZOREERBANEOHKE
REERIRETHBH, Py, EE 1610m BEE
R7AY 77y MR EEE 2020m OEFLHT A VT
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Stage 2 (Crystal mush magma and
vapor ascending stage)

Margin: 50m thick crust was already

consolidated
Bubble zone: LIL-component concentration zone
Green: Volatile- and LIL-components

depletion zone due to bubble ascending
Center: Normal zone
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Fig. 9 Model on the genesis of the compositional zonation of the Kakkonda granitic magma chamber.

Stage 1 (immediately after intrusion and
mainly molten stage)

Margin: Rapidly cooling

Black line: Vapor saturation (front) zone

Center: Still high temperature
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v FAHEIC BT % FEBR OBAMERIZBARO X 5 1R 2
3, BiziE, BEET7A V77 FORICIEAZER+&
RE+EE=-#EFA+EEB+H.O0DL S HEINT
w3 (Pattison and Tracy, 1991).

5.3 /R EBIIEITBRK - BETIHCTF—

2020 m & D BWHEEOBKHFH 2 BV Tk, H.0)
BRSO B RE MWRIEHE 2V LBEKFIC—B L, H,OMEK
BDOEREBTEKFC—HLTWSE, ZOZLiEK
g0 OH EOGFEESRE -EHN (VYRS T4
JE) OHEZSF, KDT7aHYTF 4 —EKELTWS
EESEBErLAENCHEENS, b L, BKES
Bul, ERRCGEWEDIZ, KDT7aH T4 —idn
APARI T4 IERRELBLDIIEBTERY,
ZDi, HLOHESWEREL2RT., —7, dbL, &
AEMEL &, FAHRIGEWTDIE, KOTaH YT 4
— BB NA PR R I T4y VEREZHILNTE
% (Hanson, 1992), Z®D7:®, H,OWEABERY %2
R,

ZOFEZIE, BRI BITE H.LOWESD a7 74
N LB EISIE D Fe, 0,/ (Fe,0; +FeQ)thD a7 7 4 v
B R R T Z Lo bR NG, L¥ RS, H
BHDOERET 2 K VT 4 —KROEEE 2N LT, &
D7 2HYT 4 —RKFEENZn0THS (E, 1965).
bbb, @mEOHMEEE, B{ETKIG 2 FeO+20H
Hydrosilicate = B €20, + H,O WG SN T B LE 2 oh
3, 20Ok iR RMCEHREI S N T, Fe,0,/(Fe,0,
+ FeO)tbat H,OW 5 L A% =T DTH A5, Lk

40

A
[=]

(8284 8)

D rhrosEzid, £ 8KD Fe,0:,/ (Fe,0,+FeO)ttiz
HohzZooks iz, Zh2hiRifs EmosEk
HOGhEBRITEE) It TaDTHS S,

5.4 RIVEBIZEITAMBRRER
BERHEOERSEEHITE B OREIC >V TRL 3.
WD-1a HTIdB&7eds S B BB H B B
THIERTERPo, LdL, ERAGRERITHEE
DOEELZFHIIO—21F, BBk, EiR
HIERERNBICBIT 2370 5 4 v 7 EEHTH 5.
ZORACODWTRBEER LW, BRETEEEDE
& 50 m BEOFHEBRAGHEONMICH - T, HETD
TP EFELTWS, Ledt-T, MBNIZRTY, B
RHEMS OB EBOEHEDFERIC Lo TWwaH
BEMEMIE W, FEe D Db 53—k, FMI MR8 THEMZT
BHEW R e RELEAEMARTHS (Kato ef
al., 1998 ; Muraoka ef al, 1998 ; 5 8X).
BIOKh v T 4 S ABRHOBEENES S, REFE
2 (1989) LEBROFETRD LB EREOEE 70
Ty ANERY, 1212L, AvT 4 I ABRTHL
5, FhEESEY Mk 2RBIOBRIIFZELZT T
WBRTTHY, HRRBOFIEREL D D KE
WEL 25 TWBTHAS, %72, BE 3100 m & D&
o OBRATLREDS  MEOEMZEREELRT DR,
B 3100 m & D EHOBERCAIE L&A (Murao-
ka et al., 1998), #REIE v b OEBRLHRADFEKROR
B, OREBErrE2EI LD THSS, HHENS
DX, 1EERDERU & 30T, EE 2940 m & 12920 m
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Fig. 10 Profiles of effective porosity in cutting samples along well WD-1a (Effective porosity shown here
includes not only natural porosity but also drilling-induced one).
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I2d, BOUESZEBREOY— 7855 ELTHS. Zh
FHDBENICE > TORWEOERTHY, BEIZEM
TREEREroTebDEEZ SRS, ZLT, FOMENH
BESEEROERIE, 270 )T 4 v 7 BEESITY
[BRIEDTAREEZ HENEHEETERVL I KBNS,
EARETERE OEMAE R B T 2 HHAR DY IE
TN ERBCBITAEFEAORM, EEFAOEBK
UHER+AEBHET 5 2 THEGARML TW3Z
LY, ¥4 7 la OEMESMERIITRE SIS
(Pattison and Tracy, 1991). Z® % 4 7i% 200 MPa
7213 300 MPa AT D, B IEEDOHRTIE LTS
TWw3, BRAEEE EE TR b ERWIRTE Well-21 ©
MR THEE 1954m ThH (BRI, 1994), RHE
WiEsrE WD-1a ORIRE FEE 2860 m Th 5, 772U,
i iERH O, BOEEEERETRLS. L
L, ZOMERI/NI VD, I TRV OREE
EHoTHEELLTWS, v/ vEABOHKRRHAIX O
shER I BBOIKIUEHEORE L EYT % LIRET 3.

= and fluid inhibitor)

= Thermal diffusion

Solidfied crust

Melted magma

395 L, FEER 27 DEHE»S 2.6 g/cm® LR
ELT, ERE2HH 80 2 BRALKE LRORER
XZFhFH 49.8MPa L 72.9MPa L Efib 515, &
NZ LD 4 7 1a DESIREE5eHiizs. 2L T,
ZDEIBRTBERET TR, EERTAV STV
DRIG, HER+HRRE+AR=EFAH+EZERF+H,0
DIREFHEDNZIE 400°Cicit T { (Pattison and Tracy,
1991), O H0CEESEHFRATA V7 7y FOBRESR
iz, WD-la CEBIZBE SN TV 380°CL T 5 Mtk —
MR OB E M (Muraoka ef al., 1998) (ZIiZIEiT
Va,

AR I & % BRAREERR I3 BEARZE R D K BELME
LE, ABaEBEAED EF %757 (Hanson, 1992).
IR EABENET2b7:6 L, KEHRZEET 2
(Labotka, 1991). WD-1a iz 8 i} % BRI 22 i K R s
BEFOEREGCHFS LS, BREMSMISOES
O, ILEFOBAEEDI:®, ZOEFAF
ERBUGHH KRR — MR ORERA TR I -1 2 &

Hydraulic (water weakening) fracture zone

- (ex. Ms+Chl+Qtz=Crd+Bt+H20 at 400 °C
under a very low pressure condition)

=~ Plastic zone (low permeability

Melted magma

Plastic zane |
Solidified crust

=11 AR OBEINA 7 0y M c BT 2 KRERBREOE T,

Fig. 11 Model of hydraulic fracturing in the sweeping dehydration front of the contact metamorphic aureole.



wmoE R O&E
ThAd EUNH), #3575, EFRHRRICTE
RE NS CEE N TTHCTTS, LR
KEWHD 7oy PBET LIRS, ZOLIR
ZHET TR, KOBE, BRAEETCL25608ED
BT, RUKEBRZED, BD THRNIEI 2 ThH
235, COLIBEBFRERKICE, TR NET 35
AKzvv bz, 7<0EAR, FEctdbkvrs <L
DEME D 5 RBEHRABEBINTWIEFTET AV Y
Sy RETREILTITL I EICRY, #OEBRICIERL
EAKIFEWETEURMBEER L TIT I LIRBTHA
5. ZOPKT v v b OBESIIRIE OIS ERTRR 0N
FE 2860 m OEMRE RSO LE» SERE 2020 m OEH
G7AV7 7y FETOFEEHECRCREBECHEELT
W3 (BN LRIFETS,

—7, WD-la F iz B TiE, ZOEEEHFRICEE
UDEEPHWIZ D 22b 6T, BEOEKESATL
bEL kW, ZOFFIE, MEPIPOKKIGO 70y T
—ERET LY, TCEER» SBEFEIMNBW LT TR
THEDOEH BRI TLEI LE D, AL —T#HE
ko TCEHTE 2, Larliss, —EERLEZIO
ffetE — WP LR OERAE D 3100 m DEE  THRIBLT
BY, ZOEEREM OB S EEFEIC X 5
NI, BAEOA —F—Thh, HEHFEMIZTD
SV, Z0l®, ITHHEAEHAERE, Tewkb
NIRRT RV, LEB->T, FlziE, BAEOKREN
FNOETELTRAKE LT &5 2 EET 2
r, BUMA L L CHEEET 2 TOH A 9.

6. ¥ & ®

ER A E s IR A R 7R 3729 m @ WD-1a
1%, BAETH 500°CRBZ LY 7V ) S AREREOEIR
HItmELHIET 2L L bz, IhPEEL THRE
D BE BT R BRAE D B TR D R HIH 2 5T
HBEL:, 2Ok, v/~ —BE-BKREEERR
BT 24 OFELERE LS L, B TIENT,
20O WD-1a #H5 5% 20 m B & R L7z 186 B h v
T4 v IEROEHS TR EEVT, UT0L5%
bt R Y

(1) BE~7v@EHYOWECONTE, IhETAR
MK EFTHERE Y > & OHEE M % h o 7248, BRETEREE
KBLWTREENC 7 B OBEEEEH I »IZ L
Tz, FORER»S, Pty WD-laHF»rs R R5ED,
EREfEAE—EO~ 7 < HMUERA TR I i d—
DRIvBEAL=y PEBZ S,

(2) BEERARIZBT 5 H,OME S OFRMEI 25371
ko T, EEERFICBT S HO0H 7o 7 7 4 L2810
THHRRIZ s L,

(3) = /=B BT ABATHRAEL T, "A L

i #

sy
=

(88284 5)

LR BEEOEER D S, KRUVBET 28y T 4 —
HALEEFMETCE L EERLT,

@) ~7EETRBEELWERVBEET L,
WIBRAE R R G, EROKE, Mot — SRRt E0%
BRBEERTIEDS, FNODAA —T@EEH
Avwvr b EEIMRICENL TRLUE,

B NEDO oH &, #DERFCHOHAREFETIE (KR
DFRIIEREE 2™ > Tz wiz, AREMZEL
(R OLHERETICEVOLBEELABERESLTY
TREWTED, i BRI YT 4 > 7SRRI
BMLTERDOBHEEICE -1, ZFE~T ) T VERRF
MR OB HELELOFRICRY YT 4 > 7 Hk»
o DORMYIRZE - P Z L TEROBHEE ko7,
HEFREFROEET B/ —7ERUEAEEEIE,
WMXOBEELTCEHEROBMERICE -7, 2L
TBILELLET 3,

X ®

Doi, N., Kato, O., Ikeuchi, K., Komatsu, R., Miyaza-
ki, S., Akaku, K. and Uchida, T. (1998) Gene-
sis of active plutonic-hydrothermal system
around the Quaternary granite in the Kakkonda
geothermal field, Japan. In Sasada M. ef al.,
eds., Deep Geothermal Systems Japanese
National Project at Kakkonda. Geothermics, 219,
663-690.

THEEX - B - RE— (1990) EFRER
FHHEAMIER I 35 1) 2 FTHAfE A L A B =R
B BIC DWW, ARHIEAY SR 2 AT
HESHEEE, 6.

Doi, N, Muramatsu, Y., Chiba, Y. and Tateno, M.
(1988) Geological analysis of the Kakkonda
geothermal reservoir. Proc. Int’l. Sympo. Geoth-
erm. Energy 1988, Kumamoto and Beppu, 522
-525.

Fujimoto, K., Okubo, Y., Akaku, K., Yanagisawa,
N, Oketani, Y. and Doi, N. (1998) Recent
results of NEDO
resources survey” project. Proceedings 20th NZ
Geothermal Workshop 1998, 91-96.

Hanson, R. B. (1992) Effect of fluid production on

and contact

“deep-seated geothermal

fluid flow during regional
metamorphism. J. metamorphic Geol., 10, 87-
97.

Hildreth, W. (1979) The Bishop Tuff: Evidence for
the origin of compositional zonation in silicic
magma chambers. In Chapin, C. E. and Elston,



WD-1a #D&ELFERHIC & 5 BRABBR DT 07 74 ) 7 (K - KB)

W.E, eds., Ash-Flow Tuf. Geological Society
of America Special Paper, 180, 43-75.

Hildreth, W. (1981) Gradients in silicic magma
chambers: Imlications for lithospheric mag-
matism. J. Geophys. Res., 86, 10,153-10,192.

fEENRE - BHER M B BB (1994
EFEE, BREMEMENCRTIE T 2 E R ER
WitES. &85, 89, 390-407.

g (& - BHEK - FIRE— (1993) EFRER
FHHhEAHIIE I 3510 B FT TG R A 1 & M B RE JB,
B A HnZAF 258, 15, 41-57.

Kato, O., Doi, N., Sakagawa, Y. and Uchida, T.
(1998) Fracture systematics in and around well
WD-1, Kakkonda geothermal field, Japan. In
Sasada, M. ef al. eds., Deep Geothermal Systems
Japanese National Project at Kakkonda. Geother-
mics, 27, 609-629.

e & - B ¥ (1995) BNidtREE S —
w Mz U 7z SR s o GEER AT T B F 1o
DWW, BEFEHE, 45, 131-144,

Labotka, T.C. (1991) Chemical and physical pro-
perties of fluids. /n Kerrick, D. M. ed., Contact
metamorphism. Mineral Soc. Amer., Review in
Mineralogy, 26, 43-104.

Mason, R. (1990) Petrology of the Metamorphic
Rocks. 2nd ed., Allen and Unwin, London, 230

P.
PR (1965) Zpie & AR, HICENE, B,
458 p.

Muraoka, H. (1997) Petrochemical profiling of the
aureole of the Kakkonda Granite using cuttings
samples along the well WD-1a, Northeast
Japan. Geothermal Resources Council Trans.,
21, 309-316.

Muraoka, H. Uchida, T. Sasada, M. Yagi, M,
Akaku, K., Sasaki, M., Yasukawa, K., Miyaza-
ki, S, Doi, N, Saito, S., Sato, K. and Tanaka, S.
(1998) Deep Geothermal Resources Survey
Program: Igneous, metamorphic and hydrother-

mal processes in a well encountering 500°C at
3729 m depth, Kakkonda, Japan. In Sasada M.
et al., eds., Deep Geothermal Systems Japanese
National Project at Kakkonda. Geothermics, 27,
507-534.

AEETE - hEBEA - MR (1997) X CT i
F 2 EREEREECRED SN BB 3 X
ToA A=Yy AARMBESRTE, 19, 209-217.

Pattison, DRM. and Tracy, R.J. (1991) Phase
equilibria and thermobarometry of metapelite.
In Kerrick., DK. ed, Contact Metamorphism.
Mineral. Soc. Amer., Review in Mineralogy, 26.
105-206.

¥ Ao ¥ — i bR (1991) IEH 65 £ E 2 E
HBEFRSTHE EZR) FKHET - EiiEX
s - EATEREE. 134p.

Sun, S.-s. and McDonough, W.F. (1989) Chemical
and isotope systematics of oceanic basalts:
implications for mantle composition and proces-
ses. In Saunders, AD. and Norry, M.]. ed,
Magmatism in the Ocean Basins, Geological
Society Special Publication, no.42, 313-345.

FRE % (1987) S thEE O BER B ABBUK R
THEREY — BNERHERIKE & & RN SRS IK
A—. HFERE, no.266, 77-142,

FAEEER (1994) HBRET ) v o/msBlv s~
WO — B - (11 - Efuhdss e LT -,
W 25, no.43, 141-155,

Uchida, T., Akaku, K., Sasaki, M., Kamenosono,
H., Doi, N. and Miyazaki, S. (1996) Recent
progress of NEDO’s “Deep-Seated Geother-
mal Resources Survey” project. Geothermal
Resources Council Tranms., 20, 643-648.

FBFHER - ZHEFEH - KEERD (1989) HARDHIE,
HECBIBYHT—r 201 a7HET—
5 —E, WEBRF, SR, AR -, HH
e, no.271, 832p.

(ZZfF 1 2000522 H 9 H ; %3 : 20008 6 H26H)



HWOoH O OE O R & (Bu84%)

Wé‘% WD-la A v 74 7 ‘”VHUD ﬁﬁj\)r)' flidt (Fe, 0, 0 22T iﬁﬁﬁ%i)\ 5 FeO wt %/0.9 £5[ w7z fid, LOI @ sREKE{E,
CHREG T A Itk : (‘fk’ﬁﬁj\ﬁh(ﬁ F o oA i DHEEAG T A EESE, T RAGNRE

(BJIL(E, T WEE, G xéj\frfnﬁr .

Compenent| SiO; | TiO; | AL,O; | Fe,0;] FeO | MnO [ Mg0 | CaO | Na,0O | KO | Cr,O;} P05 | +H,0 | -H,0 |TOTAL] LOI COZ C S Ba Cs Hf
(96) | (96) | (36) | (96) | (96) | (96) | (90) | (96) | (%0) | (S0) | (86) | (30) | (%) | (%6) | (96) | (96) (lnnggi (%) (96) | (ppm) | (ppm) | (ppm)

Method A A A A A A A A A A A A W W F | M_ M M
Detsctability; 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.20 0.01 0.01 10 1 1
(96) | (96) | (96) [ (90) | (96) | (36) | (98) | (96) | (96) | (90) | (%) | (96) ! (96) | (96) (%) | (%) | (96) | (96) | (ppm) | (ppm) | (ppm)

No. | Depth {m)

1 20.00 80.28] 029 8.32 1.08 1.35] 0.05 0.82 1.52 1.18 1.63] 0.0t 0.05 1.22 0.81| 98.58] 2.71 04] 0.11 0.37 233 5 2
2 40.00( 71.45] 029) i2.96] 0.72 1.52} 0.07 0.62 2.85 3.02 2.26] 001 0.05 220] 0.52]| 98.55] 3.51 04} 017} 046 288 7 2
3 60.00] 75.93] 0.30! 10.66 1.02 1.38] 0.07 0.72 2.15{ 2.50] 3.25| 0.01 0.05 1.53] 046]1 00&2_‘ 2.98 09] 032 0.70 213 3 2
4 80.00f 75.02 0.28] 11.23 1.85] 0.79] 003 042 1.02 1.69 394] 000 | 004 1.45{ 0.35{ 98.12 3.75 02} 026 l.(ﬂ( 499 3 3
5 95.00¢ 80.39 0.22 9.30 1.18f 0.63] 0.02 0.26 1.08 221 2.04] 0.01 0.03 1.27] 023]| 9887 272 G3] 028] 099 280 2 2
] 120.00{ 86.58! Q.14 508! 0483( 047! 002 0.52 2.08] 069 1014 001 Q.08 1.59 037 99.45( 3.43 06] 0.69 0.72 180 3 1
7 140.00] 7036] 0.31] 13.87 1.41 1.32] 0.04 0.92 3.5 3.56f 2.22] 0.01 0.05 1.57] 0.21]| 89.00) 3.29 1.2] 042 1.07 205 6 3
8 160.00| 78.44} 022 9.63 141 1.03} 0.03 1.44 0.73 1.22 2.69] 0.00 | 0.06 2.13] 0.48; 99.48; 3.89 04| 033 1.02 288 3 4
9 180.00] 73.83] 0.35] 11.09 1.49 1.30{ 0.03 2.19 1.801 2.08 2.66] 0.01 0.05 2.07 0.52| 99.47] 3.86 06] 037 1.07 202 2 3
10 205.00] 73.81 0.31] 11.10 1.97 1.38{ 0.03 1.89 0.94 2.52 2.08] 0.01 0.04 1.99 0.41) 9849 420 03] 017 1.58 242 3 3
1 220.00]{ 69.92 037] 1064] 270} 201] 0.04 3.16] 07 2.16 1.27] 0.01 0.04 2.53] 056] 96.i12 556] <0.2| 047] 220 209 3 2
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22 440.00| 75.53| 025] 12.64f 086/ 086] 005 1.77] 086] t80G] 2.80| 000 ] 003 2.14] o067[10026] 3.6t] <02} 07| 0.60 709 1 5
23 460.00f 75.13] 0.23] 12.25 0.85] 0.79} 0.05 1.49 1.01 2.16] 3.85] 000 | 0.03 1.77] 0.51}100.12 321 0.5 0.19 0.60 282 1 5
24 480.00] 75.10] 0.29; 12.11 1.38] 096] 0.07 233 0.64 2.83| 251 0.01 0.05 1.83| 0.37]10048] 301 <02 0.13 1.09 308 1 4
25 505.00f 71.30| 0.24] 11.88 1.83] 027] 0.22 234 1.61 1.94 3.62| 000 | 0.04 166/ 037] 97.33] 3.60 0.8] 037 1.53| 1125 1 4
26 520.00] 74.95| 025] 11.92 1.17] 0.69] 0.08 1.59 Q.79 2.69 402] 000 } 0.05 1.24 029] 99.73| 2.80 04] o.16] 093 918 1 5
27 540.00f 74.12 031] 11.83 1.31 09t] 0.09 2.12 1.83| 2.88 1.66} 0.00 | 0.05 1.73] 0.13| 9897] 358 08} 036 1.05 243 2 4
28 560.00] 70.36] 041} 12.13 1.80 1.58] 007 1.35] 229 3.96 088| 001 0.07 1.55]| 0.30| 96.76] 3.31 03] 0.19 1.48 172 2 3
29 580.001 73.30 0.2_& 11.556 1.56 1.08} 0.1t 2.56] 0.52 0.68] 3.90] 0.00 | 0.05 2.36] 0.30| 98.20] 341 0.2 0.1t 1.28 902 2 4
30 605.00] 74.29 0.34] 11.92 1.00 1.41] 009 193] 073] 295; 287 001 0.05 1.98] 0.15] 99.73] 250§ <0.2 0.14 0.74 533 1 4
31 620.00} 73.52 0.32] 1255 1.46f 096} 0.07 1.47| 044) 4.15( 2.96]| 0.01 0.05 1.29 0.22] 99.47 3.068] <02 0.06 1.14 8§56 1 3
32 640.00| 72.75] 0.28) 11.87 1.74 099 0.13 335] 031 2.84 1.50] 0.00 | 0.05 208] 021] 97.90] 3.27} <02 0.09 1.27 182 1 4
33 660.00} 75.15) 0.28] 11.73 1.28) OR82 007 2068] 0398] 341 1.861 0.01 Q.05 1.65) 0.14] 9871 2471 <02} 004 1.06 369 1 3
34 680.00( 73.35; 030} 1251 122] 096] 0.07 2.38] 071 3.86] 1.40] 0.01 0.05 1.95! 0.i5] 98.93] 2.41 <02] 004] 102 248 1 4
35 705.00} 85.07 0.16} 4.84 121 043| 0.06 2.61 026] 0.28] 0.85|] 0.00 | 0.10 1.94 021] 98.03] 3.18}] <02 0.34 1.12 279 1 1
36 720.00] 7887} 0.28 8.31 1.99 077] 0.06 2.55] 046 1.55 142 000 | 0.11 1.94; 020) 98.62] 3.68 <0.2 0.36 1.71 593 1 2
37 740.00| 77.18] 022! 11.35} 0.74] 095] 0.08 120 059] 343] 3.01] 0.01 0.04 1.08] 005]| 99.93] 1.68] <02| 004] 060 765 1 4
38 760.00] 72.99 0.27] 13.0% 1.03 1.11] 0.08 2.11 1.20) 4.31 2.49) 0.01 0.08 1401 012410020} 2.14] <02 0.13] 077 570 1 3
39 780.00| 81.18 0.16f 4.86| 083| 062] 007 478 1.76] 0.32 0.60] 00t 0.13 226) 0.13] 97.82 3.63 0.7] 0.60] 0.80 202 1 1
40 805.00{ 83.84 0.15] 4.56 1.02 0.49) 0.25 3.21 1.61 0.13| 092] 0.01 0.1 1.88| 0.14] 98.32 3.05 08] 052 0.79 402 ] 1
41 820.00] 80.79 0.26 7.00 1.89 0.53] 0.14 1.82 088 O.11 2.41] 000 | 0.10 1.59 0.20¢ 9770} 3.7 0.8{ 043 1.60 238 2 2
42 840.00| 82.25| 0.27 1.06 1.83} 0.64] 008 1.51 0.62 0.09 2.49| 001 0.1 1.56] 0.29| 98.75| 3.56 04] 041 1.54 240 2 1
43 860.00] 76.98 028] 9.19 195 0082} 0.16 2.44 0.61 0.32 3.63] 0.00 | 0.08 2.02 0.32 _9_8.90 4.01 <0.2 0.34 1.61 296 2 3
44 880.00] 77.27| 0.24 8.84 1.13 1.42] 032 2.33] 041 0.11 3.13} 000 | 005 2.13] 0.23] 97.61 3.12 <0.2 0.29 0.86 507 1 3
45 905.00] 74.18f 0.29] 10.84 1.75] 0.83] 0.18 2.10f 057 L1l 3.52| 0.01 0.07 1.64] 0.18! 97.27 3.04| <02 0.18 1.42] 1440 1 5’
46 920.00] 7830] 027] 9.07 1.54] 0.83]| 021 208| 048f 098 2.76{ 0.01 0.06 1.47] 009] 98.14] 2.67] <02 0.06 1.34} 1365 1 2]
47 940.00] 76.55| 0.24]| 10.00 1.33] 0.99] 0.18 3.05] 076 1.04 2.87] 001 0.04 2.15| 0©.17] 99.38] 3.28] <0.2 0.04 1.21 490i 1 QI
48 960.001 72.12 0.27] 10.97 1.18 1.16] 023 3.54 1.39 1.25 3.00; 0.00 | 0.05 2271 0.16] 9756 3.70] <02 0.08 1.45) 1900 1 3
439 975.00] 76.48} 0.24] 10.31 091 0.70| 0.11 2.68 1.03 176 1.93] 0.0% 0.04 2.04] 0.18] 98.41 3.1t <02] 0.04 1.15 489 1 3J
50 995.00; 7535| 030] 11.44 1.29 111} 0.17 3.44 0.34] 0.61 3.50] 0.00 | 005 2.52 0.30] 100.42 3.55] <02 0.09 0.93 690, 1 4
51 1020.00] 76.69 028| 9.43 1.01 1.39] 025 4.22 023} 020 1.86] 000 | 0.05 2.65| 0.19] 98.44 3.56] <02 007} 077 9809 1 2
52 1040.00} 76.80] 0.28 9.44 123 1.611 028 499 0.21 0.10 l.ﬂ‘ 0.00 | 0.05 280! 0.18] 99.57] 373 03] 005] 084 398 1 2
53 1060.00) 75.69! 0.33] 11.40 1.15¢ - 1.55] 0.31 3.99 0.26 1.57 1.721 000 | 005 | 262 0.171100.81 327 <02 0.05} 082 764 1 34
54 1080.00] 74.25] 0.33] 12.10 1.31 1.62} 0.31 3.63 0.48 1.74 1.82| 0.01 0.05 264 0.i2[10040] 3.37] <02 0.04 1.03} 1245 1 3
55 1105.00| 72.24] 0.32] 11.33] 1.22] 169 0.15 3.61 1.23} 1.86] 1.64] 0.01 | 0.08 058 0.19] 96.13] 3.62] <02| 006f 1.33 369 1 3
56 1120.00] 72.88] 0.34] 11.10 1.43 1.61] 0.13 4.37 1.47 1.60 1.51] 0.00 | 0.06 281 0.12] 99.44 392] <02 0.04 1.63 380 1 3
57 1140.00| 6508} 0.45] 13.11 2.31 1.87] 0.32 4.50 1.64] 3.14 1.50{ 000 [ 0.10 253] 006} 96.62 3.90‘ <02] 0.06 192) 1265 1 3
58 1160.00] 60.03] 0.83] 14.04 1.72{ 4.07] 0.55 584 1.25) 309 2.19]_0.01 0.12 3.41 0.10| 97.05] 4.25; <0.2 0.04 1.52f 2120 1 3
59 1180.00] 59.64] 0.67] 15.00 1.97] 451] 071 5.52 1.29 3.68 1.45{ 0.01 0.13 3.59 0.12] 98.32 4.05| <02 0.06 1.40] 2460 1 4
80 1205001 72.10] ©0.41 9.88 1.38) 3.07} 063 470] 054 1.18 1.34] 0.01 0.08 3.07; 0.10] 98.51 3.48} <0.2 0.08 1.18] 2370 1 3
61 1220.00| 70.00] 0.38] 10.89 1.63] 2.43| 0.39 4.69 1.18 1.36] 1.58] 001 0.07 3.06 393} <02 0.12 1.31 942 1 3‘]
82 1240.00§ 78.11 0.30 7.61 1.27] 2.89] 0.40 382 070 073 086] 001 0.06 2.15 3.00] <02 0.05 1.17 592 1 2}
63 1260.00] 79.74} 0.23 843 076 223] 031 3.25] 053] 042 1.53) 0.01 0.05 2.09 2.70] <02 0.04| 062 891 1 Ql
64 1280.00f 78.07| 025 8.99 1.60f 1.77] 0.27 2.72 0.56] 0.51 3.16] 0.00 | 0.05 1.86 2.72 <0.2 0.06 1.11] 2980 ] 4
65 1305.00] 71.88] 0.62] 12.33] 157 2.13] 029 204} 1.38) 332 1.43] 0.01 017 1.66 2.46] <02| 007] 098] 1025 1 3
66 1320.00} 75.24 061} 1097 1.56 1.83| 0.25 1.96f 0.89 3.58} 0.90] 0.01 0.15 1.38 2.27] <02 0.06 1.03 678 1 3
67 134000] 71.73] 053§ 9.52] 1.88] 112] 015 1.36] 4.40] 3.13] 094} 001 | 0.12 1.35 3.39 10] 042! 1.18] 1300 1 2
68 1360.00; 66.96] 0.69f 12.92| 2.35| 3.02| 045 3.61 1.24 3.89 0.76] 0.01 .18 2.39 335] <0.2 0.09 1.60 536 1 3
69 1380.00] 69.90| 0.70] 13.08| 1.08] 305{ 0.44 283} 089] 431 0.76f 0.00 | 0.15 2.07 2.34] <02| 005] 051 397 1 3
70 1405.00] 69.00] 068) 1429 1.27] 292} 038 2.89 098 5.69 0.36] 000 ) 016 1.67 2.48] <02 0.04 0.75 177 1 3
n 1420.00| 54.79] 0.81] 17.28| 3.07) 495] 022 6.40| 5.17| 3.22] 0.67) 001 0.12 2.66 3.13] <02| 004] 025 310 1 2
12 1440.00] 56.92 086f 1691 1.95| 531} 0.24 577| 2.4i 4.17| 083] 000 | 0.12 3.24 3.66] <0.2 0.04 0.50 433 1 3
73 1460.00] 57.39] o0.81| 1642| 234} 490] 0.12 456) 4.13] 407} 050} 000 [ 0.1 2.95 301} <o02| 005] 006 352 1 3_1
74 1480.00] 60.50| 0.80f 15.44 1.31 4.76] 0.25 4.22 1.71 4.89 0.57| 0.00 | 014 267 3.14] <02 0.04 0.59 410 1 2
15 1505.00| 56.08f 0.80| 1580] 452 5.54] 0.11 5.29 3.52 4.31 0.20) 000 | 0.08 3.27 3.11 <0.2 0.05] 0.18 282 1 2
16 1520.00] 55.40] 0.83] §6.19 1.69] 4.89} 0.39 443] 3.13] 3856 1.07] 0.00 | 0.14 3.16 1.79 <0.2 007 044 724 1 2
17 1540.00] 56.81 0.86] 17.19 194} 4.92] 0.30 4.18| 3.63] 4.04 1.05) 000 | 0.15 3.22 3.15 04| 004] 0.18! 1035 1 3_'
78 1560.00] 55.85] 0.87f 17.32 1.66] 5.08f 0.34 4.67| 344| 488 052| 000 | 0.18 3.05 3.14| <02 0.04 0.14 451 1 3
79 1580.00| 61.60] 0.85| 16.82] 158} 3921 033 3.74] 306] 510! 083} 000 | 017 2.62 2.85] <0.2| 006] 042 808 1 :4
80 1595.00] 60.671 0.83| 14.76 1.19 6.21; 0.30 526 1.58 1.96 1.41] 0.01 0.13 3.88 499 <0.2 0.07] 0.27 698 1 2
81 1620.00] 53.76] 0.80| 1446| 158] 644! 015 589| 558 366} 051] 000 ] 011 4.15 5.80 07] 033] 015 165 1 2
82 1640.00; 65.82 0.80| 14.87 0.789 4.06] 0.13 3.51 1.27] 407 1.61] 000 | 020 2.34 2.52 0.2 0.08 0.10 607 1 3
83 1660.00] 55.36] 0.89] 1582] 0.71 7.13| 0.18 7.11 1.12] 3.61 0.71) 000 | 0.12 4.29 435] <o02| o008] 005 173 1 2
84 1680.00; 55.61 089] 16.19 1.05| 6.93] 027 7.73] _©080] 356/ 0.73| 000} 0.12 4.43 4.60| <02{ 007| 0.30] 189 1 2
85 1705.00| 55.83| 0.80f 16.25| 1.65| 6.72{ 0.38 797| o078 265} 121} 000 | 0.10 435 525 <0.2] 004] 0.71 323 1 2
86 1720.00| 54.02 088| 17.41 1.22 6.16f 032 6.59 1.32] 3.56 1.48] 000 | 0.13 4.19 428] <02f 0.05] 032 571 1 2
87 1740.00] 54.25] 036} 18.53) 2.32 5.49) 0.34 1.38] 2.51 2.301 142 001 013 4.49 5.79 0.5; 020] 0987 361 1 2
88 1760.00} 54.54 0.78] 17.04] 4.79| 3.71| 023 4.96 1.30) 271 3.72] 000 | 0.10 3.20| 022] 97.11 549| <02 0.04 3.70 485 1 2
89 1780.00] 52.92 0.78| 17.68 1.74] 586 024 704 1.04] 4.62 1.13] 0.00 } 0.11 3.94f 0.15] 97.24] 4.13| <02 0.02 0.89 221 1 1
90 1805.00f 55.70) 0.78] 17.24 1.14] 6.23| 027 1.00 1.31 457] 0.74] Q.00 | 011 385| 0.10] 99.14 4.03] <02 0.03 0.38) 469 1 2
91 1820.00] 56.21 0.79) 17.31 1.79 5.57] 021 674 2.08 5.12 0.69F 000 | 0.11 3.27] 0.131100.03 3.64] <02 0.04 0.50 302 1 2
92 1840.00; 54.10] 080} 17.75 1.46] 6.52| 026 8.72 1.72 4.10| ©0.76] 000 | 0.11 407| 0.16[{100.54] 4.14 <0.2{ 003 0.40 266 1 2
93 1860.00] 53.52 0.78] 17.08 1.90f ©598] 0.34 7.72 3.03] 336 0.67} 000 | 0.12 3.73] 0.15] 98.40] 3.94] <0.2 0.03{ 043 322 1 2

— 50 —



WD-la HOELHEFONNE & 2 BREMEARO 70 7 7 4 U > (i - K#)

Appendix-table Results of multi-component analyses of cutting samples from well WD-1a (Fe, O, © A value subtracted FeO
wt%/0.9 from the total iron, LOI: Loss of ignition, A: ICP-AES method, W: Wet method, F: Weight loss in furnace, M:; ICP
-MS, I: IR detector, T:Titration method, G: Gasometric analyzer).

Component| SiO, | TiO, | ALO; | Fe;03;{ FeO | MnO | MgO | CaO | Na,O | K,O | Gr,0;| P,05 | +H;0{ -H,0 |[TOTAL] LO! CO, C S Ba Cs Hf
90) | (90) | (6) | (96) [ (36) | (36) | (96) | (%6) | (96) | (96) | (96) | (36) [ (%%) | (96) [ (96) | (%6) [ Gnorg] (%6) | (96) | (ppm) | (ppm) | (ppm)

Method A A A A A A A A A A A A W w F D ] | M| M M

Detectabili 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 001 0.01 0.01 0.01 0.20] 001 0.01 10 1 1
(90) I (96) | (96) | (96) | (96) | (96) | (96) | (96) | (96) | (96) | (%6) [ (96) [ (96) ]| (96) (90) ] (90) | (96) | (96) | (ppm) | (ppm) | (ppm)

No. | Depth (m)
94 1880.00] 5551] 0.74] 1637] 1.33] s580] 023 | 729] 222] 360] 1.07] 000} 012 | 340] o] 97.73] 355] <o2] 00s5] 025] 514
95 1905.00] 5580] o.76] 1698] 1.67] 5511 017 | 7J.48] 2421 3791 100] 000 043 7 355] o013 903s] 350] <o2] o063] 023] 363
96 1920.00| 5505] o0.78] 17.27] 1.95] 563] 018 | 7.38] 3.27] 353 1.05] 000 | 013 | 306] o012} 99.39] 324 <02| 003] 0.15] 4i5
97 1935.00] 5497 osof 1731] 199] s5e0] o014 | 748 332] 353] o095 000 | 012 [ 325] o.40] 99.57] 332] <o2] oo04] o025] 385
98 1960.00] 56.21] o79] 1721 1.68] 624] 028 [ 687 197] 4.18] o066] 000 [ 011 358] o011 99.89] 3.40] <o2] o003] ©27] 248
99 1980.00] 52.76] o075} 17.28] 1.30] 669] 030 | s7s] 134] 275] 092 000 | 008 [ 494] 0.15] s806] 493] <o2] oo03] 048] 237
[ 100 2005.00] 62.17] os8] 1533] 112] 442] 021 ] 592] 1.16] 363] 105 ooo | oos | 289 oo09| o8e6] 3.35] <o02] 002] 053] 357
101 2020.00] 59.33] o072] i680] 132] 435 023 | s82[ 205 350 1.40] coe | 012 | 292] oftol 9s6e6] 3.07] <o2] 004] 046] 527
102 2040.00] 59.40f 0.78] 1750 1.36] 4.66] 025 | 670] 1.25] 3.68] 1.46[ 000 | 010 | 3.18] 009]10042] 334] <02[ 003 048] 457
103 206000] 66.14] os0f 13.76] o089] 3.49] 015 | 459 o067[ 2.57] 1.61] 000 | 000 | 219 003[ 96.68] 6.2t <02] 004 o040 478
104 2080.00] 71.50] o040] 1397 1.25] 2.82] o014 | 381] 084] 290] 1.65] 0.00 [ 0.06 | 1.90] 006]101.40f 1.88] <02] 005] o021 611
105 2105.00] 54.15] 0.67] 1834 338] 478] o010 | s50] 3.03[ 456] 0.73] 0.1 | 009 [ 1.83] oo06| os60] 1.52] <02{ 003f 025] 166
106 2120.00] 58.05] 0.67] 16.79] 2051 478] 011 676] 2.73] 4.01] 1.10] 001 | 009 [ 285] 013]100.12] 2.82] 02| 007] 0.13] 349
107 214000} 6030] o.64| 1418 1.68] 468 015 | eo04] 169] 323] 154] 0.00 [ 0101 1.75] oo4] v601] 6.48] <o2f <001 1.06f 361
108 2180.00] 63.20] 0.66] 1535] 2.59] 3.65] 008 | 453] 360} 3.70] 1.10{ 000 | 009 | 099] 0.08| 99.63] 1.80] <02l <001} 082] 345
109 2180.00] 63.00] 0.65] 16.02] 246] 362| 011 | 494] 315] 3.54f 1.41] 001 [ 010 | 1.21] 004/10025{ 1.60] <02 007] 052] 594
110 219500 62.11] 0.62] 15.39] 2.74] 3.35| 012 | 436] 2261 378] 1.24] 001 [ 0.09 | 1.03] oo7] 97.18] 2061 <02l o003 os8] 388
111 2220.00] 64.38] 061[ 1550] 2.15] 3.29[ 013 | 422{ 1.36] 451 1.08[ 001 | 009 [ 1.79] 007] 8oi9] 212] <o2] <0.01] 063] 252
112 2240.00] 59.67] o0.70| 1699] 2.74] 449] o016 | 516] 1.52] 383] 1.14] 001 | 008 | 224] o012] 97851 2711 <o2] ooil os5e6] 210
113 226000 55.70] o046[ 12.82] 2.68] 263] 010 [ 317} 6691 371] 086] 000 ] 007 [ 1.15] o005] 9018] 328] <o2[ <oo1] 419] 205
114 2275.001 5899] o0.70] 1527 3.86] 440] 015 | 480] 1.70] 370 1.07[ 001 | 008 | 200 0.13] 9686] 295] <02 o003 .79} 226
115 2305.00f 53.36{ 0.65| 1898 472] 477 013 | 564 385] 413] 1.09] o0t | 008 [ 2.04] 0.13] 9957 243] <o2] 002l 073] 208
116 232000 55.17| 073| 1866} 391] 457 012 | 593] 389] 38t] 103] 001 | cos | 207] 022[10021] 2.14] <02] 004] 072] 199
117 2340,00[ 62.01] o0.75[ 16.75] 2.09] 3.76] 0.14 | 404] 2.16] 332] 1.87] 001 [ 032 | 211} 0.16] 99.29] 2.18] <0.2] 003{ 031 393
118 2360.00 55.53] o0.80] 19.57| 2.92] 446] 015 | 492] 150] 546] 1.34] 001 | 009 | 202] 0.15] 9893) 208] <02] 002] 034 279
119 238000 56.33[ 0.76] 18.98] 2.69] 4.30] 015 | 4.38] 302] 471[ 1.60] 001 [ 011 1.87] o1e| 99.07] 2.18] <03] o02f o058l 403
120 2405.00[ 54.67] o081] 19.65] 314] 410] 012 | 484] 285] 478] 1.47] 000 ] 0.11 1.18] 007} 97.80[ 1.39] <o2| o0.13] o042] 376
121 242000[ 55.74[ 0.75] 18.60] 2.90] 4.26] 0.15 ] 487] 2.63] 433] 1.48] 001 | 009 | 1.98] o016] 9785| 195] <02 005 052} 370
122 244000| 5488] o066] 17.84] 263] 448 014 | 583] 2811 3641 146] 001 [ 009 | 208 012] 0655] 249] <o2] 001 053] 466
123 2460.00] 57.09] o.68] 1851 2.76] 4.18] 011 [ 530 3.27[ 4.46] 1.21] 001 [ 011 1.46] _099] 99.32] 1.65] <o2[ 0.01] o022 575
124 248000[ 5757] o0.65] 18.38] 269] ai0f 013 | 536] 256] 463] 1.21] 001 [ 010 | 1.47] o15] 99.01] i.80] <02} 003] 037] 388
125 2505.00] 5591] 0.67] 18.34] 369 407] oo8 | s522] 380 453] 0987] 001 [ o1 1.79] o12] s9.30] 194] <o2[ o0.02] o054] 29t
126 2520.00] 55.39] 0.6)] 18.18] 295] 4.13] 010 | 5.24] 407] 430] 1.02} 001 ] 010 ) 1.681] 016] 97.87] 1.79] <02} 004] 031} 442
127 2540.00] 52.07] o061 19.26] 497 398] 012 | 549] 265! 576] 0.55[ 001 | co8 [ 1.38] o0.14] 97.07] 246] <o2] <oo0i] 177 158
128 256000 5550] 0.73] 1624] 2.18] 472] o018 | e83] 227] 401] 093] 001 [ 009 | 346] o0.19] 9731] 349} <02| <001 o061} 319
129 2580.00] 52.71] o0.70] 18.50] 294] 512] 012 | 732] 3.00[ 498 o099 001 | 011 1.78] _023[ 9851] 1.79] <o2] 001} 023] 142
130 2595.00] 52.06] o.69] 18.25] 2.89] 547] 011 8.46] 2.19] 432] 1.12] oot | o010 [ 222] o19] 98.09] 1.87] <o2] 001] 0.10] 247
131 2620.00] 55.83] 072] 19.19] 2.30] 4.55] o010 ] 507] 3.15] 501] 1.06] 001 | 009 | 1.53] 0.15] 98.77] 1.02] <02f 001 o0l 274
| 132 2640.00] 52.31] 0.73] 2022] 432] ae0] 007 | 500{ 330] 575 o092] 060 | 010 1.16] 0.08] 9854 1.07] <02] <001] 009] 169
133 2660.00f 52.00] 071] 20011 345] 465[ 018 | 659] 1.96] 514] 1.01] 000 | 009 [ 1.99] o0o08| 9797] 2.27] <o2f <0o1| 053] 307
134 2680.00| 5552| o062} 17.69] 324 4.01] 011 | 530] 434] 436] o081] 001 | 009 | 1.66] 024} 9801] 141] <02{ 011! 037 267
135 2705.00] 53.94] 0.66] 19.55] 354] 480[ o011 [ 432[ 2.66] 580] o088] 000 008 [ 075 017] 9727] 0.78] <02 001] 041} 487
136 2720.00] 54.45] 067] 19561 354] 5.18] 011 | 464] 216] 589} o096) 001 | 008 | 090] 0.11] 98.24] 068] <02) <001} 037] 374
137 274000 55.74] 0.67]| 19.18] 2.87] 393[ 010 | 475 201] s5e60] 1.20] o000 | 007 | 1.05] o008] 9726 1.38] <02[ <001 086} 537
138 2760.00| 54.68] o071 19.08] 3.41] 432] oo8 | s560f 236] 5221 1.02] 001 [ 009 | 099] o006] 97.62] 1.35] <02] <00i] 044] 356
139 2780.00[ 6141 o.66] 16.74] 178 325| 0.11 400 190 348] 237] ooo | 009 | 1.52] o008 szar] .73 <o2f <001] 025] 1320
140 2805.00] 60.97] 067] 17.63] 1.98] 3.71] 012 | 414] 192] 3.83] 2.11] 001 | 008 | 1.34] 009] 9857] 1.66] <02} 001 035] 589
141 282000[ 5820 oee| 17.80] 258l 367[ 012 [ 3790 401l 363] 227] 001 | 007 | o65] 007 9763 138] <02l <001l o85] 678
142 2840.00] 6393] o56| 1685 145] 250] 009 | 234 394] 2061 335] 001 ] 008 | 064] o06] 9794] 1.10[ <02 oot o46] 83i
143 2860.00] 64.19] 0.67[ 16.83] 1.74] 3.70] 011 | 2.10f 222] 233] 3.21[ 001 [ 011 1.03] oo6f 9831 1.12] <o2| <001] 048] 818
144 2880.00] 68.70] 048] 15.19] 1.87] 264[ 004 | 148] 4.24] 341] 1.52] 001 | 006 | 0.12] 003] 99.78] 024] <o2| <0.01] o008} 481
145 2805.00] 67.66] 044] 15.69f 2.00] 247] 003 | 149 511] 371] 137/ 061 [ 005 | 001] o003[10008] 0.32] <02[ <001f 002] 438
8 2920.00] 71.50] 038] 1440] 1.78] 1.78] 003 | 1.12] 384] 3.68] 190 001 | 003 [ 006] 002[10054] o017] <02] 003| 002] 586
7 2940.00] 68.88] 036] 1473 190 292] 005 [ 149 373] 401] 180/ 001 | 004 [ 016] o011]100199] o036] <02 008] 008] 555
148 2960.00{ 6890 o045] 1501] 223] 239] 003 [ 146] 472] 3851 141] 001 [ 005 | 007] o002]10060] 022] <o2f <001 002] 420
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149 2980.00! 69.23] 043| 1526] 196] 210] 0.02 1.39] 4.80| 403} 1.35f 001 | 0.04 0.19] 005[100.86{ 029} <0.2| <0.01] <0.01 442 3
150] 3005.00] 64.52| 045] 14.76) 2.43] 342] 0.05 198} 4869] 367] 1.268] 001 | 005 042] 010] 97.81] 052 02} 007} 008 390 3|
151 3020.00] 67.74| 0.44) 14.69] 1.88] 2.59] 003 1.57] 494] 363] 1.13] 001 | 0.05 0.19] 0.02; 98.91] 025 03| 008] 002 354 4
152 3040.00f 68.03| 043] 1480| 1.94] 236 0.03 1.46] 485 375} 1.32] 001 | 0.05 017] 003] 99.33] 022] <0.2{ <0.01] <0.01 420 4
153 3080.00] 68.07! 0.51| 14901 254 277] 003 161 5.3} 3.698] 1.21] 001 | 005 | <0.01] 002}100.54] 0.15] <02| <0.01j 0.01 409 3
154 308000 68.91{ 0.45| 1481 1.95] 2.38] 0.03 149 6508] 355 1.21] 0.01 { 004 0.14] 0.041100.10) 0.32] <0.2] <0.01] <0.01 439 4

155 3105.00f 68.51) 043| 1518f 192| 262] 003 1.55] 5.18] 3.59] 1.33] 001 | 004 | <0.01] 002[10041] 033} <02} <0.01| <00t 405
156 3120.00| 6838 041] 15121 181 2.70] 0.03 1.67] 5.17] 358] 1.25| 001 | 004 | <001} <0.01]100,08} 028{ <02| <0.01] <0.01 403
157 3140.00! 67.12| 0.47| 14.17] 1.88] 3.06] 0.03 1.66] 483} 332] 1.23] 001 | 005 ) <001 <001 9783[ 021 <02| 001} 001 379
158 3160.00| 66.81] 044} 14.49] 1.53| 2.99] 003 1.65] 493 337] 1.26] 001} 005 { <001f 001] 9757} 027 <02{ 001] 0.01 367
159 3180.00) 8760 0.41] 1442] 158] 2.69] 0.04 1.57f 480F 3321 1.22| 001 [ 0.04 | <0.0t1| 005] 97.74] 0.28f{ <02| 001| 001 387
160 3205.00] 66.48] 043} 14.77] 1.66] 2.65] 0.04 1.565| _490] 341] 1.23| 001 | 005 ] <001 006] 97.23] 054] <02} <0.01] 0.02] 409
161 3220.00] 66.35| 044] 14.64] 189] 278] 0.04 1.66f 488! 340! 1.26] 001 | 005 | <00t 0.04] 97.43] 033} <0.2] <001 0.01 383
182 324000] 6539} 050} 14.85] 2.04] 3.26] 0.04 1.80] 492] 348] 1.35] 001 | 008 | <001f 0.05] 97.75] 0.28] <0.2| 001} 001 388
163 3260.00] 66.02| 049] 14.51] 192] 337] 004 1.82] 495! 340! 1.19! 001 [ 005 | <0011 004) 97.81] 027] <02 00t] 0.02 374
164 3280001 6727 0.44| 1467| 151] 282] 004 1.60] 474 341] 1.32) 001 | 0.04 02728] 0.11] 9836 033] <02! 001} 002 410
165 3305.00| 67.48| 045| 1438] 171y 287] 0.04 1.60f 4.56] 3.54] 128! 001 { 004 009 010] 98.15! 031] <0.2{ <001| ©0.01 428
166 3320.00] 68.46| 043] 14.11) 177§ 299] 0.04 1.50] 4.62] 331] 1.28] 001 | 004 | <001] 0.06] 9861] 030f <02] 0.01| 001 384
167 3340.00] 6683] 0.48),14.41] 1.97] 3.19] 004 1.73] 483! 334! 127 001 | 005 | <001} 005} 98.19] 025] <0.2{ <0.01] 0.02 369
| 168 3360.00] 67.26] 051] 14.09] 1.71] 3.51] 004 1.74] 462} 332] 1.38] 001 | 005 0.20] 0.06] 98.50] 0.16] <02] <0.01] 002 364
169 3380.00f 67.00] 051} 1423| 1.55) 341} 004 1.72] 4.84] 336! t.31] 001 | 004 | <0.01] 0.03] 9785} 0.18] <02] <0.01| 0.0t 404
170 3405.00] 67.16] 0.47] t4.14] 1.12] 3.31] 004 1.68] 4541 3.35] 1.37f 001 | 004 0.12] 002| 97.35] 027 <0.2} <0.01] 0.0t 393
in 342000 6602} 0.51| 14.54] 1.51] 3.57] 004 1.85] 493] 346] 1.28] 0.01 | 0.05 0.10} 001 97.88] 0.29] <02| <0.01{ 0.0t 380
172 344000} 67.00) ©050) 14.34] 137F 331} 0.04 1.83) 485] 325] 1.25] 001 } 004 | <001} ©001) 97.80] 0321 <02] <001] 0.01 328
173 3460.00( 65.04] 0.50| 14.79) 1.57] 348} 0.05 1.87] 508] 3.40] 1.24] 002 [ 005 0.04] 001] 97.15) 0.30f <02| 001! 004 606
174 3480.00] 6544] 0.54] 1498] 132 377} 003 2.05] 525] 3.36] 1.26] 001 | 005 | <0.01] 0.00] 98.07] 028| <02| <0.01] 0.03] 407
175 3505.00] 63.77} 051| 1553 2.10] 3.45} 0.03 187 5321 388] 113! 001 | 005 0.12| 001] 97.78] 023} <02| <0.01| 002] 487
178 3520.00f 67.11] 057} 14.20| 1.44| 3.61] 004 193{ 4671 3.17] 1.35] 001 | 0.04 0.13] 001} 98.27] 047] <02} <001] 001 442
177 3540.00) 66.31f 053] 1464] 1.60] 3.38] 004 1921 490 339] 1.34] 001 | 0.04 018( 0.02] 8831} 022] <02| 0.02] <0.01 470
178 3560.00] 66.15! 059f 14.18] 1.92] 363( 0.04 2.03] 4.79] 322] 1.32] 001 | 0.04 0.05| 001] 9798] 026] <02| 001} 0.01 434
179 3580.00) 66.79 0.59] 1421] 1277 3.68] 004 1.97{ 452 3.21] 1.54] 001 | 0.04 001! 002] 97.90] 028 <02] 002] 001 548
3605.00] 66.10] 061} 1438} 1.63] 3.71] 0.05 2.05] 4.72] 3.25| 1.49] 001 | 004 | <0.01| 003] 9807 023] <02] 003] 001 510

181 3620.00 66.26] 063] 14.15] 1.72] 390{ 005 206f 464] 3.14] 148} 001 | 0.04 0.03] o001l 98121 0.18] <02} <0011 001 516
182 3640.00{ 67.23| 0.59] 13.82] 151 3.64] 005 197] 4491 308] 1.44] 001 | 0.04 0.11] 001 97.99F 025| <0.2] 001] 0.01 505
183 3660.00] 65.86| 060] 14.19] 184 385] 004 2.02] 485] 3.15] 1.23] 001 | 005 005| 001| 97.75[ 0121 <02] 0.01] 002] 454
184 3680.00] 66.95| 052] 14.25] 129| 341] 004 1.04] 489} 323 1.17] 001 | 0.04 | <001} 0.01] 97.75] o0.10] <02| <001| 0.0t 466
185 3705.00] 64.69] 0.68] 1420] 2.33)] 4.20] 004 221] 506] 316! 1.24] 001 | 008 [ <001] <00t1] 97.89] 009] <02| <001} 0.02] 472
186 3720.00] 66.67| 055| 1405 162] 360] 004 1.81} 4.72] 325] 1.20] 001 | 005 | <0.01[ 001 97.58] 0.16] <02] 004] <0.01 459
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Appendix-table continued
G Nb Rb Sr Ta Y Zr Ag As Be Bi Cd Co Cr Cu Ga Hgj Mn Mo Ni P
(pom) | (ppm) | (ppm) | (ppm) [ (ppm) [ (ppm) [ (ppm) | (ppm) | (opm) | (opm) [ (opm) | (opm) | (pom) T (ppm) | (ppm) | (ppm) [ (ppm) | (ppm) { (ppm) | (ppm)
Mothod M M M M M M A A A A A A A A A A A A A A
Detectability| 1 1 1 1 | 1 0.2 2 05 2 0.5 1 ! 1 10 1 5 1 1 10
(ppm) | (opm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppym) | Copm) | (ppm) | (ppm | (ppra) [ (ppm) [ (ppm) | (ppm) | (ppm) | (ppm) § (ppm)
No. | Depth (m)
1 20.00 1 44 104 1 25 95 1.0 26 <0.5 <2 <0.5 3 50 10 <10 <1 405 <t 3 210
2 40.00 6 52 228 1 20 83 <0.2 10 <05 <2 <0.5 3 94 3 <10 <1 580 < 2 220
3 60.00 ] 59 162 <1 21 83 0.2 18 <0.5 {2 <05 3 85 1] <10 < 505 [§] 1 230
4 80.00 6 84 115 1 22 87 08 42 <05 <2 <0.5 4 29 9 <10 1 240 5 7 190
5 95.00 5 37 93 1 21 80 <0.2 28 <0.5 <2 <0.5 3 46 1] <10 < 185 <1 6 150
6 120.00 3 27 93 <1 i1 45 1.2 12 <0.5 <2 0.5 1 36 15 <10 <1 175 3 1t 280
7 140.00 1] 45 230 1 24 88 0.2 10 <0.5 <2 0.5 3 57 3 <10 <1 295 1 3 230
8 160.00 6 49 79 1 35 114 0.6 14 0.5 <2 <05 2 33 11 <10 <1 195 4 9 250
9 180.00 7 58 149 <1 31 93 0.2 14] <05 <2| <05 3 66 6 <10 < 210 2 5 240
10 205.00 6 46 130 <1 32 91 0.8 30 <0.5 <2 <0.5 [i] 43 8 <10 <1 250 1 5 190
11 220.00 5 40 97 <1 20 81 1.0 44| <05 <2| <05 5 39 18 <10 <1 325 6 16 190
12 240.00 7 35 74 1 35 101 0.6 10 <0.5 <2 <0.5 3 37 10 <10 <1 220 2 7 200
13 260.00 4 33 35 <1 16 51 0.8 16 0.5 <2 0.5 1 30 17 <10 <t 160; 8 14 370
14 28000 6 35 71 <1 27 88 0.6 12 <0.5 <2 <05 4 37 31 <10 <1 370 5 13 180
15 295.00 i} 38 53 <1 30 104 0.2 12 £0.5 <2 <05 3 48 11 <10 <1 535 4 8 260
16 320.00 6 12 60 <1 28 92 0.6 38 <0.5 {2 <0.5 3 50 7 <to <1t 1135 1 5 270
17 335.00 6 74 205 <t 27 88 3.8 49 <0.5 <2 <05 3 47 io <10 <1 880 4 5 280
i8 360.00 5 77 51 1 37 109 1.2 24 <0.5 <2 <0.5 4 68 17 <10 <1 980 4 7 240
19 380.00 7 44 22 1 35 113 0.8 12 <05 <2 1.5 1 63 7 <10 <1 385 3 3 130
20 405.00 8 56 39 1 37 147 <0.2 14 <05 <2 <0.5 1 23 3 <10 <t 280 2 1 130
21 420.00 9 53 46 1 40 142 <02 20| <05 <2] <05 1 32 4 <10 <1 285 2 1 170
22 440.00 9 63 34 1 39 157 <0.2 14 <05 <2 <0.5 1 25 [i] <10 <1 355 1 1 130
23 460.00 10 56 45 1 45 168 <0.2 14 £0.5 <2 0.5 1 31 4 <10 <3 370 2 1 120
24 480.00 8 40 85 1 34 135 <0.2 12 <0.5 <2 <05 2 38 6 <10 <1 575 1 2 220
25 505.00 9 62 3] 1 38 155 04 8 0.5 <2 <0.5 1 25 5 <10 <t 1740 2 1 190
26 520.00 9 50 51 1 42 157 0.6 12 <0.5 <2 <0.5 1 33 6 <10 <1 625 3 2 200
27 540.00 8 35 13 1 35 135 0.2 10 0.5 <2 <05 2 21 4 <i0 < 670 1 1 210
28 560.00 8 i5 103 1 28 104 <0.2 14 <05 <2 <0.5 6 36 1A <10 <1 535 4] 2 290
29 580.00 8 64 56 ) 37 129 0.2 16 <05 <2 <0.5 2 27 8 <io0 <1 830 L] 3 220
30 605.00 1 38 87 1 34 124 0.4 [i] <0.5 <2 <0.5 4 35 ] <10 <1 680 1 2 240
31 620.00 7 34 17 1 31 114 0.4 10 <05 <2 <0.5 3 40 5 <10 <t 505 1 2 230
32 640.00 7 29 42 1 38 127 0.8 8 <0.5 <2 <05 2 27 8 <10 <1 9580 4 4 230
33 660.00 7 32 54 1 29 110 0.2 4 <05 <2 <0.5 3 43 3 <10 <1 540 1 1 220
34 680.00 7 26 11 1 30 113 <0.2 [i] <0.5 <2 <0.5 3 35 4 <10 <1 585 1 1 240
35 705.00 2 22 16 1 1 38 08 22 <0.5 <2 <0.5 2 34 18 <10 < 475 4 16 450
36 720.00 4 29 38 <1 16 65 1.0 10 <05 <2 <0.5 3 28 19 <10 <1 480 4 15 480
37 740.00 7 34 89 1 32 133 0.2 4 <0.5 <2 <0.5 1 37 4 <10 <1 625 3 1 160
38 7160.00 [i] 31 113 <1 26 96 0.6 20 <0.5 <2 <05 2 49 4 <10 <t 600 4 3 330
39 780.00 2 15 35 <1 11 37 1.6, 18 0.5 <2 <0.5 2 44 13 <10 <1 580 3 14 580
40 805.00 2 21 30 <1 10 33 1.2 12 <05 <2 <0.5 5 43 17 <i0 <1] 1965 4 14 480
41 820.00 4 53 i8 <1 14 54 34 26 <0.5 <2 <0.5 4 21 27 <10 <i| 1050 4 20 450
42 840.00 4 53 275 <1 15 56 2.2 40] <08 <2 <0.5 4 44 29 <10 <1 620 4 20 480
43 860.00 5 81 23 < 28 a8 1.4 22 <Q5 <2 Q5 14 32 A0 <10 <11 1208 i} 15 360
44 880.00 (] 58 37 1 30 99 06 10 <0.5 <2 <05 3 28 16 <16 <i| 2460 6 10 220
45 905.00 1] 64 62 i 31 103 0.8 18] <05 <2 1.5 7 52 70 <190 <11 1410 3 7 310
46 920.00 5 46 62 <1 26 a5 0.6 2 <0.5 <2 35 2 39 90 <10 <i| 1620 3 7 250
47 940.00 6 44 68 1 32 56 0.6 2] <085 <2} <05 5 37 17 <10 <1} 1380 2 5 190
48 960.00 6 42 147 i 34 105 0.2 <2 0.5 <2 <0.5 2 29 12 <10 <1] 1780 1 3 210
49 975.00 6 41 56 <1 33 100 <0.2 <2 <0.5 <2 6.5 1 36 7 <10 <t 815 1 3 180
50 995.00 1 53 31 1 39 1286 0.2 4 <035 <2 <0.5 2 26 20 <10 <i] 1310 1 10 230
51 1020.00 6 38 i9 <1 27 82 <0.2 <2 <0.5 <2 0.5 3 21 5 <10 <t]_1910 2 5 200
52 1040.00 5 33 12 <1 27 84 0.2 [i] <05 <2 2.0 3 33 31 <i0 <1| 2130 4 9 240
53 1060.00 6 31 30 <1 30 87] <0.2 <2} <05 <2| <05 3 34 7 <10 <1] 2370 2 4 210
54 1080.00 6 34 58 1 30 93 <0.2 <2 <0.5 <2 <05 4 41 9 <10 <1{ 2370 1] 8 230
55 1105.00 ] 30 79 1 33 90| <02 2] <05 <2] o5 3 49 10 <10 <1] 1200 )] 5 250
56 1120.00 6 27 85 <1 30 88 <0.2 <2 <05 <2 <0.5 4 33 20 <10 <1} to40 2 6 260
57 1140.00 8 25 130 1 22 97 0.6 2] <05 <2] <05 8 30 28 <10 <1] 2500 1 15 450
58 1160.00 8 24 134 1 24 105 <02 <2 <0.5 <2 <05 12 52 29 10 <1} 4280 < 32 520
59 1180.00 8 18 148 1 24 103 0.4 <2 0.5 <2 10.0 14 48 212 10 <1] 5490 <t 21 550
60 1205.00 6 24 64 I 17 76 0.2 <2 <0.5 <2 12.0 10 54 150 <10 <t| 4890 4 30 410
61 1220.00 6 29 58 1 24 92 0.4 4 <0.5 <2 10.5 8 38 350 <10 <1t 3040 1 14 310
62 1240.00 4 20 44 <1 12 62 0.6 <2 <0.5 2 185 8 64 413 <10 <t 3100 4 24 250
63 1260.00 6 34 43 1 20 a8 0.2 <2 0.8 2 100 7 52 184 <10 <1t 2430 3 17 220
64 1280.00 8 43 66 1 28 134 <0.2 <2 <0.5 2 12.5 3 26 113 <10 <1l _2120 1 11 210
65 1305.00 8 27 124 1 31 110 <02 <2 <0.5 <2 1.0 3 44 12 <10 <1] 2230 1 4 130
66 1320.00 6 17 80 1 33 97 <0.2 2 <05 <2 1.5 15 63 29 <10 <1 1815 3 5 650
67 1340.00 5 18 123 <1 23 80] <02 2 <0.5 <2 1.5 10 n 53 <10 <1] 1150 3 9 510
68 1360.00 6 15 106 1 33 103 <0.2 <2 <0.5 <2 8.0 4 35 33 <10 <1] 3490 8 1 790
89 1380.00 6 15 93 1 30 99| <02 2] <05 <2 1.5 15 34 70 <10 <1) 3410 1 3 670
70 1405.00° 8 7 96 <1 30 102 <02 2 <0.5° <2 10 4 29 12 <10 <1} 2980 <1 1 880
71 1420.00 4 12 277 < 19 57] <0.2 <2] <08 <2] <05 18 50 64 <10 <1l 1730 <i 8 510
72 1440.00 [} 18 128 <1 30 97 <0.2 <2 <0.5 L2 <0.5 11 17 21 <10 <1| 1875 <1 1 540
73 1460.00 5 9 215 <1 29 92 <0.2 <2 <05 <2 <0.5 12 21 7 <10 <1 900 <1 1 480
74 1480.00 5 10 116 < 28 90 <9.2 <2 <0.5 <2 <0.5 10 14 20 10 <1] 1950 <1 2 600
75 1505.00 4 4 201 <1 23 75 0.2 <2 0.8 <2 <0.5 18 24 8 <10 <1 865 < 23 380
76 1520.00 6 21 261 1 28 87 <0.2 <2 0.5 <2 <0.5 14 16 51 <10 <1]_3050 <1 5 610
1 1540.00 8 17 255 <4 30 94 <0.2 <2 <0.5 L2 <05 15 9 N <10 <1} 2320 & [§] 850
78 1560.00 7 ] 324 <1 30 35 <0.2 <2 0.5 <2 05 1 10 39 <10 <1| 2660 <1 <t 790
79 1580.00 8 14 280 1 29 102] <0.2 21 <05 <21 <05 10 14 29 <10 <t} 2580 < <1 760
80 1595.00 (1] 27 112 <1 26 83 0.2 <2 <0.5 <2 <0.5 14 47 105 <10 <1] 2320 < 8 580
81 1620.00 4 8 82 <1 21 64 0.2 <2 <05 <2 <05 17 34 25 10 <1| 1130 1 13 470
82 1640.00 7 21 139 1 31 114 <0.2 4 <0.5 <2 <0.5 6 15 585 <10 <1 985 < <1 890
83 1660.00 4 il 45 <1 22 68 <0.2 <2 <05 <2 <0.5 18 25 5 10 <1]_1410 <1 8 540,
84 1680.00 4 12 50 <1 21 87 <0.2 <2] <05 <2] <05 17 17 48 10 <1} 2070 <1 5 530
85 1705.00 4 22 50 <1 20 13 <0.2 2 0.5 <2 <0.5 17 23 83 10 <1| 2980 < 5 430,
86 1720.00 8 26 95 < 22 72 <0.2 <2 <05 <2 <05 14 23 43 10 <1} 2490 <1 3 560
87 1740.00 [} 25 62 <1 21 63 <0.2 <2 <05 <2 <0.5 15 36 24 10 <1] 2620 <1 it 500
88 1760.00 6 44 60 <1 20 B84 <0.2 4 <0.5 2 <0.5 23 26 26 <10 <1} 1815 1 (] 440
89 1780.00 3 10 10 < 10 29 0.2 <2 <05 2 <0.5 20 32 40 10 <1} 1870 <1 8 480
90 1805.00 6 11 102 <t 20 85 <0.2 2 <05 <2 <0.5 18 217 144 10 <1l 2060 <1 7 470
a1 1820.00 5 11 124 < 20 63 <0.2 2 <05 <2 0.5 15 33 13 10 1) __1655 <1 8 490
92 1840.00 5 13 134 k¢ 18 57 <0.2 <2 <0.5 <2 <0.5 15 30 156 10 <1| 2040 <1 7 500
93 1860.00 5 12 217 <1 21 60 <0.2 <2 <0.5 <2 <0.5 18 34 99 10 <t 2670 <1 8 530




WD-Ta HOErr LS SN £ 4 BRI ER 0 7o 7 » 1 0 > 7 (W - K

ik oox
Appendix-table continued
Component| Nb Rb Sr Ta Y Zr Ag| As Be Bi Cd Co Cr GCu Ga Hg Mn Mo Ni P
(ppm) m) | (opm) | (ppm) | (ppm) | (ppm) | (pp) | (ppm) | (ppm) (pprm) | (ppm) | (ppm) | (ppm) [ (ppm) [ Cppm) | (ppm) | (ppm) (ppm) [ (ppem) [ {ppm) | (ppm)
Msthod M M M __M M M A A A A A A A A A A A A A A
Detectability] 1 H 1 1 1 1 0.2 2 0.5 2 0.5 1 1 1 10 1 5 1 1 10
(ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (opm) | (ppm) | (ppm) | (ppm) {ppm) | (pom) | Copm) | (ppm) | (ppm) | (ppm) | (opm) | (ppm) | (pp
No. [ Depth (m)
94 1880.00 § 16 129 <1 21 73 <02 <2 <05 <2 <0.5 17 27 39 10 <1} 1745 <1 8 520
85 1805.00 5 16 143 <1 i3 60f <02 4 <05 2| <05 18 28 35 10 <t 1330 <1 7 550
96 1820.00 5 17 184 a 19 80 <0.2 <2 <05 <2 <0.5 21 3 49 10 <i] 1360 < 8 570 ]
97 1935.00 5 14 181 <1 19 83 <0.2 <2 <0.5 <2 <05 18 26 37 10 <1] 1055 <1 7 520 8
98 1360.00 5 14 80 <1 21 62 <0.2 <2 <0.5 <2 1.0 18 18 19 10 <1l 2170 <1 6 460 4
99 1980.00 3 20 52 <1 19 55 <0.2 <2 <0.5 <2 1.0 16 18 60 10 <1] 2340 < [{] 380 2
100 2005.00 7 2t 74 <i 23 103 <0.2 <2 <0.5 {2 <0.5 10 25 45 10 <1] 1585 7 i0 380 2
101 2020.00 8 28 138 < 26 104 <0.2 <2 <0.5 <2 <0.5 11 26 50 10 <1 1775 1 6 510 4
102 2040.00 6 28 94 <t 21 82 <0.2 kil <0.5 <2 <05 11 33 52 10 <1| 1940 1 12 430 4
103 2060.00 10 36 50 <i 32 i42| <0.2 2] <05 <2| <05 (1] 25 31 <10 <1y 1130 3 6 390 <2
104 2080.00 10 35 80 <1 34 152 0.2 <2 <0.5 <2 <0.5 4 27 25 <16 <1] 1120 5 4 260 2
105 2105.00 4 21 175 <1 17 62 <0.2 <2 0.5 <2 <0.5 14 36 25 <10 < 780 3 13 390 8
106 2120.00 6 25 117 <1 21 5] <02 <2| <05 2] <05 14 36 24 <10 <1 840 1 12 380 6
107 2140.00 7 36 a1 <1 20 81 <0.2 <2 0.5 {2 <0.5 12 32 25 <10 <i| 1200 il 12 420 10
108 2160.00 7 24 176 <1 22 96 <0.2 <2 <05 <2 <0.5 i 33 59 <10 <1 615 3 10 400 12
109 2180.00 9 28 170 < 22 96 <0.2 <2 <0.5 <2 1.0 9 35 80 <10 <1 890 1 7 420 12
1190 2195.00 10 27 121 <1 25 106] <02 <2} <05 <z <05 12 41 44 <10 <t 925 2 8 380 8
111 2220.00 10 28 82 1 24 1o <0.2 2 <0.5 <2 <0.5 10 45 55 <10 <1] 1005 1 8 380 6
112 2240.00 7 28 66 < 18 81 <0.2 <2} <05 <2} <05 15 48 36 <10 <1 1205 3 10 370 8
113 2260.00 8 23 248 <1 20 92 <0.2 <2 <0.5 <2 <0.5 Al 28 191 <10 A 745 5 5 280 18
114 2275.00 7 27 71 <1 19 78 <0.2 <2 0.5 <2 <0.5 40 47 52 <10 <1} 1150 4 31 350 14
115 2305.00 4 26 186 <1 18 51 <0.2 <21 <05 <2| <05 22 48 61 <10 < 975 5 14 330 18
116 232000 5 21 175 <1 21 80 <0.2 <2 <0.5 <2 <05 21 68 53 <10 < 925 2 12 390 10
117 2340.00 7 53 99 < 24 115 <0.2 8 <05 <2 <05 11 63 54 {10 <1 1095 2 8 530 8
118 2360.00 5 34 105 A 20 81 <0.2 <2} <05 2| <05 20 45 50, <10 <1} _1195 3 13 410 8
119 2380.00 5 41 182 <1 23 82 <02 <2 0.5 <2 <0.5 20 46 84 10 <1] 1158 1 10 490 16
120 2405.00 5 39 162 <1 19 89 <0.2 <2 <0.5 <2 <0.5 13 28 50 10 <1 950 <1 7 480 [{]
121 2420.00 5 38 147 <1 19 77] <02 2| <05 <2 <05 18 51 52 10 <1l 1179 < 14 400 8
122 2440.00 4 39 121 <1 15 57] <02 2} <05 <2] <05 20 46 51 10 <t| 1065 1 19 390 2
123 2460.00 4 29 180 <1 17 68 <0.2 <2 <0.5 <2 <0.5 13 37 29 <10 < 830 <1 12 460 4
124 2480.00 4 31 140 <1 17 67] <02 6] <05 2] <05 14 41 33 <10 <l 970 1 24 440 6
125 2505.00 4 24 212 <t 18 73 <0.2 <2 <0.5 <2 <0.5 20 38 24 <10 <1 595 2 15 480 []
i26 2520.00 4 24 192 <1 16 69 <0.2 <2 <0.5 <2 <0.5 20 63 32 <10 <1 745 2 i5 450 12
127 2540.00 3 15 169 <1 14 51 <0.2 <2 <05 <2 <0.5 22 72 25 <10 <1 940 1 19 360 [:]
128 2560.00 5 18 133 <t 22 2 <0.2 <2 <05 <2 <0.5 15 58 31 <10 <1] 1395 ] 12 350 2
129 2580.00 3 28 139 <1 20 55| <02 2| <05 <2] <05 17 85 98 <10 <t 920 4] 24 460 <2
130 2595.00 3 32 119 <1 15 56] <02 <2} <05 <2| <05 17 87 37 <10 < 865 4 24 430 2
i3t 2620.00 4 28 201 <1 16 60 <0.2 <2 <05 {2 <{0.5 13 48 20 <10 <t 775 1 11 410 4
132 2640.00 4 23 211 <1 18 63 <02 <2 <0.5 <2 <08 15 34 17 <10 <1 578 2 14 420 2
133 2660.00 3 31 116 <1 18 58) <0.2 <z| <05 <2t <os 15 31 22 <10 <1l 1400 1 19 380 2
134 2680.00 4 21 194 <1 16 n £0.2 <2|_ <05 <2) <05 16 38 36 <10 < 890 3 18 410 22
135 2705.00 4 21 193 <1 i7 86} <02 <2f <05 <2| <05 14 33 48 <10, <1 875 1 15 370 4
136 272000 3 24 150 <1 17 67 <0.2 <2 £0.5 <2 <0.5 15 38 44 <10 <1 860 2 i7 360 2
137 2740.00 3 31 139 <1 19 63 <0.2 <2 <05 <2 <0.5 14 28 46 <10 <t 780 <1 12 320 2
138 2760.00 4 27 148 <1 i8 68) <02 <2| <05 <2| <05 15 41 33 <to <1 585 3 14 390 2
139 2780.00 8 73 121 <1 25 177 <0.2 <2 <05 <2 <0.5 13 28 32 <10 <t 845 <1 7 410 2
140 2805.00 9 75 129 <1 28 172 0.2 <2 <0.5 <2 <0.5 14 36 10 <10 <t 560 <1 12 250 <2
141 2820.00 8 79 199 <1 25 168 <0.2 <2 <0.5 <2 <0.5 i6 35 123 <10 <1 915 <1 56 300 <2
142 2840.00 12 112 146 1 31 233 0.2 <2 1.00 <2] <05 53 48 a8 <10 <1 660 4 19 330 8
143 2860.00 i6 88 98 1 33 209 <02 <2 <0.5 <2 <0.5 14 54 88 <10 < 880 2 20 470 4
144 2880.00 7 50 203 4 3 150 <0.2 <2] <05 <2} <05 8 58 20 <10 <1 335 1 6 250 2
145 2905.00 5 37 239 < 31 12t 0.2 <2 <0.5 <2 <0.5 7 52 8 <10 < 245 1 3 210 2
146 2920.00 6 47 195 < 27 137 <02 <2 <0.5 <2 <0.5 10 59 20 <10 <1 205 < 6 150 2
147 294000 5 40 186 <i 21 107 <0.2 <2 <05 <2 0.5 i6 97 34 <10 <t 385 4 13 160 10
148 2960.00 5 32 212 <t 29 110] <02 <z| <05 <2] <05 8 yil 9 <10 <t 195 ] 4 210 <2
149 2980.00 5 31 228 <1 28 115 <02 <2 <05 <2| <05 6 63 8 <10 <1 180 < 3 180 2
150 3005.00. 5 33 212 <t 26 87] <02 2] <05 <2| <05 11 68 20 <10 <1 390 3 9 2390 6
151 3020.00 5 3) 229 <1 29 112 <0.2 2 <0.5 <2 <0.5 8 65 7 <10 <1 225 2 4 200 2
152 3040.00 5 33 223 <1 29 95{ <02 <21 <05 <2| <05 8 64 6 <10 <1 235 1 4 210 2
183 3060.00 5 29 220 <1 30 112 <0.2 <2 <0.5 <2 <0.5 7 13 24 <16 <1 215 1 7 210 2
154 3080.00 5 32 233 A 28 112 <0.2 <2 <05 L2 <08 6 17 6 <10 <1 215 1 4 180 <2
155 3105.00 5 34 229 <1 28 89} <0.2 <2l <os <2| <05 6 72 7 <10 <1 235 3 3 180 2
158 3120.00 4 33 241 <1 28 87] <02 <2] <05 <2) <05 g 69 12 <10 < 255 3 4 190, <2
157 3140.00 5 35 228 <t 30 99 0.2 <2 <0.5 <2 <0.5 15 74 14 <10 < 235 1 3 210 2
| 158 3160.00 4 36 235 <1 29 107 <0.2 <2 <0.5 <2 <0.5 7 85 1 <10 <i 265 1 4 200 2
159 3180.00 4 34 229 <1 25 84 <0.2 <2 <0.5 <2 <0.5 7 49 17 <10 <1 275 2 3 170 <2
160 3205.00 4 32 239 <t 25 99 <0.2 <2 <0.5 <2 <0.5 7 12 17 <10 <1 320 3 5 200 2
161 322000 4 36 231 <1 28 99| <02 <2t <05 <2l <os 7 39 33 <10 <1 275 1 3 220 <2
162 324000 5 36 230: <1 29 125 0.2 <2 <0.5 <2 <0.5 8 15 13 <10 <1 330 3 5 250 2
163 3260.00 5 32 228 < 3t 101 <0.2 <2 <0.5 <2 <0.5 i5 9 168 <10 < 325 3 33 210 2
164 3280.00 5 37 224 <1 27 99| <02 2 <05 <2i <05 13 88 17 <10 <1 320 2 4 180 <2
165 3305.00 5 36 221 <1 28 104 <0.2 <2 <0.5 <2 <0.5 11 62 13 <10 9] 310 2 4 190 2
166 3320.00 7 32 205 1 25 85 <02 <2 <0.5 <2 <05 17 68 16 <10 <1 285 3 5 160 <2
167 3340.00 7 32 2i2 1 26 96 <0.2 <2 <0.5 <2 <05 13 53 20 <10 <t 315 3 4 200 <2
168 3360.00 5 38 207 1 27 93 0.2 <2 <0.5 <2 <0.5 36 75 36 <10 < 295 1 5 200 2
169 3380.00 5 34 212 1 25 98] <02 <2] <05 2| <05 11 53 29 <10, <1 295 2 5 180 2
170 3405.00 8 40 235 1 25 96} <0.2 2] <05 <2| <05 13 61 58 <10 <1 285 3 4 180 <2
171 3420.00 8 36 221 3 29 110] <02 <21 <05 2| <05 8 48 15 <10 < 275 1 3 230 2
172 344000} 7 44 237 1 24 85 <0.2 <2 <05 <2 <0.5 ] 69 87 <10 <1 280 1 5 170 2
173 3460.00 7 35 228 1 26 120, 1.2 <2 <0.5 <2 <0.5 4] 114 53 <10 <1 355 4 16 230 2
174 3480.00 7 40 228 1 27 106 0.2 <2] <05 <2l <05 24 56 380 <10 < 270 1 4 240 2
175 3505.00 8 32 237 1 27 92 <0.2 <2 <0.5 <2 <0.5 28 58 136 <i0 < 265 3 4 230 6
176 3520.00 1 45 212 1 22 18 <0.2 <2 <0.5 <2 0.5 16 60 47 <10 < 300 1 6 160 2
171 3540.00 7 39 223 1 24 92 <0.2 {2 <05 <2 <05 35 19 50 <10 <1 250 2 7 190 2
178 3560.00 7 37 216 1 24 817 <02 2 <0.5 <2 <0.5 10 69 37 <10 <1 295 3 [i] 190 2
179 3580.00 1 46 212 i 21 106 <0.2 2 <0.5 <2 0.5 10 58 41 <10 <1 330, 1 5 160 2
180 3605.00 1 43 214 1 22 85 £0.2 <2 <0.5 {2 <0.5 13 62 39 <10 <1 360 1 5 190 8
181 3620.00 8 43 210 1 22 90| <02 2] <05 <2]_<os 14 49 37 <10 <1 395 3 5 190 12
182 3640.00 7 42 207 1 20 85 0.2 8 <0.5 {2 <0.5 12 57 22 {10 <i 410 1 5 170 168
183 3660.00 7 35 21 1 24 81 <0.2 <21 <05 <2 <05 60} 68 34 <10 < 325 2 ] 220 2
184 3680.00 6 32 220 1 23 89 <0.2 12 <0.5 <2 <0.5 10 64 20 e <1 280 2 5 190 8
185 3705.00 8 32 216 1 27 94 <0.2 L] <0.5 <2 0.5 i4 83 39 <io <i 345 2 [ 260 4
186 3720.00 7 32 217 1 23 117 <0.2 4 <0.5 {2 <0.5 11 74 23 <10 <1 310 1 [] 200 4
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Appendix-table continued
C Sc T v W Zn| Ce Dy Er Eu Gd Ho La Lu Nd Pr Sm Tb Th Tm [3) Yb
(ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) (ppm) | (ppm) | {ppm) | (opm) | (ppm) | (ppm) | (ppm) | (ppm) m) | (ppm) [ (ppm) [ (ppm)
Method AT AT AT AT AT W W W[ w1 W[ v w "w  w [ MW ] MTVW]TM]M]W
Dehcmb“iq H 10 1 10 2 0.5 0.1 0.1 0.1 0.1 [15] 0.5 0.1 0.5 0.1 0.1 0.1 1 0.1 0.5 0.1
m) | (opm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) [ (ppm) ppm) | (ppm) | (ppm) | (opm) | (ppm) [ (ppm) | opm) | (ppm) | (ppm) ppm) | (ppm) | (ppm)
No. Depth (m)
1 20.00 4 <10 24 <10 42 18.9 3.6 2.8 08 3.4 0.8 8.8 05| 119 26 2.6 0.6 3 04 0.8 2.8
2 40.00 [ <19 15 <10 58 16.8 3.1 2.1 1.0 28 0.8 2.8 0.4 10.5 2.1 2.1 0.5 2 0.4 i2 2.2
3 60.00 4 <10 10 <10 42 18.6 32 22 09 2.7 0.7 8.8 0.4 9.8 2.4 2.1 0.5 2 03 1.1 2.2
4 80.00, 1 <19 9 <10, 50| 220 3.6 23 0.7 3.4 0.8 9.8 04 11.8 2.6 29 0.5 3 0.4 14 2.5
5 95.00 1 <10 ] <i0 40§ 203 3.1 2.3 0.7 28 0.7 92 04| 101 2.2 2.6 0.8 2 04 1.1 2.6
8 120.00 1 <10 7 <io 38 120 1.8 1.1 04 1.7 0.4 6.1 0.2 18 1.7 1.6 0.3 2 0.2 19 L1
7 140.00 2 <10 7 <io 42 264 3.8 2.4 09 33 0.8 12.4 04] 132 29 3.1 0.6 3 0.4 1.0 3.0
8 160.00 3 <10 8 <10 58 295 56 38 09 47 1.4 13.0 06] 178 37 4.0 09 4 0.8 1.9 3.3
] 180.00 4 <10 13 <10 44 24.7 47 3.3 1.0 4.1 1.1 10.6 05 15.2 2.8 35 0.8 3 0.5 1.2 28
10 205.00 4 <10 11 <10 36] 240 4.7 33 1.1 4.4 11 10.7 05] 129 3.1 3.4 0.8 3 0.5 1.1 3.1
i1 220.00 5 <10 28 <10 58] 221 34 20 09 33 0.7 10.5 04| 127 29 2.9 0.5 5 0.3 22 2.0
12 240.00 4 <10 14 <1e 58 26.8 5.4 3.4 1.0 4.4 1.2 118 0.8 16.2 3.5 4.1 0.8 4 0.5 1.5 38
13 260.00 2 <16 13 <10 82 19.1 2.7 1.7 07 2.8 0.5 10.4 03] 113 25 2.2 0.3 4 0.2 35 1.8
14 280.00 3 <10 16 <10 150} 243 4.2 3.1 1.0 4.1 0.9 11.4 0.4 15.1 3.6 3.6 0.7 4 0.5 1.5 28
15 295.00 3 {10 11 10 68) 26.4 5.1 3.1 1.2 4.7 11 118 05] 149 3.4 3. 0.7 4 05 14 32
16 320.00 2 <i0 6 <16 46 19.8 4.6 28 1.1 4.0 1.0 8.4 0.4 12.6 28 3.4 0.8 3 0.5 1.0 3.2
17 335.00 2 <10 9 <10 50] 213 3.9 29 098 39 1.0 9.4 05 11.6 2.7 31 06 3 04 1.2 3.2
18 360.00 3 <10 7 <10 38 36.6 52 3.t 1.2 5.1 1.3 15.3 0.5 18.4 4.7 39 1.0 2 0.6 0.8 3.6
19 380.00 1 <10 5 <10 240 274 49 33 09 4.2 1.2 12.8 0.6 168.7 34 3.9 08 4 05 1.1 3.6
20 405.00 1 <10 3 <10 60} 35.0 5.6 39 09 50 1.3 15.5 0.8 18.3 4.4 4.4 09 4 0.6 1.2 4.3
21 420.00 1 L10 3 <10 64] 359 6.0 4.4 05 54 1.4 15.7 0.7 17.7 4.5 41 1.0 5 07 1.3 4.1
22 440.00 2 <190 4 <10 42 39.7 6.3 4.0 Q.8 58 14 i8.0 0.7 213 4.8 45 0.8 5 0.6 14 44
23 460.00 1 <10 1 <10 56] 38.8 6.3 4.7 09 5.6 1.5 17.1 a8} 196 4.8 5.0 1.0 5 0.7 1.4 4.4
24 480.00 2 <10 6 <10 52 342 5.2 34 09 5.2 1.1 15.0 0.7 17.9 4.2 4.2 0.9 5 0.5 1.3 3.8
25 505.00 1 <10 3 <10 70 34.7 5.7 3.7 09 5.4 1.3 15.8 086 18.7 42 4.7 0.8 8 0.6 1.4 4.3
26 520.00 1 <10 3 <10 56 37.7 6.2 40 09 55 1.4 18.5 0.7 20.7 4.5 4.4 08 5 06 1.2 4.7
27 540.00 1 <10 6 <10 34 337 52 3.5 1.0 48 13 15.1 06 18.6 4.1 4.0 0.7 [} 0.6 1.2 4.1
28 560.00 6 <10 29 <10 42 25.1 4.1 3.0 08 4.1 1.0 1.1 04 13.8 3.0 34 0.7 5 04 09 29
28 580.00 2 £1¢ 7 <10 60t 32.6 5.7 35 1.0 52 1.2 14.0 0.6 17.4 4.2 45 08 [i] 06 13 38
30 £05.00 3 <19 12 <10 48 308 5.3 34 [13:] 4.3 1.1 134 0.6 16.9 3.5 3.9 0.8 5 0.5 1.1 3.5
31 620.00 2 <10 k] <10 44] 288 4.1 3.2 08 44 09 12.8 05| 143 3.3 36 0.7 5 05 09 3.4
32 640.00 3 <19 10 <i1c 64 312 59 4.1 08 5.2 1.3 13.4 0.7 16.9 39 4.4 0.9 8 0.6 1.5 3.6
33 660.00 1 <i0 8 20 34 28.1 4.4 3.0 08 39 1.0 12.7 04 14.8 34 38 0.6 4 0.4 1.0 3.5
34 680.00 2 <19 9 <10 44 279 4.4 29 1.0 4.0 1.0 12.3 0.5 14.5 3.4 3.1 0.7 4 0.5 1.0 26
35 705.00 1 <i0 1 €10 44 11.0 1.6 1.1 04 1.8 0.4 58 0.2 1.8 1.5 1.4 0.2 3 0.1 1.8 1.0/
36 720.00 1 <10 15 <10 58 18.8 2.8 18 0.8 24 0.6 8.9 0.3 11.0 2.5 2.5 0.5 5 0.3 1.7 1.8
37 740.00 1 <10 5 <10 34) 300 438 33 08 42 1.1 134 05| 155 38 34 0.7 8 0.5 1.4 3.5
38 760.00 3 <10 12 <10 40| 252 39 2.9 a9 3.4 038 1.1 0.5 138 29 3.1 0.7 5 0.4 1.0 2.7
39 780.00 3 <10 22 <10 64 10.3 1.5 1.1 04 1.9 04 54 0.1 17 1.4 1.3 0.2 3 0.1 1.6 1.1
40 805.00 2 <10 20 20 68 99 1.5 1.0 0.4 1.6 03 58 0.2 6.5 1.5 1.7 02 3 0.1 20 1.1
a1 820.00 1 <10 ] <10 8 16.4 1.9 1.2 04 20 0.5 9.0 0.2 9.3 1.9 1.9 03 3 0.2 1.8 1.5
42 840.00 1 <10 10 <10 78 17.0 2.0 1.1 0.5 2.2 04 89 0.2 9.3 2.1 22 0.4 4 0.2 1.8 1.5
43 860.00 2 <10 12 80 184 25.6 39 2.6 06 3.4 08 11.7 0.4 12.5 3.1 35 Q.7 4 0.4 2.4 2.7
44 880.00 2 <10 13 <10 84 26.1 4.1 2.8 07 3.8 09 12.2 0.5 14.9 31 3.7 0.7 2 04 2.0 33
45 905.00 1 <10 9 10 530] 29.1 5.0 32 09 4.4 1.0 13.6 0.4 15.6 3.6 4.0 0.7 3 05 1.3 34
46 $20.00 H <10 9 <10 934 237 4.4 2.7 07 3.9 09 12.3 04 13.6 3.1 34 0.8 8 04 1.3 2.5
47 940.00 1 <10 5 20 134 283 5.1 3.2 10 43 1.2 12.2 05| 15.1 33 3.9 08 5 05 1.0 3.1
48 960.00 1 <10 7 <10 94 289 5.4 35 08 4.8 1.1 13.2 0.5 154 36 43 08 5 05 1.1 3.6
49 975.00 1 <10 5 {10 52 258 52 32 08 4.6 1.0 11.5 0.5 14.0 3.2 4.1 0.8 4 0.5 1.0 3.2
50 995.00, i <19 5 <10 90| 334 57 4.0 09 5.0 1.3 15.1 0.5 17.5 43 45 09 5 0.6 1.2 4.3
51 1020.00 1 <10 10 <10 132} 220 4.1 2.7 08 39 08 100 04) 122 28 32 0.7 4 0.4 1.1 2.8
52 1040.00 2 <10 14 <10 538] 256 4.3 2.6 08 4.0 09 11.8 05| 145 3.1 35 0.7 5 04 1.6 2.6
53 1060.00 3 <10 12 <10 134] 265 5.0 3.1 1.1 46 11 i19 05! 14.7 33 34 0.7 4 04 1.1 3.2
54 1080.00 3 <10 12 <10 136, 28.7 4.5 3.1 1.2 4.1 1.1 11.2 0.4 152 3.0 39 0.7 4 0.5 1.1 3.2
55 1105.00 3 <10 13 <10, 92| 245 5.1 3.1 1.0 4.6 1.1 105 05| 128 2.9 38 08 4 05 1.1 29
56 1120.00 3 <10 18 <10 106 248 4.7 3.0 09 44 1.0 11.0 0.5 14.5 3.2 33 0.7 4 0.5 1.2 3.1
57 1140.00 4 <10 46 <10 138 345 39 2.4 1.1 4.4 1.0] 159 04! 166 43 4.0 0.6 5 04 1.6 2.6
58 1180.00 8 <10 80 <10 398) 29.7 3.6 23 1.0 4.1 0.7 149 04 15.4 3.7 40 Q.8 4 0.3 1.0 2.2
59 1180.00 9 <10 99 <10] 3380/ 283 35 2.3 1.2 39 0.8 14.1 0.3 14.5 35 39 0.6 4 0.4 0.9 2.2
80 1205.00 5 <10 65 <104 3680| 23.4 29 1.5 08 2.5 0.5 11.6 02 12.3 2.8 2.7 0.4 4 0.2 1.8 1.6
61 1220.00 4 <10 34 10 2700f 258 3.7 24 0.8 3.6 09 11.8 04) 132 3.2 3.1 0.6 3 03 1.2 2.6
82 1240.00 3 <10 39 <10} 5500 184 2.2 1.2 05 2.2 0.4 9.0 0.2 8.7 22 1.9 03 3 0.2 1.6 1.2
83 1260.00 1 <10 23 10{ 2950{ 29.8 29 1.8 06 3.7 07 13.8 04 14.2 32 2.8 0.6 4 03 1.7 2.5
84 1280.00 )] <16 15 <10j 3830 31.0 43 2.9 08 4.5 08 15.8 0.5 15.8 4.0 38 06 4 05 1.6 2.8
85 1305.00 5 10! 10 <10 546] 28.7 8.1 3.0 1.1 48 1.1 11.7 Q.5 16.1 34 3.7 a8 4 0.4 0.7 3.1
86 1320.00 5 <10 15 60 566 23.1 4.7 3.2 1.1 4.7 1.1 10.5 0.5 14.0 3.2 3.2 0.7 3 05 08 3.3
67 1340.00 5 <10 14 10 544] 180 3.7 2.0 09 3.2 07 8.8 03] 118 24 2.4 0.5 3 0.4 0.6 22
68 1360.00 8 <10 20 <10 2710 255 4.7 34 1.0 4.5 1.2 11.0 0.8 16.7 3.4 3.9 0.8 4 0.5 1.0 3.8
69 1380.00 1 <10 27 40 J28] 231 49 30 1.0 4.5 0.9 10.3 05] 143 3.0 3.6 08 3 05 0.7 3.0/
70 1405.00 8 <10 25 <10 532 238 4.8 28 0.9 4.3 1.0 10.5 0.5 14.3 32 40 0.7 3 0.4 07 34
n 1420.00 14 <10 145 <10 284 19.4 3.4 1.6 0.8 30 0.7 8.7 0.3 11.8 2.6 2.7 05 4 02 0.4 18
72 1440.00 19 <10 64 <10 188 268 48 2.8 1.2 43 09 11.9 04 14.7 33 44 0.7 4 0.4 1.5 29
73 1460.00 9 <10 63 <10 160} 26.6 4.6 3.0 1.0 44 09 11.6 04 i5.9 34 36 0.8 4 05 1.3 30
74 1480.00 8 <10 43 <10 374 24.2 43 2.8 1.1 4.9 09 11.5 04 16.0 3.2 3.8 08 7 0.4 0.9 3.2
75 1505.00 8 <10 105 <19 130] 201 38 23 1.0 3.5 09 8.8 04f 411 2.6 3.0 0.8 7 0.3 08 lﬂ
76 1520.00 6 <io 60 <10 416 240 4.3 25 1.1 3.1 08 10.5 0.4 12.8 3.1 3.5 0.7 8 0.4 [1X'] 2.5
17 1540.00 [i] <10 50 <10 304 25.7 41 2.7 1.2 39 1.0 11.9 04 152 34 37 0.7 [ 0.3 08 23
78 1560.00 7 <190 57 <10 480] 28.0 48 28 1.2 49 1.1 118 0.4 16.6 3.6 38 0.8 8 04 1.0 3.1
79 1580.00 [} <10 50 <19 300[ 260 4.6 2.8 1.3 44 09 11.8 04| 159 35 4.0 0.6 5 0.4 09 2.6
80 1595.00 10 <10 90 <10 272] 245 4.0 2.1 1.1 4.4 09 108 05| 149 3.1 3.5 0.7 [:] 03 07 2.4
81 1620.00 15 <10 187 <10 200 17.0 39 1.9 09 3.1 06 85 0.3 10.4 22 2.6 05 5 0.3 0.6 1.8
82 1640.00 8 <10 33 <10 86 28.8 53 3.1 1.5 5.2 1.1 11.9 04 174 39 5.0 0.7 4 0.6 07 3.0
83 1660.00 17 <10 182 <10 128 177 3.5 2.0 08 3.5 07 18 03] 114 2.4 2.5 0.5 4 03 0.5 22
84 1680.00, 17 <10 1768 <10 170 17.8 4.0 1.8 08 34 0.7 8.2 0.3 12.0 2.5 2.8 0.5 4 03 0.6 2.1
{85 1705.00 12 <10 130 <19 354 16.2 2.6 1.9 0.9 28 0.7 12 03 8.6 20 25 04 3 0.3 07 1.5
86 1720.00 12 <10 115 <10 258 21.2 3.8 22 1.1 3.7 0.8 10.1 0.4 1.7 2.4 29 0.6 1 04 1.0 2.2
817 1740.00 11 <10 107 <10 290] 189 3.4 2.2 0.7 3.1 07 8.7 03 9.9 2.5 2.7 0.5 2 0.3 09 J_i_il
88 1760.00 9 <10 81 <10 192 18.1 32 19 07 3.3 0.7 8.6 03 10.7 2.1 2.5 0.6 2 03 0.7 2.0
88 1780.00 19 <10 155 <10 208 16.9 3.2 2.0 08 29 0.6 7.3 03 9.9 20 23 0.5 2 03 04 1.8
90 1805.00 18 <10 148 <10 314 16.8 32 2.0 08 2.7 0.6 7.1 03 9.1 1.9 1.8 0.5 2 03 0.6 1.9
91 1820.00 20 <10 157 <10 266 18.6 3.1 2.1 0.9 3.4 0.7 .1 0.3 10.3 4 29 0.6 1 0.3 06 2.0
92 1840.00 23 <19 163 <10 234 17.1 32 2.1 0.8 3.4 0.8 K} 0.3 104 .2 25 0.8 2 0.3 03 19
93 1860.00 22 <10 167 <10 438 18.2 3.5 2.0 0.9 3.7 0.6 .1 03] 115 .3 2.8 0.5 2 0.3 0.2 2.1
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Appendix-table continued

DX

WD-la JFO gl mic & 2 SMMMEARO 707 7 1V > 7 (K - K

Component Sc T v W Zn| Ce Dy Er Eu Gd Ho La Lu Nd Pr Sm Tb Th Tm U Yb
(ppm) | (ppm) | (ppm) m) | (ppm) m) m) | (ppm) | (ppm) m) ] (ppm) | (ppm) m) m) | (ppm) m) | (ppm) m) | (ppm) [ (pem) | (ppm)
Method A A A A A M M M M M M ] M M M M M M M M M
Detectabili 1 10 1 10 2 0.5 0.1 Q.1 0.1 0.1 0.1 0.5 ()] 0.5 Q.1 0.1 0.1 ] 0.1 0.5 0.1
{ppm) | (ppm) I (ppm) | (ppm) | (ppm) [ (ppm) | Gppm) [ (opm) | (ppm) {ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (opm) | (ppm) | (ppm) | (ppm) {ppm) | (ppm) | (ppm)
No. | Depth (m)
94 1880.00 20 <19 144 <10 244] 208 39 1.9 1.0 33 0.7 9.2 03 119 2.7 28 05 1 0.3 0.5 1.9
95 1905.00 22 <10 156 <10 196 18.2 28 20 0.9 3.0 08 8.1 03 10.5 24 2.6 0.6 3 03 04 2.0
96 1920.00 23 <10 178 <10 218] 162 3.2 19 09 3.2 07 12 03| 106 2.1 28 0.6 2 03 0.3 2.2
97 1935.00 20 <10 157 <10 178 17.8 3.5 1.9 09 33 0.7 1.2 0.3 9.7 24 2.7 05 2 03 03 19
98 1960.00 23 <10 170 <10 620 18.0 3.2 2.1 0.8 3.1 07 8.1 03 11.4 20 29 0.5 3 04 05 20
89 1980.00 22 <o 158 <10, 532 149 3.4 19 (s3] 2.7 07 8.5 03 74 1.8, 19 0.5 2 0.3 04 1.9
100 2005.00 15 <10 94 <10 1981 277 3.4 2.2 0.7 32 0.8 130 0.3 14.1 3.1 3.3 0.7 3 0.4 1.1 2.7
101 2020.00 18 <10 122 <10 192 28.4 42 2.5 1.1 43 0.8 12.2 0.4 13.9 3.2 38 0.6 2 0.4 0.7 2.8
102 2040.00 i8 <10 141 <10 266) 22.1 3.2 22 11 35 0.7} 102 04) 125 2.8 26 0.6 2 0.4 0.9 2.0
103 2060.00 12 <10 49 <i0 ig4| 367 4.9 3.4 1.1 48 1.1 16.4 05 17.8 4.3 4.8 0.9 4 05 1.3 32
104 2080.00 8 <10 27 <10 114} 372 58 34 1.2 5.5 1.2 17.2 0.5 18.7 43 48 08 3 0.6 1.2 3.2
105 2105.00 12 <10 128 <10 108 17.3 2.8 1.6 08 2.7 05 8.1 02 105 1.9 23 0.5 H 0.3 0.4 1.5
106 2120.00 19 <10 138 <10 90| 214 3.4 22 1.0 3.2 0.7 9.1 0.3 10.8 2.9 2.8 0.6 2 03 0.6 2.0
107 2140.00 17 <10 130 <10 162] 248 3.6 2.2 1.0 34 08 11.5 0.3 12.9 2.8 2.7 0.8 2 0.3 1.2 2.2
108 2160.00 12 <10 115 <10 112 24.2 33 2.1 09 33 0.8 11.1 0.3 137 28 3.0 0.6 2 03 09 22
109 2180.00 14 <19, 113 <19 3§2| 28.3 3.5 2.2 1.0 4.0 0.7 13.2 0.3 14.8 3.2 26 0.6 2 0.3 i.0 2.1
110 2195.00 14 <10 98 <10 208 29.0 4.0 2.2 09 39 08 13.6 04 168 33 3.1 0.6 3 03 1.1 2.7
111 2220.00 14 <10 95 <i0 150 318 4.2 22 1.0 3.8 0.8 13.8 04 159 3.6 3.7 06 3 0.4 2] 2.3
112 2240.00 16 <to 164 10 138] 220 2.9 18 08 29 0.8 10.6 03 114 25 26 0.5 2 0.3 1.2 2.0
113 2260.00 3 <lo 63 10 182 25.0 3.1 2.3 08 3.2 0.7 1i.3 0.3 13.0 2.7 2.7 0.4 2 03 08 1.9
114 2275.00 15 <10 148 100 158] 225 3.1 18 0.7 2.8 08] 102 03| 120 2.5 2.6 0.5 2 03 1.4 1.9
118 2305.00 17 <10 169 20 122 16.2 2.8 1.7 0.7 2.7 0.6 6.9 0.2 8.8 18 2.6 0.4 1 0.2 04 1.8
118 2320.00 16 <10 165 10 130] 174 3.4 2.1 1.0 3.0 07 18 03] 10.7 2.0 28 0.5 1 03 05 24
117 2340.00 13 <10 102 <10 118 29.1 4.3 2.5 1.0 4.1 0.8 13.5 0.4 15.1 3.4 33 07 3 0.4 0.9 25
118 2360.00 16 <10 139 <10 1241 20.6 35 20 1.0 3.1 0.7 8.4 0.3 12.9 26 2.8 0.5 1 03 04 2.0
119 2380.00 18 <19 159 10 136f 231 38 2.1 1.0 35 0.7 113 03 131 3.0 3.2 0.5 1 0.3 05 1.6
120 2405.00 18 <19 163 <10 96 19.4 33 1.8 0.9 3.1 0.7 9.5 0.3 11.6 24 2.8 0.5 1 0.2 0.4 1.6
121 2420.00 19 <10 140 <10 154 215 3.0 20 09 29 0.7 109 03 12.1 2.5 3.2 [¢X] 1 0.3 0.6 2.0
122 244000 17 <19 125 <19 108 15.8 2.2 1.3 07 2.5 04 80 0.2 9.5 20 2.0 0.4 < 0.2 04 134
123 2460.00 i5 <ig 145 <10 98 18.6 2.4 1.8 08 25 0.5 9.2 0.2 9.9 2.1 25 04 1 0.3 0.5 1.8
124 2480.00 14 <1g 131 <10 122 1.5 2.8 1.5 0.7 24 0.5 8.4 0.2 10.1 22 2.3 0.4 1 0.2 04 1.4
125 2505.00 12 <10 134 <10 80| 209 2.5 1.5 1.0 3.1 0.8 9.5 0.3 12.4 2.4 2.4 0.5 1 0.3 0.4 1.4
126 2520.00 11 <10 135 30 108 18.2 23 1.4 0.7 2.6 [¢X] 8.7 02 11.1 23 2.1 0.4 1 0.2 0.5 1.3
127 2540.00 10 <10 149 <10 98 18.4 24 1.5 08 24 0.4 8.5 0.2 10.1 2.2 2.4 04 <1 03 04 1.4
128 2560.00 19 <10 162 <10 138] 201 3.0 2.1 08 33 0.7 9.4 03| 106 2.4 2.6 0.5 <1 03 05 1.9
129 2580.00 14 <io 159 <i0 1068 212 31 1.9 1.0 3.6 0.7 102 0.3 11.7 2.1 25 0.5 <1 0.3 04 1.8
130 2595.00 13 <10 162 <10 116 16.5 2.3 1.3 08 2.6 0.5 1.6 0.2 9.5 2.0 25 04 <1 0.2 03 1.3
131 2620.00 12 <10 158 <10 88 15.0 2.4 1.5 08 25 086 1.0 0.3 8.7 1.9 1.9 0.4 <1 0.2 0.3 1.7
132 2640.00 12 <190 160 <10 68 15.5 24 1.4 03 2.5 0.5 11 0.3 9.3 1.2 1.8 04 <t 0.2 0.3 1.7
133 2660.00 13 <10 160 <10 134 15.9 2.6 1.6 09 24 0.5 6.4 0.2 89 1.8 2.0 0.4 < 0.2 03 1.5
134 2680.00 10 <10 129 <10 156 16.3 2.6 1.3 0.7 2.7 0.6 16 0.3 9.6 2.1 21 0.4 1 0.2 04 1.3
135 2705.00 10 <i0 134 <10 80 18.1 2.3 1.6 08 2.5 0.5 19 0.2 9.0 1.9 1.8 0.4 <1 0.2 04 1.5
136 2720.00 12 <o 141 <10 J6f 176 29 1.7 0.8 22 0.6 1.1 02 9.5 2.0 2.2 0.4 < 0.3 04 1.7
137 2740.00 13 <ig 142 <10 82 14.6 3.1 1.7 0.7 2.4 0.6 68 03 8.1 1.8 22 04 <& 0.2 0.4 1.9
138 2760.00 11 <10 144 <10 80 164 28 1.5 0.7 2.4 0.5 71 0.3 8.8 1.9 2.0 04 A 02 04 1.6}
139 2780.00 10 <10 83 10 82] 329 3.7 25 1.0 36 08 15.5 0.4} 157 3.8 3.5 0.6 3 03 1.3 24
140 2805.00 13 <19 85 10 106] 359 3.4 2.2 1.1 3.5 09 169 04 17.5 4.1 38 0.6 5 0.3 1.3 2.7
141 2820.00 14 <10 97 20 102] 369 3.7 2.3 1.1 4.1 0.8 16.9 0.3 17.7 4.2 4.2 0.7 4 0.4 1.1 2.4
142 2840.00 8 <19 58 150 88] 513 4.7 2.6 1.1 4.7 098] 241 04| 210 54 43 0.7 7 04 2.4 2.8
143 2860.00 5 <10 47 10 94 63.9 4.6 3.1 1.2 5.2 i.1 28.8 0.5f 256 6.6 5.5 0.9 9 0.4 28 3.0
144 2880.00 4 Qo 70 <10 368] 374 4.5 2.7 0.9 5.1 1.0 168 05 18.2 43 3.6 0.8 5 0.5 1.4 29
145 2905.00 3 <10 89 <10 24} 288 43 25 09 3.9 0.9 12.4 0.4 14.1 3.1 39 0.7 3 0.5 1.2 2.8
148 2920.00 2 <io 46 20 34 339 4.0 26 09 34 0.8 i5.5 0.4 15.1 3.7 3.7 0.7 3 0.4 1.3 2.5‘
147 2940.00 3 <19 43 70 32| 254 29 2.2 09 3.1 07 12.0 04| 117 29 2.6 0.5 3 0.3 1.4 2.1]
148 2960.00 2 <10, 70 10 18} 260 4.7 2.7 08 4.2 1.0 11.5 04 12.5 32 39 0.8 2 0.4 1.2 2.5'
149 2980.00 3 <19 59 <10 22 25.1 43 23 08 34 08 10.9 0.4 12.1 3.0 3.1 0.6 2 04 1.1 2.7
150 3005.00 4 <10 13 20 46] 236 34 2.2 08 36 08] 107 04| 129 2.8 2.5 0.8 2 0.3 1.0 2.5
151 3020.00 2 <10 88 20 22 258 40 2.6 0.8 39 0.9 11.5 0.4 12.7 33 3.1 0.6 3 0.4 1.0 2.4
152 3040.00 2 <10 72 10 22| 253 39 28 08 39 1.0] 103 04| 136 29 3.2 0.7 2 04 1.0 2.5
153 3060.00 2 <19 84 10 38] 217 42 2.9 0.8 4.6 10l 119 04| 160 3.2 3.4 0.8 2 04 1.0 2.5
154 3080.00 3 <19 69 <10 20] 219 3.8 2.6 0.8 3.6 0.8 9.4 0.5 11.7 2.1 27 0.6 2 0.4 1.0 2.6
155 3105.00 3 <10 67 <10 24] 248 4.3 26 09 4.5 0.8 1.2 0.4 12.5 29 3.3 0.7 2 04 09 2.5
156 3120.00 3 <10 10 20 26 254 38 2.5 09 34 09 11.7 04| 133 3.0 3.4 0.6 2 0.4 1.0 24
157 3140.00 3 <10 80 50 22 25.1 45 2.8 09 40 1.0 109 0.4 14.0 3.0 3.4 0.7 2 0.4 09 2.4
158 3160.00 3 £19 76 <16 24) 247 4.1 2.6 0.8 40 08 104 04 132 3.0 3.2 Q.7 3 04 1.1 2.6
199 3180.00 3 <10 66 10 24] 244 40 23 09 3.9 0.8 1.3 0.4 13.0 2.8 3.2 0.6 2 0.4 1.1 2.2
180 3205.00 3 <10 73 <10 26| 245 3.7 2.6 09 3.7 0.7] 106 04 13.1 3.1 3.2 0.5 2 0.3 09 2.3
161 3220.00 3 <10 75 <10 24| 278 39 2.7 1.0 3.7 08 12.4 04 13.7 3.1 33 0.6 2 0.4 | K¢) 2.4
162 3240.00 4 <10 84 <10 26f 305 49 29 09 4.4 0.9 142 04 159 3.6 4.0 07 3 0.4 1.1 29
163 3260.00 4 <10 86 30 154 274 4.6 29 09 45 1.0 12.3 04 153 3.6 3.7 0.7 2 05 09 21
164 3280.00 3 <10 71 40 28 253 3.6 2.2 0.7 3.8 08 1.8 04] 1286 3.1 3.1 0.6 2 0.4 1.0 2.4
165 3305.00 3 <10 15 30 30} 2379 4.1 217 1.1 39 0.9 12.7 0.4 14.6 3.4 3.1 0.7 2 0.4 07 23
166 3320.00 3 <i0 75 70 26f 243 4.1 23 0.8 3.5 09 108 04| 13.1 3.1 3.0 0.8 8 0.4 09 2.2
167 3340.00 3 <10 92 30 32 22.7 38 2.6 08 3.7 0.9 10.1 0.4 13.1 3.1 3.1 0.6 4 0.4 09 2.%,
168 3360.00 3 <tgQ 88 180, 30| 243 4.3 2.6 0.8 39 0.8 104 04 13.1 32 3.2 0.8 4 04 [11:] 2.5
169 3380.00 3 <10 82 20 28] 215 3.7 2.4 0.7 3.3 0.8 9.7 0.4 12.5 27 2.6 0.8 3 0.4 0.7 2.1]
170 3405.00 3 <10 74 40 26| 21.3 35 24 08 38 0.7 9.8 03] 11.4 26 29 06 3 04 09 2.3J
171 3420.00 3 <10 85 <19 24| 282 4.7 2.5 0.8 4.3 0.9 125 04 149 3.5 3.4 0.8 4 0.4 0.9 2.8
172 3440.00 3 <10 77 <to 28] 200 36 2.3 0.8 3.6 0.8 9.1 0.3 11.1 2.7 29 05 3 03 08 2.4
173 3460.00 3 <19 83 200 28] 205 4.1 26 [1X:] 3.7 0.7 9.2 04 11.3 2.8 32 0.8 3 03 09 25
174 3480.00 3 <10 19 70 32 233 4.7 2.7 0.9 3.6 09 108 03 139 3.0 3.6 0.6 3 0.5 1.1 2.6
175 3508.00 3 <10 83 80 321 231 44 2.5 09 3.6 09 10.6 04] 129 3.1 3.0 0.7 3 0.4 09 24
176 3520.00 3 <19 17 50 28 18.7 35 18 0.8 33 0.7 9.0 03 109 25 25 0.6 2 0.3 0.7 2.1
177 3540.00 3 <50 81 30 28) 199 3.5 2.3 07 3.4 08 8.8 03] 109 27 3.4 06 2 0.4 07 2.1
178 3560.00 3 <19 97 10 26] 192 35 2.1 07 3.4 0.8 9.2 0.3 118 25 2.8 0.6 2 0.4 07 22
179 3580.00 3 <10 19 10 38] 184 3.1 2.1 0.8 2.6 0.7 88 03 9.8 23 25 04 3 0.3 08 1.7
180 3605.00 3 <10 88 10| 42 19.4 38 1.8 08 29 07 8.6 03 11.6 28 2.8 0.5 3 03 08 23
181 3620.00 3 <10 101 30 48] 19.7 33 2.0 0.9 3.0 0.8 9.0 03 11.0 25 28 0.5 2 0.3 0.6 2.1
182 3640.00 3 <10 94 10 54 178 32 1.8 0.8 2.9 0.6 8.1 03 10.3 2.2 2.3 05 2 03 07 2.1
183 3660.00 3 <19 107 190 34| 215 39 23 0.7 3.5 08 104 04 13.1 29 3.1 0.6 2 0.4 0.7 28
184 3680.00 3 <10 186 10 32 19.3 3.6 22 0.7 3.4 0.8 9.4 0.3 123 26 3.0 0.6 2 04 0.7 25
185 3705.00 3 <10 136 20 42 23.1 4.5 2.6 08 4.0 08 10.4 0.4 13.7 3.2 3.0 07 3 0.5 08 2.7
186 3720.00 3 <10 96 10 38 19.1 3.2 2.1 0.7 3.5 0.7 9.5 0.3 10.8 25 3.1 0.6 3 0.3 0.8 2.7
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Isotope altitude effect for groundwaters in the Iwate volcano and Kakkonda areas

By

Kohei Kazanava', Masaya YASUHARA!, Tsutomu SATO?,
Masaaki Taxkanasu® and Atsunao Marur

Abstract: In order to determine the recharge area of Kakkonda geothermal water, the result for
isotope altitude effects of groundwater was shown for comparison. In the Kakkonda area, a
hydrogeological survey, collection of 70 river water samples and measurement for oxygen isotope
ratios were performed.

Multi-point hydrological survey for the Akitorisawa, Matsuzawa and Kitashirasawa valleys
located in the northern part of the Kakkonda river showed constant specific discharge values at
each valley. This indicates that the stream waters are derived from shallow aquifers developed
along the topographically-determined catchment areas. It also suggests that the permeability and
porosity of rocks for groundwater storage are constant, probably due to fractures developed
through various geologic units. Hydrogeologically, these stream valleys might be recharge areas of
Kakkonda geothermal water because of their high efficiency of groundwater infiltration to the
depth.

The oxygen isotope altitude effects for each stream valley were estimated using oxygen isotope
ratios of stream waters and topographically-determined average recharge altitude data. The oxygen
isotope ratios of recharge waters tend to have lower values for the north to west parts of Kakkonda
at the same altitude, and higher values for the south to east parts. The results for the oxygen isotope
variations in the Iwate-Kakkonda area will be useful for determination of the recharge area of
geothermal waters in the Kakkonda geothermal field.
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Fig. 1 Sampling sites for spring water, river water and
precipitation in the Iwate volcano area (Kazahaya and
Yasuhara, 1999) .
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Fig. 2 Relation between hydrogen and oxygen isotope
ratios of spring water and river water in the Iwate volcano
area (Kazahaya and Yasuhara, 1999) .
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Fig. 3 Relation between topographically-determined average recharge altitude and stable isotope ratios of spring water,

river water and precipitation.

For precipitation, the elevation for collection is used for the plot. a) hydrogen isotope and b) oxygen isotope.
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Fig. 4 Sampling points for river water and topographic catchment areas (area surounded with dotted line) for each water

sample.

Also shown is the stream valley classification system from A to F, where A: branches of Kakkonda river (Al: upper part
and A2: lower part), B: source area of Kakkonda river, C: Akitorisawa valley, D: Matsuzawa valley (D) and Kitashirasawa
valley (D), E: Omatsukurasawa valley, and F: Minamishirasawa and Megurisawa.
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Table 1 Hydrogeological and isotopic data of river water samples in the Kakkonda area.

Mean elevation
I B I | I I Wl B Gl [l e R
m T unS/cm m/s km®* | m'/s/km® m %o
Kakkonda Al 1999.8.20 720 17.8 7.9 62 0.7 - - 1000 -11.16
A2 1999.8.20 690 18.3 7.8 63 0.8 - - 990 -11.26
A3 1999.8.20 685 19.0 7.8 63 0.8 - - 990 -11.19
A4 1999.8.20 685 18.9 7.0 75 1.1 - - 1020 -11.29
Ab 1995.8.20 680 20.0 74 72 11 - - 1020 -11.32
Ab 1999.8.20 670 18.6 6.8 69 1.1 - - 1010 -11.29
A7 1999.8.20 670 19.4 7.0 68 11 - - 1010 -11.36
A8 1999.8.20 670 19.8 6.9 68 1.1 - - 1020 -11.33
A9 1999.8.20 860 20.0 6.9 64 L1 - - 1010 -11.27
Al0 1899.8.20 655 20.3 6.7 72 11 - - 1020 -11.22
All 1999.8.20 655 20.5 6.7 72 11 - - 1020 -11.19
Al2 1999.8.20 650 21.8 6.8 106 11 - - 1010 -10.95
Al3 1999.8.20 645 21.9 6.8 107 1.2 - - 1010 -11.36
Al4 1999.8.19 635 25.0 6.8 107 1.3 - - 1010 -10.97
Al5 1999.8.19 625 25.0 7.4 106 1.3 - - 1010 ~10.80
(%) Al6 1999.8.20 620 23.0 71 130 0.3 - - 1020 -10.81
Al7 1999.8.20 585 26.6 5.5 167 0.3 - - 1020 -10.84
Al8 1996.10.2 510 15.2 7.6 141 0.35 - - 1010 -10.64
Al9 1996.10.2 435 14.2 7.7 109 0.83 - - 1000 -11.30
Upper branch of Al-1 1999.8.20 730 16.9 8.1 51 8.E-03 0.57 0.015 800 -11.18
Kakkonda Al-2 1999.8.20 730 18.9 7.6 36 B.E-05 0.08 0.001 810 -10.98
Al-3 1999.8.20 740 19.8 8.0 a8 1.E-05 0.15 0.000 850 -10.89
Al-4 1999.8.20 705 19.5 7.5 210 3.E-06 0.06 0.000 910 -11.29
Al-5 1999.8.20 7256 21.2 8.4 56 3.E-04 0.05 0.005 900 -10.89
Al-6 1999.8.20 720 19.7 8.2 62 7.E-03 1.22 0.005 980 -11.06
Al-7 1999.8.20 700 17.7 6.9 50 2.E-02 1.99 0.010 1090 -11.29
Lower branch of | A2-1 1999.8.20 695 21.2 2.7 338 2.E-04 0.03 0.006 780 -10.41
Kakkonda A2-2 1999.8.20 695 22.5 2.6 1034 2.E-04 0.01 0.012 730 -9.76
A2-3 1999.8.20 600 35.1 3.9 350 8.E-03 0.17 0.049 780 -10.57
A2-4 1995.5.18 660 10.2 8.1 50 2.E-02 0.46 0.050 800 -10.50
A2-5 1995.9.26 500 11.6 8.4 50 6.E-03 0.34 0.017 770 -9.99
A2-6 1995.9.26 450 8.7 8.0 45 8.E-04 0.36 0.002 700 -10.30
Source of kakkonda Bl 1999.8.20 730 17.9 6.9 62 0.7 28.40 0.026 1000 -11.35
Akitarisawa C1 1999.8.19 1045 15.8 3.9 210 0.07 116 0.060 1300 -11.73
(o] 1999.8.19 970 17.5 4.0 175 0.14 246 0.057 1250 -11.64
c3 1999.8.19 950 17.5 4.2 157 0.16 2.77 0.054 1220 -11.60
C4 1999.8.19 920 18.8 4.4 135 0.2 3.85 0.052 1218 -11.64
C5 1999.8.19 900 19.1 4.5 128 0.2 3.96 0.051 1210 -
C6 1999.8.19 880 19.8 4.7 121 0.2 4.156 0.048 1200 -11.52
Cc7 1999.8.19 815 20.0 5.0 114 0.2 5.00 0.040 1170 -11.53
c8 1999.8.19 810 20.0 5.0 111 0.2 5.05 0.040 1165 -11.55
Cc9 1999.8.20 750 18.56 5.2 106 0.3 5.70 0.053 1166 -11.52
cio 1998.8.20 740 18.5 5.2 108 0.3 578 0.052 1150 -11.46
C11 1999.8.20 710 18.7 5.2 107 0.3 5.87 0.051 1145 -11.48
Branch of C1-1 1999.8.19 1045 17.0 4.1 136 7.E-02 111 0.063 1280 ~11.56
Akitorisawa Cc1-2 1999.8.19 975 12.7 7.0 56 5.E~04 0.03 0.018 1080 -11.62
C1-3 1999.8.19 950 20.9 7.1 62 5.E-02 0.65 0.077 1200 -11.56
Cl1-4 1999.8.19 950 18.0 7.8 91 8.E-05 0.01 0.011 1000 -11.14
C1-5 1999.8.19 905 18.9 7.4 52 3.E-03 0.03 0.114 1050 -11.64
C1-6 1999.8.19 840 18.1 7.4 42 8.E-03 0.08 0.099 1020 -11.45
C1-7 1999.8.19 820 17.1 8.0 103 5.E-04 0.02 0.021 940 -11.14
C1-8 1999.8.19 800 12.9 7.8 50 5.E-03 0.25 0.020 980 -11.35
Ci-9 1999.8.20 740 14.6 7.2 31 5.E-05 0.02 0.002 810 -10.75
Matsuzawa D1 1999.8.20 775 23.0 5.8 112 0.05 1.44 0.035 1140 -11.26
D2 1999.8.20 750 24.6 4.0 136 0.05 1.59 0.031 1136 -11.25
D3 1999.8.20 670 25.2 3.8 177 0.05 1.78 - 0.028 1125 -11.15
Kitashirasawa D4 1999.8.19 960 14.0 5.2 70 0.06 1.77 0.034 1210 ~11.42
Ds 1999.8.19 905 14.5 5.2 67 0.06 1.86 0.032 1205 -11.42
D6 1999.8.19 850 15.8 7.5 79 0.09 2.35 0.038 1180 -11.32
D7 1999.8.19 790 17.0 7.7 79 0.09 2.58 0.035 1170 -11.29
D8 1999.8.19 690 19.0 78 86 0.09 3.02 0.030 1120 ~11.62
D9 1999.8.19 645 23.2 7.2 90 0.09 3.79 0.024 1050 -11.30
Dg* 1996.10.2 640 13.9 6.1 68 0.13 3.78 0.034 1050 -10.99
Branch of Matsuzawg D1-1 1999.8.20 710 62.5 7.0 438 8.33E-05 0.04 0.002 830 -10.61
Branch of D1-2 1999.8.19 900 15.2 7.0 100 0.03 0.21 0.143 1070 -11.37
Kitashirasawa Di1-3 1999.8.19 870 17.0 7.9 226 0.03 0.21 0.140 1065 -11.36
Omatsukurasawa El 1996.10.2 510 12.7 8.1 147 0.13 4.78 0.027 1050 -11.28
Minamishlrasawa F1 1999.8.19 700 19.0 5.2 180 0.2 4.68 0.043 1150 -10.91
F2 1999.8.19 660 20.0 5.3 182 0.2 4.95 0.040 1100 -10.89
F3 1999.8.19 630 20.5 5.6 163 0.3 5.53 0.054 1070 -10.89
(*%) F4 1999.8.20 620 21.8 5.8 320 6.E-04 5.63 0.000 1050 -10.82
(%) Fq* 1996.10.2 625 134 54 127 2.E-02 5.63 0.004 1050 -10.85
Megurisawa Fb 1996.10.2 540 14.1 5.9 115 5.E-03 5.42 0.001 930 -10.33
Branch of
Mlnamishirasawa | F1-1 1999.8.19 655 20.0 7.5 57 0.1 0.49 0.203 1000 -11.44
*Calculated on the basis of top hically divided g d system

**Sampled at the down stream of water intake.
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Fig. 5 Geology of Kakkonda area.

Simplified from 1/100,000 Geological map of Sengan geothermal area (1985) .
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Fig. 6 Relation between water temperature and sampling
elevation from major streams in the Kakkonda area.
Arrows indicate the downstream direction.
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Arrows indicate the downstream direction.
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The slope indicates specific discharge. Flow rates mea-
sured in August, 1999 are plotted.
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Fig. 9 Relation between topographically-determined average recharge altitude and oxygen isotope ratio of stream waters.
A solid line indicates recharge water line for the Iwate volcano area. The data for valley systems B, E and F may be

replotted upward (see text).
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Recharge and formation mechanisms of geothermal fluid
of the Kakkonda geothermal system

By

Masaaki TagaHASHI', Tsutomu SaTo?, Kohei KAZAHAYA?,
Atsunao MARUP®, Masaya YAsSUHARA® and Kaichiro Kasar!

Abstract: Isotopic analyses were carried out for geothermal fluids from shallow and deep reser-
voirs in the Kakkonda geothermal system to clarify recharge and formation mechanisms of the
geothermal fluids. The results were as follows:

(1) Hydrogen and oxygen isotopic ratios of the shallow geothermal fluids sampled from 1981 to
1991 became heavier with time because of reinjected thermal water to the shallow reservoir,
whereas the ratios of the fluids sampled in 1996 and 1998 showed similar values to those in 1981.
On the other hand, the isotopic ratios of the deep geothermal fluids sampled in 1991, 1996 and 1998
showed almost identical values, which were clearly lighter than those of the shallow fluids.

(2) Isotopic ratios of the geothermal fluids from the shallow and deep reservoirs showed that
hypersaline fluids contained in the Kakkonda granite and high-temperature volcanic gases, which
have very heavy isotopic compositions, are not supplied to the Kakkonda geothermal reservoirs.

(3) The lighter isotopic ratios of the deep geothermal fluids indicate that the average altitude of
the recharge area for the deep reservoir is higher than that for the shallow reservoir. Increment of
oxygen isotopic ratios of the shallow and deep geothermal fluids from those of the recharge waters
is probably caused by water-rock interaction in the reservoirs. Slight decrement of hydrogen
isotopic ratios and increment of oxygen isotopic ratios of the deep geothermal fluids could be caused

by boiling associated with partial steam loss in the high-temperature reservoir.
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Table 1 Hydrogen and oxygen isotopic compositions of thermal waters, condensed waters and geothermal fluids sampled
from wells for the Kakkonda geothermal power plant and the WD 1 well.

well name |sampling date condensed water{ thermal water | steam /.Water geothermal fluid reference
o0 | 0 | s» [ 80 ratio 0 | 80

Shallow well

well-32 81/10/01 | -76.1 | -11.4 | -67.1 -8.2 0.2374 ~-68.8 -8.8 Matsubaya et al. (1985)

well-32 81/10/01 | -76.1 | ~11.4 | -64.8 -8.0 0.2374 -67.0 -8.7 do

well-3 87/11/04 | -80.8 | -11.6 | -62.6 -7.4 0.1238 -64.6 -7.9 fiscal 1987

well-33 87/11/04 | -73.3 | -11.5 | -53.4 -7.1 0.1033 -55.3 -7.5 do

well-45 87/11/04 | -77.1 | -11.2 | -57.1 -7.7 0.2917 -61.6 -8.5 do

well-75 87/11/04 | -86.0 | -11.3 | -51.4 -7.3 0.1528 -56.0 -7.8 do

well-17 88/09/19 | -77.9 | -10.9 | -59.2 -8.0 - -62.9 -8.6 NEDO (1991)

well-33 88/09/19 | -84.0 | -11.3 | -68.7 -7.4 - -70.5 -7.9 do

well-9 91/08/02 - - - - - -60.0 -8.1 Yanagiya et al. (1996)

well-35 91/08/02 - - - - - -61.3 -8.2 do

well-42 91/08/05 - - - - - -60.1 -7.7 do

well-45 91/08/05 - - - - - ~-63.5 -8.8 do

well-51 91/08/05 - - - - - -59.7 -8.1 do

well-4 96/10/03 | =73.3 { -12.1 | -59.0 -7.9 0.1048 -60.4 -8.3 fiscal 1996

well-17 96/10/04 | -71.3 | ~11.4 | -60.3 -8.0 0.6988 -64.8 -9.4 do

well-35 96/10/04 | =73.7 { -11.8 | -64.5 -8.5 0.1462 -65.7 -8.9 do

well-45 96/10/04 | -77.4 | -12.0 | -57.4 ~-8.0 0.1626 -60.2 -8.6 do

well-47 96/10/04 | -78.1 | -12.3 | -62.9 -8.2 0.1301 -64.6 -8.7 do

well-65 96/10/03 | =75.0 | -12.0 | -60.6 -7.9 0.0606 -61.4 -8.1 do

well-73 96/10/04 | -74.3 | -11.8 | -64.4 -7.9 0.0980 -65.3 -8.2 do

well-4 98/02/02 | -78.1 | -12.1 | -59.7 -7.8 0.0899 -61.2 -8.2 fiscal 1997

well-5 98/02/03 | =73.5 | -12.0 | -63.9 -8.2 0.1333 -65.0 -8.6 do

well-10 98/02/02 | -76.4 | -11.9 | -60.1 -8.1 0.1250 -61.9 -8.5 do

well-17 98/02/05 | -74.5 | -11.9 | -62.0 -8.3 0.5395 -66.4 -9.6 do

well-42 98/02/04 | -85.4 | -12.9 | -60.4 -8.0 0.2593 -65.5 -9.0 do

well-47 98/02/05 | -80.8 | -12.5 | -62.3 -8.1 0.1273 ~64.4 -8.6 do

well-45 98/02/04 | -76.4 | -12.1 | -65.3 -8.3 0.1273 -66.6 -8.7 do

Deep well

well-13 92/09/02 - - - - - -73.9 | -10.3 Yanagiya et al. (1996)

well-16 90/06/06 - ~ - - - -66.3 -7.9 do

well-18 89/06/20 - - - - - -86.5 -9.6 do

well-19 89/09/25 - - - - - -64.5 -9.2 do

well-13 96/10/03 | -74.0 | -11.6 | -58.8 -7.6 3.4000 -70.5 | -10.7 fiscal 1996

well-20 96/10/03 | =73.7 | -11.1 | -61.7 -7.0 3.8000 -71.2 | -10.2 do

well-22 96/10/03 | =72.3 | -11.0 | -58.6 -6.9 0.9157 -65.1 -8.9 do

well-13 98/02/03 | =75.8 | -11.6 | -62.2 -7.6 1.1833 -69.6 -9.8 fiscal 1997

well-16 98/02/04 | -74.0 | -11.5 | -58.9 -7.5 0.7900 -65.6 -9.3 do

well-19 98/02/03 | -77.2 | -12.3 | -64.6 -8.2 0.3833 -68.1 -9.3 do

well-20 98/02/03 | ~73.4 | -11.6 | -63.4 -8.0 4,0800 -71.4 | -10.9 do

well-22 98/02/03 | -71.0 | -11.2 | -57.3 -7.7 0.5826 -62.3 -9.0 do

well-48 98/02/04 | -76.0 | -12.3 | -67.2 -8.7 1.1000 ~-71.8 | -10.6 do

WD-1b 98/12/19 | =73.7 | -10.8 | -58.2 -5.8 - -73.7 | -10.8 fiscal 1998
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Studies on origins of hydrocarbons in geothermal gases:

fumarolic gas from the Kakkonda geothermal area

Shun-ichiro Icarr!, Tatsuo MAEKAWA! and Susumu SAKATA!

Abstract: The studies on hydrocarbons in geothermal gases in the world make it clear that most
hydrocarbons in geothermal gases are thought to be of thermogenic origin. On the other hand, a few
geothermal gases are known to be of inorganic origin. Some studies on fumarolic gases from the
Kakkonda geothermal area were carried out on the basis of reviewing studies done on this area. The
conclusion of the studies is hydrocarbons are mixtures of thermogenic and inorganic gases.

2 B

HFRCITHh I T 5 BT Ah o R{LAKZEDOITE I X
AT HIER Y A RAEIK S O KER S H Y O B iR
EEbTWwa, —77, MR EF 2 oh 3 kibk
FLHEETLLOHLH S,

HF R ERE BSOS A A 1 EALK R DO RF
DWT, I E TOWRICRIEAKRTEO AT
BFSERFEREINA, ZOKE, BIRMHORIEASE
135 B OEEM OB ES A L DB OIEEEERA A DR
EMThHLEFLZOND,

1. & C & (<

AR, WEAS AP D RAGKZRORETh i, Ok
FEEPEmIN TV 5, ARG TR ERESEIC BT 21
B AP O RACAKRFEDORIFZ BT 2 FEBEH % £
FIRL, RICHIEFRATC BT SR Tdh 55
F IR E R sk o hi# ) 2 b AR E ORIRICBE T
LI DO WTHRE T 5,

2. HAOHBHTAPDORIKEICET MR

Hulston and McCabe (1962) 3=a2—Y—J > F®
HhE A OB FLE D SN L 7o 0 A O B{ERFE L A

U HbiRAb A (Geochemistry Department, GSJ)

¥ > D RBREGAILZEIE L, Eq.(D0 RIS E AT
Wb b ERET S &, FHESN S ERPERRE HEE
BLRA-HTZ2IL%2TL, 2OZEIZED XY N
TSR & RFE A S BREINICAER L T b o sHfEE
L7,

CO, + 4H, & CH, + 2H,0 (1)

izt L, Gunter and Musgrave (1971) & 0F Gunter
(1978) I1ZKEA to—RX b= EOHES A A OMK &,
2O A Y > ZBIGRFAD RFRFLMRL, KUY
v EARFBORRAMALZREL, Eq(DEBWT, RE
ERI R 515 &t 5 [RIGLIR TR EE & KSR AR EL 2
SEBONDENEFEEIRENE L SES Tk, RUIEX
Y UIRIGREBEDHEET 5 2 b, N6 DRIEKEN
B OB IRIFETCH S b D EHEE L.

%7z, Des Marais ef al. (1981) 1Z A% >»pnIEX Y
VBRALKR PRI A LIz E TS, A Y DRE
FEIARIEIE A & RAGKEORM R LD b EL RS
CEERWERBRICED, EEMOBSROEEAY D
REZFAELLIZIE 2 & RAGKZRD KRFMEILE L D B
B s L e AROBOGBEEBICEIDRL, 612
KEGER O Mgt OME S A D C-CoRALAFZ DS
&, A8 ORFEMEEDIER & > RALATED REFE
MAILE D BBWZ L s, Zh e DRIKEZERY
DEHERLIETH 5 b D & Uiz,

Keywords: origin of hydrocarbon, fumarolic gas, Kakkon-
da geothermal area



HoH

%

G

M XS, HIEG AR RIEAKEDRFIC O WTIE
2 03 H O BHEE RS RIS, BHE TR OB i
RFEO b DOMEZ L EFTbiL T (Welhan, 1988), L
L% s EPR @ & 9512, 2#as s munREIRRE
(—17.6~—15.0%) ZF>I throEELEFzon
L5 ODFEESHSNTEY (Welhan ef al., 1981), H
B O L WCHREOSE S b DL EZONS, b, M
A ARDRAAKZCET 51 52—k L Tk Welhan
(1988) XHJE (1993) HEndH 5,

3. BREMBMIBOMBAT PDRIEKFEOME

HHEF (1978) X EARTIHbE I O RS & 165 24 &
AR 1L SR 2R L, A% > 2&teh AR OH
EEToTz, A8 W EQ DO & 0 SR 43
5 b0 ERE LG, Eq (O ERDE» o, H
TIZB Y 2HEA ZADEERE VL X5 > REDE
B bOERTE L, BB BIT2 x5 > k#EL
DI3AR & FLPRE R ERE R 515 0 N7 PR H
B335 e, 25 KEHHRBEMI O
TORNPREDOHEEICENTH L b O EHEEL 72,

Kiyosu and Yoshida (1988) (& ERH O H A<k
14 3R L HiH A AR 4 R R BIRL, 2 ¥ v E2EDE
AT DT AT o T2, & OFER, EHEESHOe ]
LR FEORE MR 5, [FREO#EG 2 13< /<
DN A L FKDBEMTHL D EHEELL, L
Lgdis, A5 vORES DL TN cEclEe
BTV,

BHIE» (1994) BP#AEE L LT, BREO 3 &

10000

1000 | u =
100 |

10

neo—-CsH12/n-CsHiz

0. 001 - . .
0. 001 0.1 1 10 1000 10000
neo-CsH12/1so-CsH12

0.01 100

H1 IARYET L AR F R AR T S
TN Y DR,

+ DEIRHE, O fm-ms, B AREET A GRS,
1996)
Fig. 1 Plot for neopentane/isopentane and neopentane/n-
pentane ratios.

-+ I Samples from Kakkonda, []: Samples from Akita
and Niigata, M : Dissolved-in-water type gas (Igari ef
al., 1996)

1

i

& (284 5)

D BB D R AT A (@0 5 RIS L BRER S %
Brudopisy) RUGERIC LD ERIRL, WEE IS L
RALAER GC-MSEIZ L DEIE L 72, FOE, &Ex
D Co RALKZ B L, 7 O, i ooy
AWz, BBOLRIAMLTWE Z e RRL,

Kiyosu and Asada (1995) 13 EBBRHOHE 2 Akl 25
DAFREIMD KA ADHEA A BT, A¥ v, ©
g, ANy, AVTY L, nn 7Yy, TF LDy
WEiTo7z, 2 OfE, BRHORE % ST Ao
By, AV THIEL L 1o B IRMKBRDOGFEE Y — >
DIFKE « FHEDOESMEN A DINY — L FN T b,
MR A v O JRAVIK 3R O iR A B OO B RRCIR T
b0 EHEE L,

FFRFIEs (1996) (34 A vh o R e ok S0E A
WHRASE U2 ik OB, 1995) 2w, BREHOBEA
M4 9 SEkD R A A~y 8 LBk (R Ay
Y, AR, n-Ry YY) BEE LIS, A ARy
TS AR e R A NI S n-R B D
B 25 1 B R, Y A« AEEES 2 OF b FE
Nic7ay bLTHLH, oD AOmLoMICIZ
ERREAGRPERD S a1, Z OEARRR M A A kg
HAMIEERTE Fa Xy 5 O h e k290521
ZaEfE E UCEREHATRE T H 2 (GBXF, 1996). T 72b bil
A ARKEBEN A Fafy T Ohc L 29 %
Z05 MRS EAMCBEIT S, BARM O Rk
TCEKRICET TEET S 2 Lo KEMEY 2 g s
BlTws e Bbhsds, &L AMET AT WhiE e 7
Ty hEND, ZTHIEERE OB X EEE OREME
H AN EERMRDIEE BN Z L 2R L T b, EIRHA

Fumarole 5

Fumarole 8

g
A

Fumarole 8

Fumarole 3

Fumam‘l}‘

Fumarole §

Fumarole 3

[compound)/[benzene]

©
S
1

L

oot T T T T T 1 T 1T
€5 C6 Cr1 Cr Cy Cuw Cn Ciz Ciz Cus
n-atkanes

B2 R THIEEL 72K 3(@), 5D, 8(#) DK
RO n-7 0% > & FERRIKED R,

B:ryv¥y, T: bV, EB:zF AR Ey, X1 F
¥V > (Higashihara ef al., 1997)
Fig. 2 Abundance of n-alkanes and aromatics, normalized
to benzene in the gas phase of the samples from Fumarole
3(@), 5(M) and 8(@).

B: benzene, T: toluene, EB:ethylbenzene, X:xylene.(Higa-

shihara et al., 1997)
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Table 1 Correlation coefficients among hydrocarbons in fumarolic gases from the Kakkonda geothermal area. (Igari et al.,

submitted)

CH4 CoHe CoHa CsHs CaoHe i-CaHio  n-C4Hio Csls neo—-CsHiz i-CsHiz  n-CsHi2
CHa4 1. 00
CoHe 0.99 1.00
CoH4 -0. 49 -0. 50 1. 00
CaHs 0. 98 1. 00 -0. 50 1. 00
CoHz -0. 31 -0.27 0. 39 -0.25 1. 00
i-CaHio 0.98 0.99 -0. 49 1. 00 ~-0. 24 1. 00
n~CaHio 0.97 0.98 -0. 49 1.00 -0.23 1.00 1.00
CaHs -0. 57 -0.51 0.62 -0.49 0.70 -0.48 -0. 46 1. 00
neo-CsHiz 0. 98 0.99 0. 50 1. 00 -0. 26 1. 00 1. 00 -0.51 1. 00
i-CsHi2 0.95 0.97 -0. 46 0.99 -0.19 0.99 1.00 -0. 42 0.99 1. 00
n—CsHi2 0. 94 0. 96 -(. 46 0.98 -0. 20 0.99 0.99 -0. 42 0. 99 1.00 1. 00
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Synthetic fluid inclusion logging for geothermal boreholes
By

Takayuki SAWAKI', Masakatsu SASADA!,
Munetake Sasakl' and Katsuhiro TSUKIMURA?

Abstract: Synthetic fluid inclusion logging is a new method of temperature measurement and direct
fluid sampling in high-temperature geothermal wells. The method has been developed by the
Geological Survey of Japan and the New Energy and Industrial Technology Development Organiza-
tion (NEDO). The first borehole experiment was carried out in the fall of 1994 at a deep research
hole (WD-1) drilled by NEDO in the Kakkonda geothermal field, northeastern Japan, and several
experiments were conducted in 1995 and 1996. In the experiments, cracked crystals (quartz and
calcite) soaked in solutions in gold or platinum capsules were mounted on containers for tempera-
ture measurement. The containers were placed in the borehole for one hour to three months.
Trapping temperatures of fluid inclusions were determined by microthermometric measurement.
During the short-(one hour, one, two and three days), intermediate-(one month) and long-(three
months) term experiments, fluid inclusions were synthesized in all quartz crystals soaked in alkaline
solution, some quartz crystals in NaCl solutions, and all the calcite crystals. Homogenization
temperatures of the fluid inclusions were mostly concordant with borehole temperatures which were
measured by other conventional logging tools. For fluid sampling, cracked quartz crystals without
sealing are mounted in containers through which borehole fluid flows. A small number of fluid
inclusions were synthesized under the short-and intermediate-term experiments, and many inclu-
sions were synthesized enough for chemical analyses under the long term experiment. These results
indicate that the synthetic fluid inclusion logging system is capable of temperature measurement
and fluid sampling in high-temperature geothermal wells.
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AHZERFE TIE, HBGTHATALRECEY & &K
T35 LIk BER (53500 NFORERETE, &
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BB L5, PR, ENERTOALIRBEEY)
DR DORER L, ZORBREREE 2 Y HERD
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ELRERERVRHEERHS 2 c L, ZORICHE
T &, BIRABEEHEEY WD-1 TOBSEER T 7.
1994 FEFICIXBEEE 1485 m £ TOEER, 1995 F 7 Ak
B 3729 m TOEE, R 11 A~1996 42 H, kU8
I3 BEE 1485~2390 m R COERET->72. 2hod

EERTW, RENEAFEN LT, fibhWwEREOAS
gy (R - FfRA) R %, ThThopscfafs
¥R eis, & A8 7T NVICER LIz O
MU7-. &7, WMAEFRAOREE LT, #irunEnE
DA-TcAFEEF 2 —7% GEFEHDOLD) ANz
OFBABLL. IhsRaryT kAR, WHRNIZE
I ®E L,

1994 #EDFEER (1485 m % TD 5 FRE, 24 HE), 1995
F£7 A0 WD-1a OHE (BEE 3729 m) iRE O HIEFER
(SZBREFM @ 1~2 W¥fE), 1995 & 11 A~1996 £ 2 A D%
B, 2, 3AM), BEY G»H) OFEBR (1485~2400
mfO5EE), RU1996 48 H O EE (12 AR/,
1485~2400 m > 5 BEE) T, REEIERZEN, ¥
BGRERE 2172 OW-FH%E - KESORBEEY

U B EER  (Geothermal Research Department, GSJ])
2 HFRE A F —#EH (Mineral and Fuel Resources
Department, GSJ)

Keywords: synthetic fluid inclusion, temperature measure-
ment, microthermometry, fluid sampling, WD-1, Kakkon-
da geothermal area
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Synthetic fluid inclusions
formed along a healed fracture
plane in quartz
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Bl ANTHREAEYERIC & 2HHRBEROMARK (5
FH « #28, 1995; Sawaki ef al., 1997).

ElhE (vA 707 Ty 7)) AN R BTN
T"gEL, =4 2027y 7BALS (=7 5%) DEF
MLT, fFuEyeaT 5.

Fig. 1 Schematic picture of synthetic fluid inclusion log-
ging system (Sasada and Sawaki, 1995 ; Sawaki ef al,
1997) .

Cracked crystals are suspended in a borehole for some
time, and fluid inclusions are synthesized through the
healing of microcracks.
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Fig. 2 Pressure correction method for a homogenization
temperature of a fluid inclusion.

Th: a homogenization temperature of a fluid inclusion,
Tf. a formation temperature of a fluid inclusion, Py a
formation pressure of a fluid inclusion.
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1995 ; Sawaki et al., 1997).

a AE-FOPE-MEHER 27 U A b3 Tuttle and
Bowen (1958) ; Hf#A-84 © Clark (1957) | WOE-18-
NYF A4+ (CaSO, + 1/2H,0) : Yamamoto and Kennedy
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Fig. 3 Stability fields of quartz, calcite and anhydrite
(Sasada and Sawaki, 1995; Sawaki ef al., 1997).

a—quartz-B-quartz - tridymite - cristobalite: Tuttle and
Bowen (1958); calcite - aragonite: Clark (1957) ; anhy-
drite - gypsum - bassanite (CaS0,-1/2 H,0): Yamamoto
and Kennedy (1969), where P(total) = P(H,O).
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BDWTHRE L.

HHEE, o ARSEREE T TRERMETHY, 20
BiRENC g AT, PUTARA N, ZVARNTA D
Hb5(EIM). EETEBWTWE a— L ERIZS7YCT
R0, BHEATOEEMIE, 8 25°C/kbar OER &R
DEMTEINS (Koster van Groos and Ter Heege,
1973). %8, MBAEREZITI &, a— BRI 25
W, TRTCEE TR D, i) DEEORE
WEYRT 7LV ET— M5 EPRE SN TWS (Bod-
nar et al., 1989).

AREERD LT 2 ) A (SI0,) OWEMRE D= B
LT, Kennedy (1950) 2 & A &8 EENS B
ZDOEMEEE> TRV, 20%, BIECES TR
bEFEXFRBMREICOWTER LIRS TbRTE
Twb (21, Alexander ef al, 1954 ; Krauskopf,
1956 ; Okamoto et al., 1957 ; Tuttle and Bowen, 1958 ;
Wood, 1958 ; Fournier and Rowe, 1962 ; Kennedy ef al.,
1962 ; Morey ef al., 1962 ; Siever, 1962 ; Weill and Fyfe,
1964 ; Anderson and Burnham, 1965, 1967, 1983 ; Dick-
son, 1966 ; Rowe ef al., 1967 ; Sommerfeld, 1967 ; Crer-
ar and Anderson, 1971 ; Novgorodov, 1975 ; Fournier,
1979, 1983 ; Hemley et al., 1980 ; Rimstidt and Barnes,
1980 ; Fournier and Potter, 1982 ; Fournier ef al., 1983 ;
Ragnarsdottir and Walther, 1983 ; Walther and Orville,
1983 ; Woodland and Walther, 1987 ; Z=F4», 1988 ; Dove
and Crerar, 1990, Gratz et al, 1990; Martin and
Reoller, 1990 ; Saccocia and Seyfried, 1990 ; Rumyant-
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3 0.01F n
Kennedy(1950)
O:P=vapor pressure
@®:P=50MPa
Xie & Walther(1993)
—--—:P=50MPa, NaCi=0.83m
—-—:P=50MPa, NaCl=1.86m
] 1 I i ! |
%m0 400 600 800

Temperature (°C)

sev, 1991;Von Damm e afl, 1991 ; Fournier and
Thompson, 1993 ; Gratz and Bird, 1993a, b; Xie and
Walther, 1993 ; Berger et al, 1994 ; Chigira and
Watanabe, 1994 ; Dove, 1994 ; Tester et al., 1994 ; Xiao
and Lasaga, 1994 ; Martin, 1995 ; Shibue, 1996a, b;
Dove and Nix, 1997 ; Rimstidt, 1997). Z# & O FEEEE
Rezews e, FHCHALTE, EAPE LH13E
) H DEREPRE g AW H 5, —F, BEW
BIL T, BREYX D2 RETHRAERS 2 L0356
NTws (FlaK)., T4obb, FEAKACGE T TERH
IBCKTHBARD L ZHMH D, 2L 0 bIREMTILEE
DEFRE LB ) A DEREN LR T2, 2h LD
ERETIHIREO LR E LV ICBEREIZEK T TS, 20
BB T 2BAEONE W, ESomine & bicEiE
iz 7 b LTWw3,

NaCl I3 2 2 ) 7 OEIREOEERT—5 £ LT
%, Anderson and Burnham (1967), Xie and Walther
(1993), Dove (1994) 13 H 2, 2505 H Anderson
and Burnham (1967) 1%, 600°C, 3kbar & 700°C, 4
kbar O - FENE&EFT T, HCIl, KCIl, NaCl, KOH,
NaOH OBEWHIH T AEMREIZ DO TIRRT WS,
DRERTIE, NaCl It d 5 SR O EEAY, 0.9066
m DENVBEDEWIZDWT 600°C, 3kbar 1 7—% L
walzd, RE - ENFEMEOZAITT DIERE DK
{LiZBERE T 2, —H, KCIEERIE Wi, &858
E R EEOERICHT B EREIT-oTEY, 600°C, 3kbar
DFEFETTIEKCl OREEEZ THRE LA (PN

—
CO»)=1bar
COy)=4bar
CO,)=12bar
CO;)=62bar |

ol
N
m

P
P

0.004

0.002

Solubility(mol/kg HyO)

[ S
100 200 300
Temperature(C)

B4R A (FEH - 20, 1995 Sawaki ef al, 1997) « J3REG O,
(a) TEDWEME (Kennedy, 1950 ; Xie and Walther, 1993).

(b) FRELOEEE (Ellis, 1959).

Fig. 4 Solubilities of quartz (Sasada and Sawaki, 1995; Sawaki ef «l., 1997) and calcite.
(@) Solubility of quartz in water and NaCl solutions after Kennedy (1950) and Xie and Walther (1993).

(b) Solubility of calcite after Ellis (1959) .
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&, 700°C, 4kbar D&M T T KCl ORENE k5
WONWEBENMET L TWs 2 e RHfEL TS, Ander-
son and Burnham (1967) &% 7z, 0.113m (EHEE L
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(1957), Ellis (1959, 1963), Morey (1962), Segnit ef
al. (1962), Sharp and Kennedy (1965), Malinin and
Kanukov (1971), Walther and Long (1986), Fein and
Walther (1987, 1989), Dreybrodt ef al. (1992), Konig-
sherger and Gamsjager (1992), Svensson and Drey-
brodt (1992), Ryzhenko and Mironenko (1994), Sim-
mons and Christenson (1994) 2 £ » TG &L T
L. AR, HEMTELET 2855, A OR
R MO T TR LE RS TH b 3D,
FEMICRIBEWLE &8 5, B 2 OREER L,
F DY FET BEEC X - TERT 50, HRA
OHFEF L, EEEYED A7 59, CO, EHNEHE L
Ty oy —tisd, Ei, HREOEREL, RE, CO,
S, pH A S SEidanTwd, CO, 0 H: L EiRED
BAfRIC DWW T RS &, WiREIR CO, N B 201
fEOIERT %, WE LIERREOBIR T, BES AT
DA DAVEIEEE AR T35 (58 4b B) . NaCl i3
LIS L, 200CEBIIC L TIREEWE DL A 2 P HIG
T3 (Holland and Malinin, 1979). 345, 200°0C
DR T, NaClEROEE LT < 5> CHIEMREIE &
AEZAEL R, HEVIEb T KT 3 2N H S
DIZXF L, 200°C 2l 2 72 T, BOHIC ISR 138 <
BoTndIEPRINTn5,

BEEICE Y 2 LEMHEE - RO 7 — % 1%, Mac-
Donald (1953), Hardie (1967), Blount and Dickson
(1969, 1973), Yamamoto and Kennedy (1969), Du-

& (BBosd )

brovinskiy et af. (1990), He ef al. (1994), Ryzhenko
and Mironenko (1994) Zic k> THEINT WS, #
TE, iR QCHEE) TR EREmTh 253,
MECROBREENFEO T TR EERIEMTH S (B3
X)), % OERE L, JIFaREE, BEO LEICHWLET
T 5%, iz, NaCliEqext LT, 200C %8 T#
DT DAL T 5, Tabb, 2000 & D b E VI &M
T NaCliEHOBE T 28 RE %L, NaCliE
WOWREN RT3 e —HBAEE &0, S5 EEN
B EEREDMET T A, — 4, 200CLALLOHEIP T
i, NaClEo P> THERBRED R4 25 (Hol-
land and Malinin, 1979),
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NTWHEY), L) ilihrs, TKOEY2ERT 51
BHORA O E LT, AR OAREREEEL, 7
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FEWEBROFIEIZ DWW, IR, L
RHBRAB L THlmnws 7y (w4 27a2 7y 7)) &E
S T AE R AR OSSR &, 77 o g AR
4, bLAWRE -HEH TENVICANRS (Bba, b)),
770 UERBEOMHRER L 225°CRRETH 5 120, LB
ZOWELATTITS, —H, &-HED 72O T
i, FhEBZLBEEGTORBRICH W, Zhig,
LREOBE I, IELE V) AR E, fiik, pH8~14
NaOH ##, &L <1t 3~25 wtyNaCl iEwiainz s (5
5a ). HBEEOHEICE, CaCO, 53 HR) &, #
K, b L pHI~2 OFHEEE I CaCO; MK Z2HEHL,
CaCOy A3z D THlfgRNc Ue s 2 w5 (B8 5b
). %k, SR, B TOIINEI N &M (fd
FARESIET) CTHRADAEM RG220, Mz
RO R, BERE TR HOREPER TE 2 &
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Pressure gauge

1

Au or Pt capsule

< H20, NaOH or
NaCl solution

\
Quartz

\

Silica glass (powder)

Stainless steel tube
(autoclave)

(2)

BOM ERNFERIHER LB DR,

NaOH solution

Teflon vessel

HCI solution
(saturated in CaCO3)

Calcite
CaCOs3 (powder)

Teflon vessel

(b)

@ F7OCBRIGEBRRUTT A NFa—7 « A 7Nk D, FEE AW ENERE,
() 7o rRKIGERC LS, G E B ENERE
Fig. 5 Equipment for experiments at laboratory.
(a) A Teflon vessel and a test tube with a capsule for experiments using quartz.
(b) A Teflon vessel for experiments using calcite.

200°CT 4 A NIFHBEEEYPER IS 2 L3bh-
7o (BB 6 ). 350°CTHUKEFER LA, 2 HMRE
FECOEE 4 R B SR s vz, 72721, NaOH &
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nB, EBKRTH GRFEEbANLIEREY Y
H#REBIR L CXBENT 2To 8 25, WIEEEY
OB L OHBEMRH 2 I L bbrolz BE1HR). 74
bbb, BIREEPBERENTHDE LD TIE, FERET
HolebDPFEANEZLTED, LIZLIE N7 —
FRIECEREL T3, /e, ERERICKRA MEE L
TONTBWIHER 2B CBET 5 L, ZTOXRMHE
W2, FRE VY AR SRR S ORI (B
10 um ) RIVD BTV BEOHEDENDE I LN
H5b,
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81
82
83

350 250 NaCl | 20wt%] ddays
350 300 NaCl | 3wt%] 7days
350 300 water 7] 1ldays

synthesized.
X : No fluid inclusion was synthesized.

Run | Mineral| Temperatur| Pressure | solution| pHor [ Run time| Fluid Note Run | Mineral | Temperatur| Pressure | solution| pH or | Run time| Fluid
No. e("'C) |(keffem?) salinity inclusion| No. e("Cy (kgt/em?) salinity inclusion
1] Otz 200| Vapor P [ NaOH 14] 17days O _|amorphous silica: crystatlized 1] Cal 200{ Vapor P| water 7] dweek P
2| Otz 200] Vapor P| NaOH 13| 2weeks O lamorphous silica: crystallized 2| Cal 200| Vapor P| water 7| 1week x
3] Otz 200] Vapor P| NaOH 12| 2weeks O |amorphous silica: not crystallized 3] Cal 175| Vapor P| water 7| Iweck X
4| Otz 200| Vapor P| NaOH 11} 2weeks X jamorphous silica: not crystallized 4] Cal 175] Vapor P| water 7| 1week x
5| Otz 200| Vapor P | NaOH 10] 2weeks X___tamorphous silica: not crystallized 5| Cal 200{ Vapor P| water 7| 2weeks ?
6] Otz 200] Vapor P [ NaOH 9| 2weeks X amorphous silica: not crystallized 6| Cal 200| VaporP| HCI 1] 2weeks (0]
7|_Qtz 200] Vapor P| NaOH 8] 2weeks X___lamorphous silica: not crystallized 7] Cal 200| Vapor P| HCi 2| 2weeks Q
8] Oz 225| Vapor P| NaOH 12| 2weeks ‘A 8| Cal 225| Vapor P| water 7] 2weeks A
9] Otz 225| Vapor P| NaOH 11.5] 2weeks Jay 9] Cal 225| Vapor P| HCIl 1) 2weeks ?
10 Qtz 225| Vapor P| NaOH 11] 2weeks x 10] Cal 225| vaporP| HCI 2| 2weeks Q
11| Otz 225| Vapor P| NaOH 10.5| 2weeks X
12] Oz 225| Vapor P| NaOH 10 2weeks X
13| Otz 225| Vapor P{ NaOH 12{ 2weeks X
14] Otz 200] Vapor P| NaOH 13} 2days X
15| Otz 200| Vapor P| NaOH 13| 2days x
|16 ot 200| Vapor P| NaOH 13| 2days X
17] Otz 200| Vapor P NaOH 13| 2days x
18] Otz 200] Vapor P! NaOH 12{ 2days X
19] Otz 200] Vapor P| NaOH 12§ 2days X
|_20f otz 200| Vapor P| NaOH 12| 2days X
210 o 200| Vapor P| NaOH 12| 2days x
2| o 200) Vapor P | NaOH 13] 2weeks | O
23] Otz 200] Vapor P| NaOH 13] 2weeks o
24| Oz 200] Vapor P| NaOH 13| 2weeks (0]
25| Otz 200| Vapor P| NaOH 13| 2weeks O |amorphous silica: crystallized
|__26] Otz 200] Vapor P| NaOH 13| 2weeks -___|host crystal: dissolved
27] Otz 200] Vapor P! NaOH 13| 2weeks - host crystal: dissolved
| 28] Oz 200] Vapor P| NaOH 13| 2weeks - |host crystal: dissolved
29| Otz 200! Vapor P| NaOH 13| 2weeks - host crystal: dissolved
30 Qiz 200] Vapor P| NaOH 13| 6days QO _|amorphous silica: crystallized
31 Oz 200| Vapor P| NaOH 13| 6days QO |amorphous silica: crystallized
32| Oz 200] Vapor P| NaOH 13| 6days O __ |amorphons silica: crystallized
33| Otz 200] Vapor P| NaOH 13| 10days QO _|amorphous silica: crystallized
34| Oz 200| Vapor P! NaOH 13| 10days O |amorphous silica: crystallized
35| Otz 200] Vapor P| NaOH 13| 10days O |amorphous silica: crystallized
36 Qtz 200| Vapor P| NaOH 13| 3days X___jamorphous silica: crystallized
370 Qtz 200! Vapor P| NaOH 13| 4days O lamorphous silica: crystallized
38 Qu 200| VaporP| NaOH 13| Sdays O _{amorphous silica: crystallized
39] Quz 175] Vapor P| NaOH 13| 3days X___|amorphous silica: not crystallized
40| Qtz 175} Vapor P| NaOH 13| 4days X___|amorphous silica: not crystallized
41 Otz 175| VaporP| NaOH 13| Sdays X___|amorphous silica: not crystallized
42| o 200] Vapor P| NaCl | 3wi%| 1ldays | X
43| Otz 200| VaporP| NaCl | 5wi%) lldays X
44| Otz 200| Vapor P| NaCl | 10wt%) 1ldays X
45| ou 200| VaporP| NaCl 15wi%! lldays | A
46] Otz 200| VaporP| NaCl |20wt%| 1ldays X
47] Otz 500| 1000 | water 7] lday 0]
48; Otz 400] 1000 | water 7| 3days O
49! Otz 350 1000 | water 7| 3days o]
50{ Otz 300| Vapor P| water 7| 3hrs X
51 Otz 350 Vapor P| water 7| 17days x
52| Otz 350] Vapor P?| water 7| 2weeks x
53| Qtz 350| Vapor P?| water 7| 2weeks A
54] Qiz 250| Vapor P?| water 7| 2weeks b
55] Otz 250] Vapor P?} water 7] 2weeks -
56] Qtz 300| Vapor P| NaOH 13| lhour X
57] Qu 300] Vapor P| NaQOH 13| 1hour pad
58] Oz 300] Vapor P | NaOH 12| Ihour X
59] Otz 300) Vapor P| NaOH 12] 1hour x
[ 60] Qtz 300] Vapor P| NaOH 13| 3%hours @]
61| Otz 300{ Vapor P| NaOH 13| 3%hours X
62] Otz 300| Vapor P| NaOH 12| 3%hours x
63] Otz 300| VaporP| NaOH 12{ 3%hours X
64| Otz 300/ Vapor P| NaOH 10| 3days o]
65] o 300| Vapor P| NaOH 13| 1day -
661 Otz 300| Vapor P| NaOH Bl Q
67] Otz 400] 1000 | NaOH 13| 4days 0]
68 Qtz 400 1000 | water 7| d4days A
69| o 400 1000 | water 7| 4days | A
7 e | e BLE ALHESEMENEREROMR,
72 o 300] VaporP| NaOH | 13| 6days | O O RIgEY»PER SNz O,
2 T 7 P AT REEIS DB S i b 0.
water s N . .
75| o s00] 1000 | water 7 Ey_x; 0 X LR EEYPER S kb ol b O,
76| Otz s00] 1000 | NaOH| 13| ddays 8 Table 1 Summary of the laboratory experiments
77| Otz 500] 1000 | NaOH 13| 4days . L g .
o so0] 1000 | Mook | 15[ damys | O on the synthesis of fluid inclusions.
7] ou s00| 1000 | Nacl | 3w 4days | O O © Fluid inclusions were synthesized.
_W_x 500] 1000 | NaCl | 20wi%| ddays g A 1A small number of fluid inclusions were
Qtz Q
Qtz A7
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Starting Temp.
solution CO) ?

Run Time (days)

10 15 20

pH14 NaOH 200
pH13 NaOH 300

pH13 NaOH 175 X X X
pH12 NaOH 225
pH12 NaOH 200 %
pH11 NaOH 200

x @

pH10 NaOH 300
pH10 NaOH 225
pH10 NaOH 200
pH9 NaOH 200
pH8 NaOH 200

Pure water 350

O

Pure water 250

X X [y [p
\J YYY YY YVI_

[

X

6 FENHEEBRCHER AN, GEDPCHREAOEDNE2ERT 2 2 ORERM (Sawaki ef al, 1997).

O hEEMPER SNz b0,
A RSEE BB LIz b O,
X I AEEYSER SR o iz b O,

Fig. 6 Minimum duration in which fluid inclusions were formed in quartz by laboratory experiments (Sawaki ef al., 1997) .

(O : Fluid inclusions were synthesized.

AT A small number of fluid inclusions were synthesized.

X I No fluid inclusion was synthesized.
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Ezonb, BICHBEOEE X, 77 v 7 OFK
bz, FRIEEL TOAFIEEEDORIRD,
REOBEBEAACEMEINTVE I LICE2bDEEL
5N5.
FENEBROBRAEI K S W RETEYOWE
(LR %, USGS BINBSEIE I & > THIE L2, &8,
HfEaTROREAEIC OVTIE, BROBED %
AL, WEREAEE TbRr o7,

2000C TR S W IR EEM OB ELRE X, 300°C
TEERENZLDIZERTRRELDENRE VD, &
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[BORDDYATAELTELTOREEELTTH S
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5. HHARER
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~10 A 22 H) TIT->7: (Sawaki ef al., 1995, 1997).
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(1) AFEA + pHI13 NaOH W + tEREtEs v &

(2) AFER + pH10 NaOH W& + vEthEs v
(3) HEAE + pH1 HClEH + CaCO, RIEMR
4) AaFEov ¥, Ak, BEREOILORRT <Y
4 MEE BRL)

FUZ AN RS EAL b IIE - Bl Lo Tl < 7
TR ANIEBDTHD, &H 7ENVIFRERSE 5em, A
HE0.6~0.7cm* BETHZ, 215D B1)~BNFR
EHREZAMNE L DTHY, &7 75 eE
HLTBWILDTHS, —H, WIFHHANTOREE
WAETI 1O FPHEREENE LD THD, &4 7
LR, SINREPHBICEAD TES LD
WLTBWE, ZeDEA 7NV EHHAND 1500 m &
TORDOOEE 24 HEREL, fiAAmezalks¥
fz. B, W0E&hH T, FEOEETO AN
R FFRRCAD EDWE, F7F v —F 4 A7 %A
Jiza v Aic Az,

EERE AT STHEE 2 ME U FER, SRR R sTa
POHEE TTINTESHIELLTWEbIT TR L,
TR ISR DEIEMNH 5 Z b o Tnie, JHR
ERBWELLTWS I EBHAEEYORRICED X
SREEEE L By, WWOWTHHERT 2701, HE
S IZIREINE 5 Il Tnwd & 25 (B 360 m,
850 m, 1485m) L REXZLL T3 LI 5 (BEE 990
m, 1315m) %FEAL. LoLiEsrs, BEFECa YT
FREEOTT ThHoter — 7NV EETAY v 7T 5
BRELRED, BEFEECETOILOLHEL, mENE
EREVERE I3\ S JEIC 353 m, 847 m, 987 m, 1314
m, 1485m r/x -7z, EEKE TERZIC B ORE &
TRRBEAT > 728, & OFRERITEERBIGRT & 13 1E—2 L
TBY, HHEFEBRET-> Tu s BN ORI K X
LT Wn I EDERE R,

FEERR T #IEIX L 72580 5 B, QOFRBHFEADOR
FeowTid, 79 v —T 4 A7BENTELT, 2
VFFRIZbTICEA TV S, HEWIZDROIING
HH B DD, HORBOVINGEGES I YT IR
ALTwinotz, ZHiE, 32770y —IERSHAR
SEETHoleldic, ZOWo»oE T &P TAhRON
NHFESRNLAATLEY, 22T FONDOFEHE L
BoTh, AT FHNOENBESELER->TL
F otz EENKEL LT, F7Fv—T 4R
BENIE ol EFZ N, REHERRED
Wik, A7V EBER LI 23, pHI3 DFERO LD
T, YVAHBREEL T, BEROFHZ ZFDFuTn
2151 % > Tz, pHI0 OBERDH DT, YDAk
BEiEE, YWVIRODEEThoTe, TD LI RRAERE
WELEREROFBRELE T2 &, pHI3IBERODLD
R EEMBIERENTED, —F4 pHI0 DO b DT

W (284 5)
2R 199449 H~10 H OHFHFEERRER.
O WEaEmsER s N b o,
A WREAERSYEIER Sz b o,
X MW EEYERE e ol b0,
Table 2 Summary of the borehole experiment in Septem-
ber to October, 1994.
O 1 Fluid inclusions were synthesized.
A o A small number of fluid inclusions were synthesized.
X o No fluid inclusion was synthesized.

Solution Mineral | Depth(m) Temp(°C)|24days
NaOH, pH 13 {Quartz 360 22| O
850 239 O
990 266 O
1315 239 O
1485 2721 O
NaOH, pH 10 |Quartz 850 239| X
1315 239] X
1489 272 A
HCL, pH 1 Calcite 360 202 O
990 266 O
1485 272 O
(no solution) |Quartz 360 202 X
850 239 X
990 266] X
1315 239 X
1485 272| X

BRI Tun s ESFESI N,

P OFEMESRE 2T - 1SR, pHI13 OB Z H /e
AHFETE, TRTORBRREFEIEYIERENT
Wiz (B2, &8, RFFEEYMORKIZIRES S WE
ETEEI N DI ENAZEN, LY RADOTK
AEPNGEWZEIRE T L Tniz, 20X BIROZEE,
FERNEBRFEROHE > TRRAB LI LD, 7Ty Z7EET
DYEFREER Si0, B OTRRNC BT 2 KIS O 7 53 BE
LTwbboEFEZ o5, —H, pHI0 DEBRO S DT
1%, FUEHLO&R bEENE W (]7270°C) BETHbO T2
WL il A EE YNGR EN T W TTH -7z,
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Fig. 7 Results of the borehole experiment in September to
October, 1994 (Sawaki ef al., 1997) .

Homogenization temperatures (Th) of synthetic fluid
inclusions are plotted at intervals of 5°C.

@ : Th of synthetic fluid inclusions in quartz.

(O : Th of synthetic fluid inclusions in calcite.
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Table 3 Summary of the borehole experiment in July
1995.
O : Fluid inclusions were synthesized.
A 0 A small number of fluid inclusions were synthesized.
X I No fluid inclusion was synthesized.

Solution Mineral |Depth(m)|Temp(°C) 1hour
NaOH, pH 13 |Quartz 3729 500<| O
NaOH, pH 10 |Quartz JAN
3% NaCl Quartz AN
20% NaCl Quartz AN
HCL, pH 1 Calcite A
(no solution) |Quartz A
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Fig. 8 Results of the borehole experiment in July, 1995.

Homogenization temperatures (Th) of synthetic fluid
inclusions are plotted at intervals of 5°C.

Liquid-rich (L) and vapor-rich (V) fluid inclusions were
formed in a sample of NaOH solution of pH 13.
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Fig. 9 Estimation of borehole temperatures by using fluid
inclusions of different fluid compositions.

The inclination of the boiling point curve (BPC) of pure
water is steeper than that of a NaCl solution. Hence, the
homogenization temperatures (Th1 and Th2) and iso-
chores are different for fluids inclusions formed from the
two fluids, even if their formation temperature and pres-
sure are the same (shown as a star). The trapping tempera-
ture (borehole temperature) can be determined by the
crossing point of the isochores.

EIZ, [HIRAEY] B3 shiz, OPRAEYI,
SRR { TRENERE LEs, RERCH
S TELTWS (Sasada ef al., 1996b),

EUY L 7= REERIE AR D W T B LRE 2 HIE L
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72, BRBHABHET TV oT20E, ERNEERICEWT
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Fig. 10 Pressure vessel with samples for high-temperature
logging.

A pair of capsules sealed with host minerals and solu-
tions of different compositions are put in a pressure vessel,
and fluid inclusions are synthesized. Water takes a role of
a pressure medium and a rupture disk is used as a safety
valve.

B4 1995 £ 11 A~1996 4 2 B DY HEERRER.
O BFEuEmsERIhizb o,
A R EEYSVBEIBRE R b D,
X WA CEYRBRE i h o7 b D,
* I KHREEYO &
Table 4 Summary of the borehole experiments in
November, 1995 to February, 1996.
(O : Fluid inclusions were synthesized.
A 1 A small number of fluid inclusions were synthesized.
X No fluid inclusion was synthesized.
* : only vapor-rich inclusions

Solution Mineral|Depth(m)| Temp("C)| 1day | 2days | 3days |3months
NaOH, pH 13 |Quartz 1485 251 O O O o
1770 290 O ©] @) O
2093 203 A @] @ 9]
2170 315, O O (@) @]
2390) 329 O O © O
3% NaCl Quartz 1485 251 X X X [e)
1770 200 X A A ®
2093 203 X X X ?
2170 315] A A o] (%]
2390) 329 A O O @]
20% NaCl  |Quartz 1485 251 X A A @
1770 290 O ©] @) B
2093 203 X X X ©)
2170) 3150 A @) [®) €]
2390) 329 O @] (®) O
HCLpH1  |Calcite 1485 251 O A [€) O
1770) 290 O A A (@]
2093 203 A A A ]
2170) 315 A @] A 2]
2390) 3290 O O (©) @]
(no solution) |Quartz 2390 329 X, Al X, A X, A O
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Fig. 11 Results of the borehole experiments of one, two
and three days, and three months from November 1995 to
February 1996.

Figures (a) - (d) show homogenization temperatures (Th)
for fluid inclusions of pH 13 NaOH solution, and Figure
(e) presents Th formed from borehole fluid. Th are plotted
at intervals of 5°C. “Temp” and “Pres” indicate the tem-
perature and pressure profile of the borehole, respectively.
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Fig. 12 Fluid sampling method in boreholes (1).

A pair of quartz plates with dimples are faced to each
other, and are set in a metallic holder.
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Table 5 Summary of the borehole experiment in August,

1996.

(O ¢ Fluid inclusions were synthesized.
A T A small number of fluid inclusions were synthesized.
X I No fluid inclusion was synthesized.

Solution Mineral [Depth(m)| Temp("C)| 1month] C: with rupture disks at the bottom
NaOH, pH 13 |Quartz 1485 273) O | Quartz
1770) 318] O | [Numbers of the capsules and solutions
2093] 284] O | |No. [NaOH, pH 13 [No. [H20 No. |20wt% NaCl
2170, O 87 0] 263 o
2350] - o] 69) o] 264 o
3wi% NaCl  [Quartz 1485 i) O 70 (6] 25| O
1770 318) O 61 O 261 -
2093 284 O i X 262| O
2170] O
2350 - ]
20wt% NaCl |Quartz 1485 273] O | Quartz withont solution for fluid ampling
1770) 318] O | |H(withsilica) A
2093 284] O | [I(with silica) A?
2170) O | [K(with silica) X
2350 - ] L{withou silica) X
HCL, pH 1 Calcite 1485 273) O M(without silica) X
1770) 318| O | [N(without silica) X
2093 284) O
2170/ o
2350} - O
H20 Quartz 1485 73| A
1770) 318 x
2093 284 x
2170) A
2350 A

1. Fluid inclusions are synthesized in
quartz at laboratory.

2. The synthesized fluid inclusions are
thermally decrepitated by a furnace, and
the fluid inclusions are turned into small
cavities with microcracks.

3. The decrepitated quartz is suspended
in a borehole for some time, and fluid
inclusions are re-formed in the cavities
and microcracks.
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ZOWTODFay b, bR NF AR 5CH»TIER.
Fig. 13 Results of the borehole experiment for one month
in August 1996.
Homogenization temperatures of fluid inclusions (Th) of
pH 13 NaOH solution are plotted. The histogram is made
for intervals of 5°C.
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Fig. 14 Fluid sampling method in boreholes (2).

It probably takes too much time for crack healing and
formation of fluid inclusions in quartz for fluid sampling.
In order to shorten the time, quartz with cavities and
microcracks are suitable. The cavities and microcracks
were formed by decrepitation of fluid inclusions synthes-
ized at the laboratory. Fluid inclusions are possibly re-
formed in the cavities and microcracks.
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Structure and evolution process of the Kakkonda geothermal system

from the viewpoint of water-rock interaction

By

Koichiro Fujmoto!, Munetake Sasak', Takayuki SAwaxkr!
and Norio YANAGISAWA!

Abstract: We performed petrological and geochemical studies on the core and scale samples and
measurement of hydraulic properties of core samples to investigate the structure and evolution
process of the Kakkonda geothermal system.

(1) The evolution process of the Kakkonda geothermal system was investigated using the core
samples of deep well WD-1a drilled by the New Energy and Industrial Technology Development
Organization (NEDO). Thermal history was analyzed based on the metamorphic mineral assem-
blages, two pyroxene geothermometer and melt inclusions. The characteristics of the fluid including
meteoric water, hypersaline fluid was estimated by fluid inclusion microthermometry. These studies
revealed the process of the Kakkonda geothermal system from the intrusion of the granite, forma-
tion of the thermal metamorphic zone, penetration of meteoric water circulation from the shallow
zone to the deep reservoirs.

(2) Permeability, porosity and mean pore size of the granitic rocks from the geothermal wells
were measured to estimate the hydraulic properties of the heat source region. The results indicate
that a granite just after the intrusion has relatively higher permeability and porosity due to the open
grain boundaries. Grain boundaries are filled with fluid phase and important for the degassing
process. However, the measured permeability might not be enough for the generation of hydrother-
mal convection. Development of fracture system may be necessary for a deep circulation system.

(3) The metal rich silica scales from the deep geothermal reservoir were divided into Pb-Zn rich
type, and Cu and Au-Ag rich type based on the enriched metal species. These scales are derived
from the circulation of meteoric water in the Kakkonda granite. The metals in the scales probably

come from the leaching of metal rich brines trapped in the granite.
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Fig. 2 Temperature profiles of well WD-la. Present
temperature based on logging data (solid line) and maxi-
mum temperature inferred from metamorphic minerals
(dashed line) accompanied with fluid inclusion microther-
mometry. Arrows indicate minimum homogenization tem-
perature. Two pyroxene geothermometer is after Wood
and Banno (1973). Sph: sphalerite, Anh: anhydrite, Qtz:
quartz, Bt: biotite, Crd: cordierite, Ath: anthophyllite, Crn:
corundum, And: andalusite
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Fig. 3 A minimum fluid pressure profile in the Kakkonda
Granitic pluton, estimated based on microthermometric
data of fluid inclusions reported by Komatsu ef al. (1998) .
Inner fluid pressures during homogenization of liquid-rich
two-phase ([]: type-L) inclusions and polyphase (@ :

type-P) inclusions which homogenize by bubble disappear-
ance are calculated under an assumption of inclusion fluids
of the NaCl-H,O system, and the minimum values at each
depth are plotted. The bottom of the hydrothermal convec-
tion is at a depth of 3100 m. The minimum fluid pressure
below the 3450 m depth steeply increases with a gradient
higher than 8-10 MPa/100 m.
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Fig. 4 Ternary diagram showing the relative concentration of Pb, Zn
and Cu. [] : Brine sampled near the bottom of well WD-1a (Kasai et
al., 1998), A : Polyphase inclusion in the Kakkonda granite based on
LAM-ICP-MS microanalysis (Sasaki et al., 1998), A : Vapor rich
inclusion in the Kakkonda granite based on LAM-ICP-MS micro
analysis (Sasaki ef al, 1998), @ : Scale from the Kakkonda deep
geothermal wells (from left to right, well-19, well-22, well-13), X :
Whole rock chemistry of Pre-tertiary formation, W : Whole rock
chemistry of Kakkonda granite, # : Hydrothermal fluid from well
WD-1b (NEDO, 2000) . WD-1b is a side-track hole from well WD-1a
at a the depth of 2250 m.

EOETIRERHREAEY O EBEMEEE. EEATOR 77—V a, bk 0.5mm, ¢, diX 50 gm,

EHa REAPOBHEENERIET B 78 b (27 #11, WD-1a-2937 m ¥EFHE). EE b [ AXD c BlicEEICY 7S
VA VIEBRSEE (ETORM) (27 #12, WD-1a-3229 m BfHI), BEE c: AROMELLENBCHRIRELIEM (a7 #
11, WD-1a-2937 m &EHL), BE d: ZXRHEBb N3 RETEWMODO T > & Lleid (27 #13, WD-1a-3727 m ZEHL).
Fig. 5 Photomicrographs of Kakkonda granitic rocks. Cores # 11, # 12 and # 13 come from the depths of about 2937 m,
3229 m and 3727 m of well WD-1a respectively. Scale bars: 0.5 mm for (a) and (b), and 50 xm for (c) and (d). (a) Micro-
vein (albite) occuring in plagioclase (No.11 core). (b) Subgrain boundaries occuring normal to the c-axes of quartz (No.12
core). Arrow: c-axes of quartz. (c) Healed planes of secondary fluid inclusions in quartz (No.l11l core). (d) Randomly
distributed secondary fluid inclusions in quartz (No.13 core).
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W2 HHEOBEE D & R shar -7z, —h,
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00 °C
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6 EIRAMER ORE L RO MMEBORE 2~ T
BESE, AT 7S SR REE Y T 5,

Fig. 6 A schematic model of the Kakkonda plutonic-
hydrothermal system. The relations between temperature
structure, mechanism of heat transfer and microstructure
of quartz are shown. Hatched parts are Kakkonda granite.

BEPER R 2T 3R D TEI WS, BN, REDY T
TrA bR ERTED sl (B 5B b), WEIEGI D
W, WTFNOBEETHRD Sz, GEOY 77
LA R 3 ERED S BV 2 BT O D BT,
YUED 2 7 CRBEUEYEI Sz r b EREFEO AR
DESBFEEREL, JVFARRELTWS LI KCR
25 (B5Hd). LikdoT, Einci, ﬂmﬁﬁﬁ
LZ > TwaHERSTiE, MO EB AT D
na# %ﬁﬁﬁkxétmbanﬁkﬁk%m@&m
ERNFEDENDL EED Z Wb, RIEREMNIE

%ﬁxﬁ@ﬁﬁf%6§wmﬁﬁﬁ%#ﬁfuﬁﬁﬁﬁ
DFEBOBEZRERL TB D, AREME ORI
STWBIEFTTHLD, o Tk, Ihs D
B RT EEHD LSk D,

3. BIRBIEREOEKEX S 5 v /RO, ILEE

LA R ORERESH & kR OFKZEDOWET, EERN
DKDEENIRENZ S0 A TH Y, BERFZEEY
T A= Lixd, FFETERERBEREICOWT,
F OFEAMERFLEER, F 2 Ty Z7EOER SR EIEL,
FERPEEOBREZIC L 2B EHANT (X - 56,
1994 ; Fujimoto et al., 1998),

SR &3 530N WD-1a 2 & E R O H
SEEIRNENEE G ERITEAEZT TR W
B EF 2 o 3 BRHEIEEYS (ERE) 5 3k, FU
 BARMME O s H: 2> & L S WEFWBER 2R 1T T
WEHDDORIF VBB EEZSNE N FVE 2K
Bl RO O MEGREH 0 5 IS Wi FE =40
L&z snAtiE 1EE, b7 v 7 A TiE
7o B UAL O AIEEPRES (Harayama, 1992) 1 50D
R TH B, BEB OISR, RS IHIED
iR, REOE#E R S onTiRE 1 #EESRaIN WL,

BEFIZ, B 30 mm, £ 30 mm O EEER B
DWTC T Yy bV AEE (Brace ef al., 1968) &
FAWTHIEL., FI>Y a2y MR BW T
FEOMITC AEPBEMOFEEPHREL, SITFEfEL
HEREOMBAELZSEL{RET S, RICKHTOIEE
DKREZBINZ VARG Z % E, falfddicingiE
UC, MEFHEOKENELL 255 35, MG
DENEOZEA» S, WEAhDREEL KD L, ENE
WD CTRER CHIEMRETH Y, ERORELAES
LB HIB L TREESENF O RERFHITSH
5, F7z, HEPHBAE2S S bsEs I
BTELOYRHTH S, BENRHAETIEZ Eizow
T, EfEIES (1990) &SNz,

BIEHRERE TR LTH 5, BERIIHT & M
KEDHHE AT 558, BERE 7O L 5 wFHEH
E GHE»SHEBAKEZSIWE) 27 XA—-2 LT
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BT & (E28dE)

B1FR O EARBICAL R —EE, ERMIE, 5 &6 2, Doiet al (1998). 51t NEDO (1992), 6 i+ Harayama (1992)

&5,

Table 1 Brief description of the samples. The age and temperature data of the samples (M, N, O, #1, #2

, #3 and #

4) are after Doi et al. (1998). The ages of the samples #5 and #6 are after NEDO (1992) and Harayama (1992),

respectively.

No. Locality/well-depth Rock facies

Alteration/metamorphism

Age (Ma) Temperature

M WD-1a-2937m granodiorite very weak 0.11-0.19 375C

N WD-12-3229m tonalite very weak 0.11-0.14 420°C

0] WD-1a-3727m tonalite none 0.01-0.02 >500C

1 well 21-2568.5m granodiorite none 0.34-0.07 >400C

2 well 13-2346.4m granodiorite very weak 0.16-0.21 350C

3 well 5-1740.3m tonalite weak 0.08 320C

4 well 20-2764.7m tonalite weak ? >350C

5 Nyuto/TZ7-1493.5m  granodiorite medium ~1.7 ~140C

6 Takidani/surface granodiorite very weak ~1.0

3 YT 2,
B, oM AEREARKIC & - THIE LUK L ¥ 2 5 2 B
o 5 Q x N CHEE, 220 1.25-3.27%, 0.25-2.84 um D4R %
SHE | ° 40 FLo 77y 7 BACHE & B Ol B TE A5
S |a d‘gi;‘ﬁ A o1 Rons B2RRUESE). 172, KMROEASH
El ¥ I BABIET N TVHTTRD 7 7 v 7 EEL TR S, 2
B oo | .3 DARGE D RILT % 75 & 1 EFEAKEOIR £ RFER ORI IE R
E 0l [ D & 5 = BHELALT 5 (Norton and Knight, 1977).
N AR ., A4 K=nD?/12
g | + ® . ¢ 5 ZZTKERER (em?), 1327 7 v 7 %E (cm™),
e . * les6 D77 v 7 OBOIE (cm) &7,
- 2 Ty 7 FIONE SIREROME &3 L5, £z,
2 1 pm IEOFUES L em %720 10 AFEET 5 295 &, 1

0 20 40 60 80 100
Pe (MPa) cffective confinimg pressure
57 FT Yy a VAT RO AR EORER &
HENBE (B & MBEAKEDZ) OBIR, T8 1 £ESE,

Fig. 7 Permeability changes with effective confining
pressure. Refer to Table 1 for explanation of symbols.

B XN D, GREEY 2MPa O &E08E % L T
BLE, BKERIFZLALZT TOROERBIERAS (8
7D M, N, O, 1, 2) OEFERXRF 100X 10-¢darcy @
=5 =T, THUHNOERETL 16 3 HHZEERH
&>, %7z, 100x10-°darcy & 52 i3, ERMEI N
T AIRHETEREE (EiBiE, 1990) 2 Westery 161
(Brace ef al., 1968) 7z ST H 2 D Ev, —7,
EEIEES 232 EEAEE T B 72 AR 120
U 24— —TF3205, BREHD 30-40 MPa ##82.% &
WA 55, Eiz, FAEVBVOHRIR TR S 1Lz
» GEUEEM, N, 1, 2), BMRESE TR s hiz» GREO)
W&o GEAREISGEVIIR SNz, 28, ldarcy=
10 %em® LB S, BAKIREE L CiIZIE 10%em/s 12

BEFRITH 100X 10" darcy & 720, B L ZFEHE L —KT
3, Wy oy 7RO 1 mm 138 L 7 i
A ZWHHE L, RiCBR2 &5 SR RS ym O —
F—TTEENHIILEELDE, ZOETFTNVITE
1XGEBLE LTRZES R D EEZ NS, 1277, EIL,

BE2FR RBFE (BRI 2MPa), FLBEER & S FLBRED
—HER,

Table 2 Permeability (Pe=2MPa), porosity and mean
crack width.

No.Permeability Porosity Mean crack width

(10 darcy) (%) (10° m)

M 90 3.46 0.79
N 60 2.17 0.86
O 110 2.44 2.84
1 370 4.33 1.31
2 116 2.68 1.33
3 2.5 3.0 0.3

4 11.7 1.8 0.22
5 0.86 2.2 0.13
6 7.4 1.7 0.25
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Log K (micro darcy)

-1 -0.5 0 0.5
Log D (micro meter)
EE AR VYT OE DB,

Fig. 8 Relation between permeability (K) and mean crack
width (D). The slope of the best fit line is 2.2.

BIMCRONBE X3 EESIZ22LE->T3IhoRT
n3Zeld, 7NV EREEOIEOEESCEEDE L
BELTVw3HDEEbNs2, b3 LHELEE
LBETHY, SBROFETH S,

ERBTEMETZC LY, FEBLLRER2HE
L7z3, BEL Tui WERBEREC B W TR
BN THEDIEFEICYy—TRRZA2DINL, BELT
wWizh, HURBROTEEEIEASHCCiE-> &Y Rz
otz (I, Fiz, REOBMEOERE FEM
BEEP, BOMEEEALLEFOBRER Y ZBWTY
ERHEREORANIENT VWS Z LRI (B
&, 1994), EOFHERERL bEHLY, BRAETERE O
YIRS 138 pm BREO T % 2 PRI h, BARK L
U TSI DRI O ATREME DI R V.,

ERAERE D & 5 wERBE#ROTERE SRR E
%3l U To Bk M B B R IR 2 il U 7o TE A & Ehilg
T2 EMRYBVY, EFEEPRENOUEICE T
RNABS SN, BAEMES 22 enTFHENS,

R BEAEERBRELLREOWERO SEMERE, A7—VEIEEEDAETIER. atb 3B 1ROBH 4 0B ETE sz
HEREEES. c t diZE 1EZORB N OREEOERATEES. b did, ThZia &k c KRINLEADIEIDILKKTH

3, MPoQrFidehzh, AE, REZTT.

Fig. 9 SEM photomicrographs of mildly polished surface of the test pieces. Scale bar is shown in each photograph. Photos
a and b are sample #4, and ¢ and d are sample N. Photos b and d are a close-up of the boxes in the photos a and c,
respectively. Q and F represent quartz and feldspar, respectively. Sample #4 is weakly altered and the grain boundary is
not clearly open, whereas, Sample N is unaltered and the grain boundary is clearly open.
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# B A E B O

ERSEZO R WEKESTEREANE 2 & DT R, 5
WITRKROEEPEROEE L BB ICOrboTL 3
ATREEDS D B, L LaHs, Bkiioy s arv—yv
a Vi RO FETTRER B ERIL 10-°darcy DA —
F—EBEEb N TBY Hlzid, Norton and Cathles,
1979), £ 7K~ 3 h 5 EIEE» 5F 2 % EXmsFE
THRZETEKRENENEIZEZ R,

TR TOREROERAEIZD 2 AML D IZHL
Vs, WD-1a Tl b & IRENE L TENTH
52k, BETIHBERASEFEEL, FEAMERIZRKAD
BELXRONBZVI LR ED D, KERBOKOTHENH
SlzbRFEZ WV, KEERBOKSHEBFRET 220
2k, TEREOFMRRD X 5 RE CITTETHY,
ERENERPAS Z ENFARIEEEZ SN, TO
ZERFBIBRICAEIZR SN2 ENEOEE L b FM
HTh 5.,

IR BRI ATr— VOB —E,

& (B284%)

4. EERBIKD DD R — I DEEE

BAREMBIS D 3 KOBELEEHCHEL-ESRE
2% LY ) A AT —IVOFWSREE - LFESTETY,
AR R HEE L 7- (Yanagisawa et al, 2000).
AT =g, BIREEREFIELRMITO Well-13, F&H5
D Well-19, thiEE O Well-22 O 3 HiH0 50 < Ot
ETHR L (B1KE2H).

SEMEBEORE, Well-13 Tid, Mg, gy
DT, FREPBEEE N, SO RVEEPHERT v
FEZ—BELL T, —F, Well-19 Tk, F#héh, B
S DESEPIERES Y L HEBRRLTED, ik
YIITEAE L 2> o To, Well-22 T, F58h8E, SASEIHSE
LZ3hiz, BEHEIC L 2BED, MERXREITC X 285
VIRERRZE IR LD S, bT D ICREEORTF

Table 3 Results of X-ray diffraction and SEM observation of the scales at Wells-19, 22 and 13.

Well-name | Appearance | X-ray diffraction SEM observation
Well-19 Alternative layer |Amorphous silica, Alternative layer was observed with
of black part and |galena and sphalerite  |amorphous silica and sulfide minerals.
luster part Sulfides consist of galena and sphalerite
3 mm thickness with authigenic growth pattern.
Well-22 Grey powder amorphous silica, Barite, quartz , galena and copper minerals
barite and galena were observed as particle with several tens
micron meter.
Well-13 Blacky block Amorphous silica, Sulfide rich layer with about 100 ;2 m was
| Smrtigknss tedieon and chelsecite precipitated at the initial stage. This layer
consists of authigenic loellingite, native
antimony, bornite  and galena.
Most part of the sample consists of
amorphous silica with detrital chalcocite
and loellingite.

g F - Y PASRPE P YA
S B et TN
=), BREIOBEIZ well-19 ORTRITE e X 7 —, B

5 WERS T 80 & PIERSA R BCRIC R B U BT 2R T

Fig. 10 SEM images of the Cu-rich scale from Well-13 (left) and Pb-Zn rich scale from Well-19 (right). The bright particles
in the left photograph are bornite (Cu,S) crystals in an amorphous silica dominant matrix. The bright part in the right
photograph is a dendritic growth pattern of galena (PbS) and sphalerite (ZnS).
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Hagk AT —nO{bFEHER.
Table 4 Chemical composition of the scales at Wells-19, 22 and 13.

1. Major elements (%)

1)

Well-name

Si02

Al203

Fe203

MnO

MgO

Ca0

Na20

K20

TiO2

P205

Well-19

25.16

2.07

17.47

2.92

0.01

0.06

0.20

0.31

0.00

0.01

Well-22

60.23

10.37

3.71

0.07

0.25

0.41

0.79

1.05

0.10

0.05

Well-13

46.88

2.47

18.21

0.10

0.03

0.05

0.33

0.48

0.03

0.00

2. Metal elements ( ppm, but Fe,Sand Cin %)

Well-name

As

Cu

Cr

Ag

Ni

Au

Mo

Pb

Mn

Zn

Well-19

620

2712

42.0

30

218

170

147343

228600

199219

Well-22

940

17458

150

41.5

53

13.90

585

41359

540

19525

Well-13

45000

142747

216

550.0

332

19.40

490

22337

780

351

Well-name

Fe (%)

S (%)

C (%)

Well-19

12.22

12.86

0.30

Well-22

2.59

2.10

0.20

well-13

12.74

2.70

5.80

LEET 2, %I RORENRoNL 2 EZD
BT 5 I R T HEMSEE S 1 (B 10K).

7z, AL TREACE T X 7 —L (Well-13) i Cu
13 143,000 ppm & @ W X L, Zn i& 350 ppm, Pb ik
22,300 ppm &4, —77, SEEMIE oA — (Well
-19) Tz, Pb % 147,000 ppm, Zn %5 199,000 ppm
WL, Culx 2,700 ppm TH S, TD X S g_R—ARXSF
NDENZINZ, Au, Ag, Co, Mo, Sh, As, Ni iZ Well
-1342, ¥z Mn ix Well-19 I I E A TW 2, £77,
BRE I Well-19 T, BV HA 2K T %tk
BTHoT2H, Well-13 TRHTREL Tz, Well-22 28
W, WFEORHENLEENR SN, TR
4%, EBEITEROBEE XINHEMIE L Well-19 DA —L
MR TR L b DR 11 RICR T,

ZO&H i, BIRHMBOESEEZZ{ELAT -V
1, ShEEgRICE R 7 —v (Well-19), SHIcE L A7 —
v (Well-13), U THEMZEE 2RO A7 —L (Well
-22) WHETE 2, HNNCRET 2&BOHLG LY
i, BRI X - TIRESI N TS INHERICE i mentl
&, SRPHEICE SR L E S HIRE S BIK O 4
(Shikazono and Shimizu, 1992) IR BT w5, ES
BEEHRICE T A7 — ik Salton Sea (MaKibben and
Williams, 1985) %1%5%, Broadlands (Brown, 1986),
HER T, Ml (ST, 1988 HEIEH, 1991), (L
M GRI, 1988) R EMBHIGNTWERZEFNHIE, —D
DOHUIBIWZ BV TIESRFERICE LR 7 — N, HICE LA
T DEL LN THY, BIREOD L 5 ICHE LT
{BEI T EiFgw,

AT — VRS B B EKO MR DWW TR Lz,

—%—As
- +CU

0.1

0.01 ~

0.001 !
Well-19 Well-22

Well-13

$11 well-22, well-13 D{EAr —NMCE Eh b ER/TE
BEO well-19 3 G %27 K,

Fig. 11 Chemical composition of the major metal elements
standardized with the contents of Well-19 scale.
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o OH M OE O OW

%L OESEBA T — VRS Bk, ZBILREBRCE

Broadland %< &, JERICEEEETH 2 DONEHT
b5, —7, EREOEEITEEOBKIZHERES 1000
ppm EMRDHODOBNERTH B, £z, HCED AT
— NV EEHT S Well-13 &, $hEigHCE & Well-19 D2
KEHES 2 &, Cl, Si, Na 2 EFEBELHRICKRS 2EN
e, B/CLER As B IE Well-13 DEVKD MY
WHERLTED, ERRSVEBET 2 EE2 61T
2 (W32, 1996), 2O ki, BROREARED
Wh W SRR Well-13 Flilic% < Bons 2 & (N
B o EHE, 1995) & HFEFITH Y, Fio, Wi
A7 —VODEDICORERFELEZ Tnd bbb,

IO XD BAER RS 2ERE LT, #T Dl
HEOEEOMHENEZ b b, LaLiis, Well-13
£ 22 TRBKOERT 2EEOERITVTLBILRET
by, EEEE Ay —VORESBREE CHERR A
moiz.,

WD-la OFR CEESRICE BEREEASRS Ty
5, FOMEE A —N BT 2 L, Well-19 O
gt A — I LW R R Y. %72, Sasaki ef a@l.,
(1998) 1z & b WD-1la OEESHIERE OARFORMPBTE
WD H LAM-ICP-MS 12 & » TEEESHREINT
WAH, ZOMESH Ph-Zn-Cu ZAK E T e 7o
v hE D, Well-19 & WD-1a i3 THBEL TW3 2
L5 e, Ph-Zn ICEH A — VO EEORR I EET
WIFAET 2 BESEKTH D, RAKOTERIC L > TIEEE
AKMFERSINTEEOH S NTEEERE V. —F, #i
B IRBKISOEZARO»->TWEn, Lkl,
Sasaki et al, (1998) & & #iE, WD-la OWALLEY
THETJUCE LA TEYIIENENICHICEATW S,
Well-13 2RI BRSHICE D 2 E 25 L, FHICE
DRESKIFET 20N H 2, £5 T1iE, KK
2, HICEDEEEAZHERL, CEORA T — V2
BERDLZEFARETH L. ZDEIELL L, b
EOWERICH > 2 51TV B IREH KO DFE VA3 2
r—VDEVOFREREED 2Lk b, Zo0HFOMNE
ER2 &, Well-13 13EEOHHRERT, Well-19 % WD-1a
AN IE B 2 5. 2Ok 5 b ORIE I
T, BETZEBIUENRLR L Z L3, HAETHER
EOREAERE S, BRECBLTE, oD%
HTEEEHR E R 2 LD BWETETWRLY, Z
DEEEE & N2 GEITHFEO RHIY IR S Tz
Db LI,

5. ¥ & &

PALERART & 72, BEARARIR O EE 28 R OB b2
W AT, BAEOHE, A7 —NVOFHEE»s, &
REMEROME £ FORBRBICOVWTRO LI E

& (28 s)

EOBLILEDTES,

(1) BEOEREEE O

EREMACR X, RS IR E, JETET
HE, SSRARES S TOoNTWEN, HKkT25
Ao R5 L, BIITEBREKEE DA KINE %
FRETIHETHY, FEIRITFEE B 220 72
KIEEPHERE CEINEHORE L ERE, M8
HNEHRORKEOFELTEE LTI ks, &
7z, WA EEDD SHEE S N BUROEINC DWW T,
PEERATRE S & VR B I B TR ER I BKRETH
L0, EIBIC AL EFKLEL DR LD EHEZ NG,
Ik, BEOBE» SHEINIENEROFKEDML
Fe, HnHE2EE R WEBEOBRERLE LTI, MaH
B i CiRERCERNMR N BV I RS EHH
MHTH 5,

(2) BUKFRODFEbfe

BEBEOHETE o, HICHEHIEBIC B W TIRE
FEIRE S FK 300°CH £ D OBREE T RHAE L Clold
ILTw3, BRAOCEEDEAICLD, BJmE T
RS S h, REEEREIGEL Thr 5, 1
W EmsERNENHEEL TnE, KKOEBEBEIEATH
STWHIL Tz bDeHFEz ohd, —FH, TEREN
WHIT 2T, ERERPESBO LD ICEAICADIIL
WILEIBAICEEL T, R, WD-1la BT
&N BEREARY, BREEESTOLSETEY Lk
STEHFEEINTWES, 851, {EREEVNEHIL TRAKN
BRNEICOREL, TOBEEEKRERNETILICLD,
ERICEDA T —LPBREN D LEbh 3,

WD-1a iz BTk, BWCiEimRir s ERICE
1692 DEE 3100 m TEEMIZIE 400°CItHL T 5,
—7, WARUEW»S B o -8uko T 28, #hEE
TEINE S L CRRERN L - T b ORERE 3300 m
TEFNLBEIC R 2 EEINEHOBEFEESEL 20D, Ehi
FRET 2. EnESERE L CEHABEKECETT 50
3IE & A CEEN SRRSO L, [ERICL > TR
FESARNZEALT B 72 DI I B8 12 BERET 3 0 > o T IRETH]
ERbLIcHEBbNE, BETYH, Zok3EnH
OEFNAE D BOKE ST ORT 28T 30D, KRR
RBEEICAL > TREL TWADTHS S, ZOHE,
WRARDBEOREL, BHOOERE — F otk & 8%
1ZF % 00°CHIBE THICEDL 5B wDOTH A9,

LSRRI E S b 5T U, BEEHRR 2D, <
< BUKME DRI ORRE 27 E LT, Bz,
Giggenbach (1992) Z Eic k> TIRIES N TE b D L
EARPNICEELCTHD, BRHEESOETVEEIEL
T B3 EMNTE LD, 2, BEREIBVTE,
SPOBEHT FIZIE, v~ 7/ vhO&KEND 0w )
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Three-dimensional reservoir structure of the Kakkonda granite core
by X-ray computerized tomography

By
Tomoyuki OuTant', Yoshito Nakasuma? and Keiko Mizucakr

Abstract: Three-dimensional imaging of the Kakkonda granite from the borehole WD-1a drilled
by the New Energy and Industrial Technological Development Organization (NEDO) was performed
to clarify meso- and microscopic structures of pores and fractures in the geothermal reservoir by
medical and industrial X-ray computerized tomography (CT) scanners. These pores and fractures
are expected to be conduits and reservoirs for geothermal fluids.

A Hitachi Medical Corporation CT-W2000 medical CT scanner identified miarolitic cavities,
enclaves, felsic minerals (quartz and feldspar) and mafic minerals (biotite and hornblende). Three-
dimensional distribution of miarolitic cavities reconstructed from contiguous CT images showed
spatially heterogeneous distribution with the boundary that strikes N20°E. This trend is probably
important for the regional distribution of the geothermal reservoir. Three-dimensional shapes of
miarolitic cavities estimated from contiguous CT images suggested E-W shortening of miarolitic
cavities during granite cooling. A Nittetsu Elex Corporation ELE SCAN industrial CT scanner
clarified micron-scale microcracks in the granite occurred predominantly along the grain bound-
aries. These three-dimensional observations and analyses of rock structures demonstrate that X-
ray CT is a powerful tool in geothermal studies.

2 E

B HEDR A R O NEDO S A WD-1a 20 5
BEHY S M- ERMTE AT 1, miarolitic cavity < A
0Ty VIFEELTEY, HEAFRKOREICITE O
BrikoTwd I EPHFENE, ThoID0TXE
CTIZ &3 3RTTA A=Y 72T, ZOFELHHIC
DTS L 72,

Hir A7 4 a#8ERH CT A% v+ CT-W2000 %
W, REPRAOHERENRY), BERCANGRED
By, miarolitic cavity, BEEEEYSIB/ANTE -,
% mm 0 miarolitic cavity @ 3 RICES LB G i
ANl CT R L DR SN, 37 REICHE S
3 5D TiRE L, N20E OBRZ B U oMkt
Hp 2 2 L R S Lz, Miarolitic cavity @ 3 Xic#
ey CTEHR L D BRL o h, fhia o B E TR
I E-W AEOEMEEZ T L fiE 3N, FoHEko Y

v 7 AFHITEER CT A% v + ELE SCAN NX-NCP-
C80-14 #HWT, EEXIZFI: LI fEREFD~ 1 70
72w 7 OAEEETW, B umo~A s Iy s
DR TFIERICFEL TV B 2 EERINE. 2D XS
WA £ » TE AR OZERSSL % ZRouhy iz aTRAL
T 52 LI L, X#ECT 2ShEFseic B W TaEMT
bHobZEMPFRES LT,

1. & C & (c

HIBIRIC B W TEKRY — > ONMEEET 5 2 L i
B EOBEER V23 2 LTEETHS, 20
L BBEARY = EHH AT CRERES 7 I 7 F v L
THE s, ZOFESHSA B ITE K OTRE)
WHE RS 252005,

0 20 4, % OB I BT, HEEEPEEOH
RUOETICBY 2 ¥FHEASROGFENHERENTE 2
(RPRE, 1993). fiz1E, BFRERMHZHIE TILHTH

U R EER (Geothermal Research Department, GSJ)
> HhEIEE SR (Geophysics Department, GS])

Keywords: X-ray computerized tomography, miarolitic
cavity, granite, Kakkonda geothermal field
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Hh A
HEHNC XD EEERIC B T 2 EAGROFELH S pIc S
7z (Kato and Doi, 1993). ZOE ABKOTEIIZEE
RHBITEBTH L - FZ o Tw5 (R, 1993). L
» Uk e, HIETRE ORI B 238K — D5
i, ERE CF Iz THsMICENTW Lo T,

TR BAGR A H WD-1a [ BRI ZAMER T, #7c %
V¥« EFEEAE A AR (LU NEDO &MgRD) 12
X AR RHBVEIRFE S0 Y 2 7 MBI S v,
FEHV 2tz 2 7 o S EEATE R AR miarolitic cavity (24
T, AFSC T miarolitic cavity 2 MC L Z0uk4 2) 28
AT 5 2 EMPMER SN (NEDO, 1996a)., MC 2%
Bz O ENCRET AT ST/ S BT EETHD,
TEFHEDOBEAOT LY bREIEELAR~YE
O NEHT L Z LI DS s s, ik
TERERNERIC B W THIBETEE £ T 2 BRI 0
HBarLEzoNb, Lizo T, MC O 3 RITZER AR
YA XA o ERBORE T 2 Z L EET
H5,

X ## Computerized Tomography (CT) 13JEREEfEA
BPUHEETEH:0, IhETERSIETHRLAVWLNT
% 7- (Hounsfield, 1973 ; Ledley et al., 1974). 30T
WHE RO SEIC ICH S L TWw 5, ]2 1%, Bonner ef
al. (1994) 1ZISFEEEKE 2 AV o EBRC, AAaT EAkR
BEh+ 28572 X8 CT 2 HWTHER L T3, Verhelst
et al. (1995) XEAOTHD T 77 F v ODEREFANDL 720
WWXERCT Zvsiz, %72, Chen ef al. (1996) %5
DKPTFAET 2R OF 2 EBGANBEH T 2T 2%
BRIcBOTXCT 2HAL Tw5, Tivey and Singh
(1997) 1 ZWEPEIE O BVKBH OO A S 2 5 7201
X# CT 2wz, Pyrak-Nolte ef al. (1997) 13 XiR
CTEVEAPCHET 2777 F v OBIOINEE KDz,

COE X CT BHESED S % & £ 208G
AT w5, HBER I 81 5 IS O 3 Kool
BTG INE TRl &7, DfEESH um T
v A zur Ty 2L U b FEIT v, R 44
& LD B R IC 38 WV TEM S T & 7o RS BVE I
TE DN - FHMtio—THE, EHMEROFITICE VLT,
K&EIEH (1997), Ohtani ef al. (2000a) K U* Ohtani et
al. (2000b) IZEREIERED CT 4 X =Y > 7 %1{TW,
{EhdE i MC o5& 9 5 2 L %2 L7z, Naka-
shima ef al. (1997) <A 707 5 —H ABXHECT
xR Y OREEENORI 24 A -V 7L
72, Watanabe ef al. (1999) 1 X# CT (= & D fii & o
72 MC O A X5 FfaZRD B0 7 a s 5 AEBVERL
7-. Ohtani et al. (submitted) IZEMRETE RS ICFES
5MCOBEEZXBMCT A A=Y 7L RDT,
BB & IS5 & OBk £ 5Em L7z, Ohtani ef al. (2000
b) i¥v4 2707+ —h ARXER CT @4 v CERHAl

PHEATE LWL DBIRAMCRBCHET 2740

AT

=t

& =

(55284 5)

77y 2 DAHILEITo 7z, 2 I TRAWMR TES e
R %E, T ARBES (1997), Ohtani ef al. (2000a),
Ohtani et al. (2000b), KT Ohtani ef «l. (submitted)
BEWCHND £ £ 5 LFFFIC, BERHBBER A OIGH I
DT IRN A,

Ly

2. &

AR #H

WD-1a i35 F R E R H 2L T A 2 41, R Lo
EANDERMTERAICHEERE 2860 m THEDEL, BERE 3729
m ¥ TEE L7 (NEDO, 1996b), WD-1a {REI DI &
RETEREETAEIOARY Fa 70 79BfTbh, 0
I HEEE 2936~2939m D2 72 2936.4~2937.6 m O
Xz BWWTEE mm O MC 2580 sz (NEDO, 1996
a)., WD-la IZER L/ E A OS MBI cHbE BRI
TE 2 LD fAKICELE L k- 72 (NEDO, 1996b)
2, MORHRAEC LV BAEOR VT 77 F v NER
MitESERE, BREONTICEET 2 2 enfsnT
W3 (ke - e, 1995), A0 LEMTCHET
5 MCIZ, 777 F v THEES UISHIZAETRE & o R
THEEZOND o, EHRIFEBEORKICHEEL
TWATTREMERH 2, L - T, MC D 3 RICH7ZFEERIL
REETL L FEETHL EELOND,

CT #E 4T-> 7- OB 2936~2938 m D EARHIER
BTHAH., ZOEAE, M~PRCHRIECIHBE T (E
FPIRAETH Y, EocEE mm © MC P8RS 55,
oA E LREAEEEE 2L, REEIZ0.7~4.5
mm Ths, GEOGEEFERG, 2 ) EAIZME~H
EEETRL, PR3 0.1~0.7mm TH 2, F77E5~40
mm OHEEEEYINZED Hh, Ihoidmidn —BER—
TERGYI R a5,

3. X#CT o/RIE - {2 FIE

X#ECTixb o0 AEN, S XEErBEBIET,
& o Nl G S FENER O X BIR O 516 % B
T 2#EETH S, XBPIREIE—#Kc CT i (%)
R, UTO LS ICE#+KSIND,

x=(V—v,) /v, %1000
v BN XERIRIR L
Vo - BEHEVIEL O X AR R B

A CT & T, —MMIckEZHEwE & LTH
WohE, ZITHERECTAA—Y 7D b, ERE
FACTEBELZHOVIA A—Y iz 20Tt kLR
FEHELZHAWE, D0, KoCTEZ0 LT, ZZ5D
O XBERRINL 2 ED CT fEx 1000 &3 5,
CT {EXYEOV5EE B OB TH 5. BN
Wik, CTEIRZES, K, A3 - BAE, 228, AA,
BEILDONEIC AT AT k5, 20, XECT A
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X CTIC &k 2 BIRHETLREE 2 7 O 3 RITFHENT (RS 132

AROBEORL LY 2 FBETTR T2 N TE
5.

AYAAE Y 7 BOBED I D w2 E T
BREVEOHNL AT 4 2 BEEA X CT &
CT-W 2000 TH 5., ZOFEIL 768 HT DXkt
Fre—2 0 XHRE & 768 fHot# B —E Clalizd 2588
JHARBOFREMAZ TS (B 1K), EEOHEREIXE

Source of X-ray

‘768 Attenuation Detectors

FI1K X# CT ofEE.
Fig. 1 Outline of X-ray CT scanner.

S REE 0.75 mm, RANA T4 AE 1mm, mAXEE
B 130 kV, fMEZsisERE 160 mm TH5H, D
Bick 2 CTEHBOBFIESTHD, BPhWi{ET
REEITH) ZENTEL, B, EahX#HCT H
BIZARE « thE (2000) KBTI XTABIR TV,

CTA A=Y 7 DFEELLFICRT,

(1) X#MCTHEHEEHCCI72HAR I mm D
BEisghss XRCTHBRORE LT, ZOLE
DEMIFATAAEL.0mm, AF v VI 4.08, X
EEI 175 mA, X BVEEE 130 kV, HEEBER 160
mm, FERER~< M) v 7 A 512X512, 7 4% no.9 (Jifi -
HFHMEA), Tissue Bone correction « Body Gas correction
Ehoff EUTz, 9THD CT Wik ERoE 5 DICE L
FFEIH 50 3T - 7z,

(2) #HEe L7 CT HifRo 16 £  TIFF #{&% 4 v b
V=7 REERL TN a iR LT,

(3) CT Hi{% % Macintosh f§ 3 X W{EHRRY 7 b
Fortner Slicer IZ5EAAZ T, MC D 3 RICIHAG % fRAT
L7z,

WHIRSOBZE DI IciE, HEkz v v 7 AHEDE
IR T2MHCT 2% ELE-SCAN NX-NCP-C80-14

RAEA LT, BRI REEI: 5.05 um Th - 7z, FEst
IEAZ 4 AE8.08 um, RN (HE) 1 X 5.05%
5.05%8.08 um, X ##% W 100 A, X #E BT 46
KV, WEEREA5.2mm, AR~ ) v 7 X 1024X
1024 & U7z, 20080 CT Eifi % g 32 DB LIz RF
IR 60 9> Th o7z,

4. 2RTEGBRERR

EEAXRCTEEBECCH N CTEERBUEET
a7 =YL TR L7 A 2 His U ¢, CT B C#
BINIHBSRIC 2R L TWE0O0ERE{T> 72 (Oh-
tani et al., 2000a), CT {E <1500 ® R 27 ik MC ioxf
695 (FE2MO a), BEaBEYE CT (Y 2500 DR
ELOEEEELTHE#HRENS E2Mob), CT E>
2500 O R 7 L VIR OB BIYNCHIE T 5 (B2 KO
o). B, MIROEAHEDIIHB O b D XD EWCT E
BT, ZHhIFAGEYORBEEIRD & B CT %
RTHIOFED I Th 5, HKOFOHY 2RI,
CT flE#7 2000 DR 7 M EEE IZEGICNIGT 5.
BB, IOATVFEALATI L DEREANTS
D, CTEHBICHOZDDRY 74 7F A 7 DEBITED &
nas,

MNBIBRODA A= > T DI, RODTODHEE
Aont~Arn2 7y 7ot Eia7: (Ohtani ef al,
2000b). 1 EHZ, ¢ 5mmXx 10 mm OMREE % T 8
EoBEZLT, CTA A=Y %2T-77 (8 3K).
CORR, HWEOENE CT HR»SHHTE LD
D, *A7ur Iy EFRBT LI LF TR,
Ihik~A a7 7y 7 OO X4k CT 28 022
SEEREX D/NS WD ThLEFEzoNS. 2%HIC, H
FERBBHOEH 2 EA L LT, CT A A=Y 7 21T
-7z, Nakashima (2000) &2 7{bA U & 235w HCT
EEZELIELTBILR2RLEDT, AIETIEIN
277y 7 OEFERIE LTCHALL, 39bh ) 7 LK
WAEEAT L0, REAEETTCa b)Y LE
TR U 7o, RS T FE I8 U C B
REL I vREAA U PEeFcTEEL XLk,
A7 ur Ty 7ICBALEI VLA Y 7 AT X
CTICEVHiozb TR BIN)., Zhid~A
rvar oy 7 OIEHEEOSIRIEL D b/ L iidZdEb
S5Wb D0, AEA D TABREEATS I LKL
VRO E ORI CTEORE 73 > 5 A N
Wl b Thd, wArar Iy r2hnasits )7L
BREEHCCTEZ R0, Ao~ 7025y
ZIZEBOF L D CT EOF WA & U Tilikshiz,
FORER, 47077y 7 BERRTHEAICKEZLT
W3 I ENTER S NI,
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1280 CT number 3330

& (EwseE)

2cm

B2 (a) WD-1a ¥EEE 2936.445 m Hi S OBARH GRS O X CT Ek, OFEEEICB U 2R FE. a: MC,

b: BEEEY, cHEEEY.

Fig. 2 (a) X-ray CT image of the Kakkonda granite from borehole WD-1a at 2936.445 m depth. (b)
Photograph of polished surface of the Kakkonda granite from the same depth. a: miarolitic cavity, b:

enclave, c¢: mafic mineral.

B3I TERAXHCTEEIZ L2 CT Eik, 3kh: WD-1a B 2937.4m » 5B E N - BIRETERSE, &)
EEFEFEALTORWEE, &) fafla vhr ) v AKEREFEALLZER, {707 Jvy 7 @BALT
wAbA ) T LAKBEBZEWCTHEZTRLTWS, 8, =20 CT BROBEHIFE—Tx\wiced, CTEDEWI
IO REINZEYORINIEZODOERTENTNER > T3,

Fig. 3 Industrial X-ray CT images of the Kakkonda granite from borehole WD-1a at 2937.4 m depth. (left)
Microcracks filled by air. (right) Microcracks enhanced by saturated KI solution. KI solution injected into
microcracks shows higher CT numbers. Mineral distribution recognized by the contrast of CT numbers is

different between the two CT images due to the difference of sample.

5. 3RTEGRBERR

5.1 MC®»3RTHH

D 2 X6 CT Bg 2 HARERS ZLI2 LY 3R
EORRILHSAERIC R 5 (REIE, 1997 ; Ohtani ef al.,
2000a ; Ohtani ef @/, 2000b), 4Kz 2 7D MC D
3RITAHRERLTCVS, fEREa7 2 ELERLECT
E>1500 DR 27 eV EFEHICTSZ LD, a79E
B2 CT E<1500 DR 7 wAha#fbansg, CTHE<
1500 D X 7 £ nid MC it d 3.

B5RIFEEE 2 7 OBERBERLTEBY, ZThZh
L, FE, #E»ro MC 2W# LT3, HEE2936.040~
2936.136 m TII/I&W MC O&H3 T 5, B 2936.350
~2936.446 m TiZ, EH L -E2ER E UTCHEIRZ T
B>5mm OKENMCHBIMLTWS, KEXRMCO
HAERIIE s iR & h, ZOERAIZ NICE ThH 3,
WD-1a OEEE 2940 m I B 5 IEEIAALS 72.23°W, 1
#10.27 (NEDO, 1996a) % W THIERTS &, HHR
DFEMIE N20E & 75, BFE 2936.822~2937.120m T
BKEW»MC BEBLEICHmT 5, BEE 2937.121 ~

=2l =



X#HCT Iz k2 EHRETEEA2 7D 3

B4 3RITX A CT MR, B 7ERoME er T,
SEOERE, EXRFENFN10.15 cm, 9.6 cm ThH 5,
Fig. 4 Binary (black and white) three-dimensional X-ray
CT image. Lines indicate the shape of core sample. The
diameter and length of the core sample are 10.15 c¢m and
9.6 cm, respectively.

2937.220 m iIZ BV TH UK E W MC O3 AR D5 58
N5, PLEORED S, 2936.350~2937.220 m HTK & »
MC O TH 5 Z Lb3srh o7z,

5.2 MCo%4a4Xo5Hh

X CT A4 A= 5 MC OV A4 X Rb 57912,
arva—g7ars s aEER L (Watanabe et al,
1999), 270 7T MMITE LR 7 2 OEREZ I,
TIGAT—FRY T RTH, FRERDY FAY I
DWTHREEEEZTI D DOTH S, MO REHE6
Wik d (Ohtani et al, 2000a; Ohtani et al., 2000b),
WERORKENIZBWTH <2mm*D MC B RELET S
Loo, TRSIXMCT D/ A XEEATWSAEEME
Bhs, FITIITE>2mm*O MC Iz DWW TDHED
WEITS 2 & b5, B 2936.04~2936.14 m Tla/NE
U MC 23 iEAET 5. R 2936.722 m DABECIE >
50 mmPD MC WFEAET 5 LD iz, MC ofgis iz
fTFEEEML Twad, BE 2936.722~2936.921m T
MCOBBIEERE XD, >2mm*® MC O FEIEL I
0.33/cm® 72 %, EEFE 2936.921 m DLETIE MC O3
BTFED - ThT YT 5,

A XD S, ZLOMCHSHTHETS
WA X W»MC WEET 5 2 EWRE NIz, B8 MC»
TEAET % MC HHAEERE 2936.722 m BUEIR 5N 5, K
D MC F 250 mm® & BFEH ST 348, ZHIEEEO
MC »5 e DS s - TR, X CT B b TE

RITHTRERGERT (KE 13)

UPSIDE SOUTH WEST
2936.040-2936.136m

soat T

Dt 28
&

822-2936.921m

2937.121-2937.220m

.

Y

PRI

, ot R AT S
%5 MC oERE#R, 27 % (&) A, (F8) 6, (G
P S EELIEFATRL TS, B kEz MC O9
BRETRLTWS,

Fig. 5 Binary (black and white) perspectives of miarolitic
cavities from upside (left), south {center), and west (right).
Solid lines indicate the boundary of small and large cav-
ities.
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Fig. 6 Histogram of size distributions of miarolitic cavities from 2936.040 to 2937.220 m depth in borehole WD-1a.

LT, Bl 20 MC L LTHEBINTWLATTRE
MRH B EELHND,

5.3 ZEREE

X 4 CT Bty o BRETEREOZERELRD - (K
HiT2», 1997 ; Ohtani et al, 2000a ; Ohtani ef al.,
2000b)., EHAHEI (FERE) = (CT E<I500 DR 7 &2
VE) /) (27 2EOR7 L) THs, FOER, &
J 2936.040~2936.136 m fz U 2936.350~2936.446 m
R 517 5 22T 0.02, 0.1 %, FEE 2936.722 ~
2937.220 m XKENC BT 2 EHERITHR 1S 10em Tk
12 0.9, 0.7, 0.4, 0.5, 0.5%TH- 7.

X # CT Eifg» & BRETERE D ZEREOH H 2342
Teb DO, K SN ERFRMOFE TR T
BRI IR TEWERR L Twb, NEDO (1996a)
i MC %2 & 2 WEBIRHTERE OEREL CT BEGEHE
BT BT T 1.98 B e s Twb, ZOHIE
WK EERPICTERS T F OO OEREIML D K
BREERD D HESHWSRTWS, MC 2&Z0WER
HAiGEEIE, 3 7RKE» S OEETIIKE & MC OFE
PR X i b o T2 TEEE 2936.040-2936.136 m DERKHT
Sind A EFZ2 4 L, NEDO (1996a) i L » TR o
7228 E X CT oKD/ ZEEE (.02 iz A <A

N5, COMEBEXERCT EEBEOSMBRECHEKT 2 LB
b D, ZEIBOEHIC W ERER CT & D22y
FREEEIZ 0.75 mm THBDT, FH mm O MC 3EHE T
BHDD, NREL VNSO Ty 7 IBET
X0, Lo TXBCT »oBEHs - ZREITS
BXZFE0.75mm L ED MC DFEEERTHY, LT
DEOMCR~A7urz Iy 7dgENTHuiEWVWEFZ
5,

5.4 MC DR EEfRMT

MC OB HE RIS I Ca—
¥ 715, (Ikeda, in press) Z v, 3 X0 CT H
X bR S (Ohtani ef al., 2000b; Ohtani ef al.,
submitted)., FiwW/z-7 075 352 s - HEHO CT (&
EREOR Y RV OERORERFITL T, Bk e
PMEIZDWT T T A8 R v 7 %470, J2 ORI
B LT 3MAFORMAK LS TIED 5.,

MC Iz YT Sz faF o Eime), ribahb), i
©FZNFNE-W, N-S, $hil A5 (57 X).
7Y K (Flinn, 1962) 3% { @ MC 1 WHEERTH %
ZeamLTwsd (), —# o MCiE7ovr— 7
A 7ERRT OO, JISHIFEEDO MC SR> Lk
U7 ds 8 X 2 alREERH 5,
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X#CT Iz k 2 BREIERS 2 7 0 3 KTk RS (ke 1E»)

a axis

C axis

BT MC Iz Tk s EBMAEOEA . N=1285, ¥ = 3 v FEITERIEE. a5 —RFIZ 1.0%/1% area,
Fig. 7 Axial distribution of ellipsoids fitted to miarolitic cavities. N=1285. Equal area and lower hemisphere projection.

Contour interval is 1.09%/1% area.

b/a

3 MC o RT 7)Y/, 2>y —DRFE7 I >
BhOEEOE (G, /) 2l LT (0.2, j£0.2) O&
PIPNCTEIEY 5 MC OB 2R LT 5,

Fig. 8 Flinn diagrams showing the shape of miarolitic
cavities. Numbers on contour lines indicate the number of
the miarolitic cavities within the range (0.2, j+0.2).
(z, 7)is any one point on the Flinn diagram.

Z 0 MC ORI ILEIL 150 BB IE A ER L
TefER e LU NI AR S 5, BT IC B8 U
LIFEOILIRGTIE I E-W Tk s ¢k %5 (Shi-
mazaki, 1978). MC 24Tk & N7 FEME O Eh(a)hs
E-W f%RT—2DIR & LT, MC 23R7E & [FIRED
LIS IIBIC BT E-W Jlanrsfiianiz L&z oh
%, MC OFER LRHIZREATH 548, MC 248 ¢
T HISBEREDLEIG TS ERE EbhwEED
3, ERHEEEOANRA, BEBD K-Ar #1032

MNZEM0.08~0.34, 0.068~0.21 Ma (%EE1E5, 1994)
TdH Y, HILHARD RIS S 3.5 Ma AR —E
(Sato, 1994) 7205 Th 5, 28 MC OFERIL, TERE
< 7 DEFEPEA < V< HERINC~ 7 < 5 5 AR
oS E NS Z LR T 5 2 L &, TERBFOHY
FIRIC B 2 FEE AT OTBN S M7 570 2 L0 b,
MC oZER < 7~ IFRICE L, BEREd VERL
BipolbHZ oD,

5.5 MCEERIZHITZ1LEMER

PERE 2936.58~2938.75 m 7» & 6 5K} 2 FRE L THE
X #4 M X v ALO,, CaO, Cr,0,, Fe,0, K,0,
MgO, MnO, Na,O, P,0s, Si0,, TiO, D b2ERY % 35
~ 7z (Ohtani ef al., 2000a), AlQs, Fe,0,, MgO, SiO,
DWW T MC BEER TR 022 b ifis s vy
o7z, K0, Na,0 2wz MC BER BV HED
(LR 2 & DZAEFRD S 41, Na,0 e 2nTid MC #
SR, KO TN 2Em@e s iz 9
).

6. RESHBBARE~DILA

EBRMATEEED X CTHEE£{Tv», MC O%ERS
M, A X540, B, EHEEL2RELL N TEL,
AT7REDSEMCHBED XS IHHL TWEDP5hm
SRVLEETYH, XBCT ZHVEGRENIC LD AS
e MC OSHEERAMNE S RLUI L ) WHERE Lz
(Ohtani et al., 2000a; Ohtani ef al., 2000b), ZD X3
W3IRTXBMCT A R—Y 73D 2HRERER MCH
T DEEHROBEER AL T 2 DA TH 5.

K& MC O5AERIE N20'E OFE[E2RT 2 &5
H BT REED, 1997 ; Ohtani ef al., 2000a ; Ohtani
et al., 2000b). ZOEMTEROTERSEL DR TH

— 123 —



HoE R A

Depth (m)
2936
2937 .:.:.:.'_:.:..'_.:..

Miarolitic ::

Cavity Zone::
2938

KoO Nan O

2939 2 2

0 1 2 3 4 5

weight %
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Fig. 9 Profiles of Na,O and K,O components within the
Kakkonda granite from 2936.58 to 2938.75 m depth in
borehole WD-1a.

ELTOAINIEBOBESMICBI 287 FAY—0
{07 (Uchida ef al., 1996), MT &I L 2 KH
S OS5 A6 (NEDO, 1996b) K UMEE-500 m
HEOERBOSEHA (B4, 1994) KIFIF—HL T
%, TEHEBETFIC T2 MC EBEFIE, &40 MC 27
T F e CEEEINS I LI KD HIBETEEICHET S
AJREMEDS B 5 DT, N20°E O MC &R DFeE S piH
BUPREOBRIC BV T EOREHUERET 220
BN E 2D, MUNIBORESAZ ETRahbTHE
OGS ORI A5 Z Tudmdb Ly,

TR CT # B cHRanNItRERO~A 7025
W 7D, Fujimoto ef al. (1998) 13 ETFEMEE IC
& 2 AR & B KRB & BARE S ORI
FACTHE ST, ZRHBEEE OB TE NI &
Rz, Zhe ORFENE b EFIA DR O HE]
ZRIZLTWEDTH DS, 1272 UIERESE T 7 I BEED
AR SFINE N DT, FAREINEHOFEZEIZDONWT
RS E 72 3 BE OB R ER L 20 ik 672
Y,

MC BRI O 0% i DT, Muraoka
(1997) i Z WD-la & DA v 7 4 ¥ 7 A LSRR
PR L, BEE 2905~3020 m T Na,O, K.O »EmL,
CaO A5 Z L IEB LT, 2ok oz s

Az
=

(55 284 =)

PERE 2936.4~2937.6m O MC IcBEHE§ 2 2 & 2RM L
7z, SEOFR L §T, MC # AT TObHR 021
X K,O OBINTE#ES T 53, Na,O ka2 7 ok
MR el MCBERORTEAILTBY, v T g v
T AT OEER (Muraoka, 1997) LiOEAERL T
5%, Sakuyama and Kushiro (1979) % 1150°C, 500
~ 1500 MPa iz B 22L& AV b 60D H,O-rich D7k
ELSHODTREER Z1T\V, A0+ 508 L 72 KK
M EF~BET A, Na, KO3 7uh ) iHEs
kT 52 E2HMEL WD, ko7, MC EBEHICB
% K,O o#gims MC IBEH DI L B#E D 5 L 2 6
N5, B Na,OwWw>WTit, I7EhvT 4T AD
ISR OMER Z R T I e S, 27D 3m v
R& N7 X 3610 2 iRy, e Em2mL
TWERWATREESE Z o s, iz, HHIEH (1998)
i WD-la ¥4 F b7 v 753 TdH % WD-1b & FMI
et > & MC B ERHETERE OBIER o s b b
EHELTWS, > T MCIE, WD-1la s 503 7 T
BEINTXMD A% 69, BREEREDOEEBICA { 4
L TWBAEEMEMDH D, Muraoka (1997) 12 & » TR
ENTAVFEHR O BE 2R TR X =R ONRIR 2 L
TWbDTHES .

MC 2T B F6E 9 2 ATREIE LIS I, fERE A
DgENC T T 2 S EIE S I E B O L T E
o RE 2 R i AlREE bR S hhTv 5 (NEDO,
1999)., WO ATREMIC B &, MBI O I E
ABEEIMRIEL T 285G, 7 OBIE oSBT E 1o
FEET ANV ERRLTWS, 72721, WD-
la YEARETE RS OBLE TR I EE L b - 72
(NEDO, 1996b) Z &m 5, gl i %5 e itz
PP MNFET 5D TR T E84 05, ARFYE CHE
Fani: MCBEFOBEFRIEATHERL WS, 20
CE R ERECEAENKE N ERRE L, EiRE
VI CHRATEVRFTRNCFHET 2 2 L L AN TH 3,
Zh &, X CT 2RV AT MC O916 2 HUiE
T2ORENTH DT, kD 7EHELHREIZMZ
TEMT 2wk, IFHABOMHERS L DFEL  HiF
TEXLHbDEEbN5.

B ETEE O A6 % FHT 270121, YDk
IS HTE CER L Tw 2 OpBEf#d 5 2 L3 EE
Thd, COLDIYEBCHKETL V7T v, HDW
BYiHa 7 2B CHRIEIC B T 26350 ENRL S
T3, —7, MEAKEEOEEITHEEDIRIEGD A
BoT, BABERINTHSIIEIICES £ TOINIE
MYRCRMINDE EEZHNZOT, IWHEOEES
MRS 2 I L EETHD, KT, BASEDOFE
Rz, MC O ED &R oz tiE /135 L 3
LIS HBEME—TH > 7208, SOE R BT
BEBEL T, ZOEENEALKLEEHIGHEEZKRD
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X#CT iz X 2 BIRHME 2 7 O 3 XThr# s (Ra 1E»)

v BZFSHEHOBTERENTHS D,

BE OEGENTY 7 T 2 7T OFERIC oW TIE, HEH
AT - PR L R ORERY - EERE L T
Wwiz?tniz, WD-la 2 7 OB R ORGSO BRI L
¥, NEDO BfREEMICHEE 2K > Tniziniz, #
BHRHEA - NHEEFRERE RV STFETREE» S
i, ERENT 28R oy M EIJHOW:, £/, AT
VA oy M OFERNC X Cornell K% R. Allmendinger #(
Bz L 5V 7 b o7 Stereonet v.4.9.6 ZEH L, &
IWRHELTEHOERRL Y. LBARWRIL, EFEE
MR TR = 2 —Y > v v A4 VEMEIC L 5 [ Bk
BEFHHBE OB - T o—&EL L TiTbhuk,
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—TEEABE,SHHE N D K—

EISER - £k 3B - AIES® - A4 KRE - BERAE—BD -
FREIE— - RIU B° - RIEH - B8 & - &

The Br/Cl weight ratio of hot spring waters at Iwo-sawa, Jigoku-dani and Gaki-dan areas
—Thermal fluids from granitic provinces—

By

Masaaki TArRAHASHI}, Tsutomu SaTo?, Tatsuo MAEKAWA®, Munetake SASAKI,
Koichiro Funmoro?!, Jun’ichi ITon*, Satoru Haravama®, Teruki OIKAWA®,
Ko TakanasHr® and Sugihiro YOSHIZAWA®

Abstract: Chemical analyses were carried out for thermal waters collected from Iwo-sawa, Jigoku
-dani (Yumata) and Gaki-dan areas, where hot springs and fumaroles are discharging from Ariake
and Kurobe granitic rocks, Nagano and Toyama Prefectures, Japan. The weight ratios between
dissolved bromide and chloride (Br/Cl ratio) of those thermal water samples range from 0.003 to
0.005. These Br/Cl ratios were similar to those of hypersaline liquid collected from 1) Kakkonda
granite, thermal and mineral spring waters obtained from a) San’in, Ishibotoke (Ryoke) and lide
granitic provinces, and b) Furumachi, Okukinu and Yakumo areas where granitic intrusions exist,
and 2) geothermal fluids from the Mori geothermal power plant. The Br/Cl ratios of them are
identical to or higher than that of seawater (0.0034) and similar to those of granitic rocks

(0.0041) .

® B

LR AR H 2HES - WMAHE TH 2 mER, R
A (GE) RUMBAHESR L 0 REAEZFRL, 201k
RO D 21T o 72, % OSSR, FER, HRERV
S DI SR D Br/Cl EHiid 0.003-0.005 FRETH 2 2
£, ZOEEBSIRHEERSE> G N IBERRBEO
wAko Br/Cl L, feiaia (L, AL (), RE)
PEASHEOBFAT A (HET, BAR, N\E, fFit
BNIETET) 2 056 NBIBRK, HRAKD D i
BRAED Br/ClELEIEBIL TW B 2 e motz, 0D
EIFHEAROME (0.0034) EEBERPPRELZMETHY,
F-fEREEOM (0.0041) & HFELL T3,

U RS (Geothermal Research Department, GSJ)

2 HhEmHEER (Earthquake Research Department, GSJ)

3 M b (Geochemistrys Department, GSJ)

¢ BHEME S (Environmental Geology Department, GSJ)

5 {2 ) K% (Shinshu University ; Asahi 3-1-1, Ma-
tsumoto, Nagano 390-0802, Japan)

1. 3 C & Ic

BERA 4 > BRI A A ik, K BAR
IS TP T W I &, dkO S BER IR
BIELAEDRIL VI L ED S, W14 Dk (Br/
Cli) BBREOHLENRT A - DI B THROLEL
12T A—F D—2TH 5, HBGAIE NaCl BIOEAKT
HD I ENE i) Br/Cl LB RDRRRIR & R4
LZEBERRIA—FITHLTREESEZ SN S,

White (1957) 1%, #a/K, HMEEAKROKESE O T
Br/Cl lbEGIIIER /NS LD EAER W EZRL
7o, [FIRRIC S &7 2EEl RIS E Th 5 & bR T
W5, KZEIEH (1960) W, #EkD Br/ClEix 3.43X107°
(Mason, 1952), iHEAZ 2-8x 1028, KILHEDE
RIZ1-4X10RETH S Z 2R U, ERHIZS (1988)
RbEdk, EEE, V- 7R HEINLER
gk A L D/ANE e Br/ClLE AR > 2 L %2R L,
Br/Cl tbis B R AR DRI 2 RIR S 585 A—% £ LTH

Keywords: Iwosawa, granitic province, hot spring area,
fumarolic area, Br/Cl ratio, fluid chemistry, Japan
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W3 I EMNTE B RN,

FraL¥—  EERMREHAERE,EFREERH
s HEE L 7z WD-1a O BERATE R & BREikEE
EOFENTH Lz, Kasaief al. (1998) 21X, W%
BHNC 72 o 7285430 Br/ClERIX 0.62X 103 CH B 2 &, H
X UTCRR 728845y D Br/Cl L& 2.69 X 1073~4.84 X 1073
OFHIZH B Z ERES N TWS, L LIEREHHE
DOBHL TWAIERR GhEFE) BT 2WREPE
<, BIRHETEELY S HH L BEERE#&ED Br/Cl
H— IR ETH 2 OLED b RERETH 5,

KRETIR, SFREBAMBCEOTERSNLLE
EHERE T L O—ETH D TTEREL SRS R
HoMBRLFRREL OBRCHEST 5 BNT, HED
RFH T REHE D—> T h 2 BWEIERSED AR
2B B REFERITOMBRE RS, RCBITGHE
EFODFABRIC D 5 EILRFEAMOMAE (&Rt “2
EP2AT D REK, 1999) OER - BRME, S/ ONBK
@ Br/Cl iz DWW Til, BiRAfSc W TFons:
EEREE R R Ot EEIRORE (BHFET —75)
D Br/Cl kb & DMK - ET 21T o7, 28, MRS
\F 3 FERE L, BEIE» (1996), ERAKIZH» (1997)
BMEREIE D (1998) wikRohnTwd, iz, XFE
BEBERBERRCELNEL 1K) wBwTHETH
Thb.

2. BBCoR

B FARSEIOEREUL, 1995 £ 9-10 Ak, HiRe
RUSAES GURHER . Lt EEE—K (MREMNK
) KBWTITo 7, AROFEHS 28 1 KRz,
BRASRBOBERNA 4> (U, CIN) BERVE
ER2{A A (LF, Bro) BEOSHIE, 14270
<+ 757 (YOKOGAWA IC-7000 RP) iz T4 %1T
5 Fz. YRBEWE 1 3.0mMNa,CO; B, BE|, iz 15
mMH,SO, &%, B ThoOBRd 1 mé/min D54
TiTo /e,

Br- BEOMITIEA A > 7a~ b 7S 758 LER
BOETHS, L LUTOD L S BRBESTOREE
SVFEET 5,

D7uv A ETCBr OE—0BCl-DE—270
FANEWCTES T D I EWE—FHE 0D ELAE
M S¥EAL 7z, Bro #EE I Cl- BEOE~1000 23D 1
EEDOBETHL I ENEL, N—AT74 DF|&HIK
Lo TRET+%~EEDORELSULWREESFZ 51D,
ZFD7:H BrriBEST TR, BRI —Z T4 %<
HEI TS, BELLEERREHAVE» o7z, BE
BRSO HIE Tid Br BEOREZEX 0.1 ppm 2L ETIE
5%LANTH-7zh3, 0.05ppm 12785 LEEEHN 30 BIEE
LABIZKEL R Bl SROEZIZCl D

#

p= =
=

(8 284 )

IJF. Aem

10
]

FI1E HEERmtR GREELIRER)

Fig. 1 Locality map of sampling points (central part of the
Hida Mountains)

E—2DFANTA B FRMNTHEDIIHNL, Br- O
— 7 DR—=AT A VEBERTENT 28 THRET S L
2zoh3, TheDZ s, Brr BEOHEDHREZ
OPEMED 0.1 ppm LLEWC 2 L9 EBL T 21T-
7z.

@ HCO;” BEN Cl- BE L ASREM L Th 254,
za<w b 776 EDClm DE—27853 HCO3™ DA A
Y NE—IBHET S, ZOHE, CIm OE—J R0~
— A7 4 VOEEIWEL L, ClI- BE, Brr#E: b o7
BHEEERZ ko7 D, BT Ro72D T 5,
Fiz, BEOFRETER—AIAL UBELEALELE
Vi, BRCHENT 325G % WS, TEHE D S B
U8Bl T, R—AF 4 VR F Q¥ — 7L TaEi
Bk, ClIm® Br- oY — 7 fHiEd»> TREET
T5ZEHHBEHL:, 2OBES CITRE, BrrBELd
S EIHEEESZ R->TLE S, OQOMEIZDWT
BRERNHTHD, Br BESMTOALE SIFRRCEE
HESEDORA, HCO,- BELE VB OWTBHES 1
TWiEWIRETH B,

BRI, BERRKBROSMEER L, 25Dk

— 128 —



B 1Eh)

Fk® Br/ClE (

i

&, AR

TER, Hbj

£%°€ 0°0 Lz 691 $6°€L z0°1 16°0 6L G 8261 6L° %S 1°0ST € uep-Tyed
0s°¢ 10°0 vz 091 ¥6° €L 88°0 89°0 9€°§ 1°19T Ly° 9§ 9°'9€T Z uep-Tyed
69°6 10°0 £z "GET vL°Z8 00°0 vL0 1£°G 6°0LT 29°9% S 0€T T uep-Tyed
L9°¢ 00 9z TEIT T° 11t 00°0 G0°1 t4AL> 6°LST 8921 €682 sy3 Jo y3eq uﬂuuawmoVAwswnww”mmwwww
6L°€ z0°0 voe "8¥1 6°LTT 00°0 €21 19°% 0°062 18°89 z vze S Tuep-myobIr
LE"S 90°0 g¢ a1 z €21 S8°0 §6°T €66 9°€LE 0€°9L 0°88¢ (z suoo xs3uts) p TuBp-nyOBIL
90°¢ 0°0 vz 241 L°921 00°0 z9°0 Z0°1 6°€0€ ¥6°98 z'102 £ Tuep-nyobIr
60°¢ 11°0 vee CTPT 1°9%1 00°0 68°0 €p°T 8°18¢ 8z°zL 1°682 (1 suoo z33uTs) g TuBpP-nyOBIL
9€°g Z1°0 0'¢ *9€T 9691 S1°1 vo°T £6° 9°9%¢ sL°08 9°892 1 Tusp-nyobrr
- 0°0 ¥0 *96T 00°0 01°1 00°0 00°0 00°0 9Z°66 §6°%2 (z sToTwum3) evmesSTYSEROTY-OMI
L€ £ g¢ vl TLET z 19T 00°0 s1°2 L9V 8912 v 1z1 S LEY mnhmwmmmomwm”wymwmwmmuwomuwmwm anwwﬂmwmﬂmmwwm
- 0°0 €0 43 00°0 00°0 00°0 6£°0 00°0 67982 8%°62 (1 oToTvumy) ®ABSTYSBETY-OAT
(77/Bur) @
=OTXIo/28 s°5 a ots ‘0p 8914 —\ “oN g \— i \b‘ £00H ~os o sums sretEs
00°0 00°0 §5°1 00°LT 00°0 89°€1 L-zLr  |ve6°o0 691 £6°L 0°00T €0EZ0TS6 € UBRp-TYED
00°0 00°0 [ 28 6821 00°0 19°21 Z°LsT  [€8°0 (328 SLUL £°86 Z0£ZO166 Z uep-TyED
Z0°0 00°0 9% 1 LS 9T 00°0 9p° 1T € ¥sT €870 8c1 zz L 9°L6 10€20166 T uep-TyeD
00°0 00°0 GL°T 09°65 Lo°z vLLT 9°62¢ |LS'T 981 08°9 8°'8¢ 01606056 |10 y3mq Hﬂancwwww wmmmuwmwmomuw
00°0 00°0 08T LE"08 86°¢ 16°2¢ L'o9z |z8°1 991 0£"L 868 60606056 § TUEpP-nyOBTL
000 Z0°0 12°1 ¥1°L6 £v°¢ 91°1¢ vregz {181 €LT £6°L €88 80606066 (z @uoo xo3uTs) ¥ Tuep-nyobIr
0070 00°0 ge°t1 01°68 vz e 96°zT G LLT {8E°T 061 Zi°L v°69 L06060G6 € Tuep-nyobrp
00°0 00°0 79°1 S E0T Ly e 88°0¢ v zgz |s8°1 9LT vIL €98 90606066 (1 suoo xo3urs) g TuBp-nyOLTL
00°0 00°0 8¥'1 z'901 L6°¢ £9°82 €62z Lot 89T 18°L 9°GL G0606056 1 Tuep-nyobIL
96°0 zZ1°0 00°0 G0°9 9%°0 v0°L 86°LT g0 06% ge'¢ £°€6 50806066 (z oroxeumy) wmesTYSRHTY-OMI
{I9ATY e3RumMi Y3 pue
0070 ¥0°0 €L°0 9°9¢1 ¥Z°Y z°811 L'8sE 26T L1z 6L°9 L'09 10806066 uMamwqumewwnwmmw wnvwmnwummmmhuw
€970 80°0 00°0 9g°g vZ°0 11°6 96°2¢ sz°1 ¥55 L2 vZ6 90906056 (1 oToxeUmM3) BMESTYSBHTY-OAI
(r1/6u) (w7 sur) (auw) ad (2) "oN 3 o3ep sweu opdues
Od Y R _ 8D _ bW _ = M N om 10 qwor T1dmes

‘SBaIR UBP-[YEL) DUB IUEP-NYOSI[ ‘BMES-0OM] WOI] SI9jeMm [BULIDYY JO suonsodwod [eomusy) [ I[qe]

HBREVOREE RS HEN WSl MEY ¥21H

— 129 —



OB O#H A
o, K, pH, B(LETEA (ORP), ERmEE (EC),
BA A IRE, A A RERY Br/ClLE (R b
ERp R L7, Br/Cllhz BRI T/RY DX, White
(1957), KZEigH (1960), LERfiEH (1988) 7% & Br/Cl
afole FEEZWMXB TR TCEELZHAVTWE 2D
ThH5,

3. BREE

B2z, FRER, HUBE RO R A S I O R R K
@ Br- & Cl- oE&EI (LUF, Br/Cli) oafhzmL
7. Ao Br/Cl Eid, 3.1X1073~5.7 X 10 *f2E O
FIZOMR L TW5d 2 ENDh 5, FRRAKD Br/ClLo
SEEE R R R, R (RRAOORZR) T
3.37x1073, HURBER T4.1£1.1X107° (F—5 % 6),
HEAT4.221.3X103 (F—2#3) Th2, EBR
E1RORUIE D, #HIBRR, s 3.1-3.8
X 10 FEEDME &, 5.4-5.7TX 10 REDHED/NA T—F
WA LTWS, WE— FONSE R EERZ L,
B E—FA83.4840.24X107° (F—F#6), 2 E—
R35.484+0.19%X107° (F—7$3) LB S lgi—E R
fE&ms. Br/ClED A =iz 3 AR R KA R D
b D, Brr BESMTONRESIKEFT2HDTHED
PIEBHR TS TRV, SHBOWSEREL L2 w,

B3I, FER, HRSRR R UERASHIEO
BRAKD Cl- B L Br BEORFRE, HARDMOTER
B S BT HER BRE, L) KRUEAKL T
BRIBAAM (FL), H2WIFEAL TW»AIEREE”
SEH, HEL T AR GBI U\EFALD, HETRY
B i oB 6 NS RRAKRUIRAD ClI BE &

6.0 — : .
| ®
—_ . © ]
n ]
s 50+%
—
&
2
e ol
= 0
I 3
3] L
é i o 3
g 307 ®
2.0 ! - ' - !
Iwo-sawa  Jigoku-dani Gaki-dan

52 FRER, #RG R UCMEAEIERR D Br/Cl LD 57
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BERAMISORTHBRET IV
FAERER - A —ER
On the models for the deep-seated geothermal system in the Kakkonda field
By
Shiro Tamanyu! and Koichiro FujimoTo!

Abstract: The summarization of the deep-seated geothermal resource survey in the Kakkonda field
has been tried from the viewpoints of geothermal modeling. The results of surveys by NEDO were
reviewed in terms of reservoir, thermal structure and hydrothermal structures based on the NEDO’
s reports of the project. The results by Geological Survey of Japan were divided into geological and
geochemical modeling, geophysical modeling and developing history modeling, and were also
reviewed in terms of reservoir, thermal structure and hydrothermal structures based on this Report
of Geological Survey of Japan. These results were compared to each other and summarized on the
table, including research subjects in the future. The temperature decline model of the Kakkonda
deep geothermal system was proposed based on the comparison with the Fournier model.

The research targets of the project were set clearly at the starting stage of the project. By
referring to geothermal modeling, the accomplishments of each target were summarized at the

completion of the project. The subjects to be studied in the future were also summarized.
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VIR EAER (Geothermal Research Department, GSJ)
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Fig. 1 Conceptual model of deep-seated geothermal

resources (NEDQ, 1994) .
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1. =R, 2. BEREERS, 3. EB=R, 4. BB/ ETAYA FEAS, 5. dir—+24 VEASE, 6. ¥ Lr—7F7
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Fig. 2 Schematic geologic cross section of the Kakkonda geothermal field (Kato et al., 1993).

1: Tertiary formation, 2 . Basal conglomerate in Tertiary formation, 3 : Pre-Tertiary formation, 4 : Torigoeno-
taki Dacite Intrusion, 5: OIld tonalite intrusion, 6 : Neo-tonalite or quartz diorite pluton. The pluton is composed of
medium-grained rock facies and partly pegmatic at the margin. LaU: Upper limit of laumontite, LaL: Lower limit of
laumontite, Anh: Upper limit of anhydrite, Wa: Lower limit of wairakite, Bi: Biotite isograd, Co: Cordierite isograd.
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Fig. 3 Distribution map of micro-earthquake hypocenter in the Kakkonda geothermal field (Sugihara, 1994) .
Micro-earthquake hypocenters are shown with -+ mark on the geologic cross section drawn by Kato ef al (1993) .
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Fig. 4 Geothermal model on the geological cross-section associated with the Quaternary granitic intrusion in the Kakkanda

geothermal field, Japan (Uchida, et al., 1996) .
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A& T B HBTE TR
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Z T AR & & B BRIk & B O RN L IER,
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TS EEIE R O ZRERET R B A B R B Ic Z L v, 7272
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B LB L DML, EEOHEBME R,

3.1.2.2 FMI(Formation Microscanner Imagery) IZ
& BMHBEENRIE

Wl & b 5 EHEE % Fracture $ % > 1% Fracture
(closed) ¥ UTK4 L7, Fracture id FMI Eiffiz B 1
2 BB E ARSI VB SR RIS (EEH) b
DT, Fracture (closed) & XBESMCELERL D%
9, EEEGERASEEERKTHZENTEYD, BIEE
MAaEES IS TR 3N T EFH 2T,

(1) WD-1-+ WD-1a D¥EE 65-2653 m (5 6 [X)

Fracture 2 U* Fracture (closed) i, %EE 65-1505 m
TREFVICED >N H, BEE 1505-2653 m TikfER}
F30° LATFD b 0%y, ERIAAITEE 1770-2155 m
TILE dEtPEER) B, HE 2155-2653 m T:HLE (JbFE
EFD) ~FEE (EEER) CEFT 5,

(2) WD-1b O#E 2254-2910m (857 X))

Fracture OEFMMEFHIFE =R, KE=R, BROTE
AT, BB EAIFED S0,

1) FHE=FRT, FAPE~ILEERT, ERD 5-
45°,

2) SEEE=RTR, FEAVIL~FEN T, ERH 3072
T.

3) BEmEfEEE TR, Easdu~It~dtET, &
#H% 20-60°,

(3) WD-la & WD-1b D Lb#g

R 50° AT @ Fracture {3 WD-1a, WD-1b X5 T
o oh, ERIGHE, EEL EMT 5, JLE~HEIHE
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PERE 2400 (13 ~2910 m (2RSS 5.
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3.1.2.4 ERBIEEEFOHHNHE
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(2) BEEhrERE
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E£hT 35,

2) EEZROFBAMEORVLITEIL, JLILEERTHE
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3.1.2.6 HIEOBEFRIAREICEL Fracture (B6[X -

8£73)
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TG £ B OBRERE T 2 LEN D 5,

1) ®HEEE
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B, HEE 700-1300 m OB OEFIREEICUT W Fracture
&, ER 60 ML o mERIE L HEE I NS, LoL, 2
TEREI L AR OEMZEOSAAPEEE 980.7 m fIVIDE
AEOROIE E —B L 50,

(2) VEEpETEEE

WD-1a i SR ETLR BRI THRE R CREE 3,
FEARERZEWEEZ o TWwa, —7, WD-1b iiRIES
BAOHEEFRYSH D, BAEZEY, WMEOEE S
LEMEERHITETH TEVIIFED s v o 7208, Bk
BB Db -lz, ZOEVELCTZERO—DIZ, 0
BEEOEOHH-IEEZOND, Thbb, BARED
B WD-1b ik db~dbERE M T 30-50° 8 ER 3 %
bOWE L, HE LGS THREOERREBIGLI N &
Fzohd, —F, WD-la oZiiz WD-1b L85 5
73, IENFIERIE ST D 72 0 1 BB O E FURAB I 2o VAT RE
WHdH 5, 12721, WD-1la THE L2IG 1R I BARETE
HE L DEWEEOLOTHY, WD-1la DEIRHEHEE
RO 152 ERICHEE L T2 b Tk,

3.1.3 IrEBEETI (B8

(EEErE E)

WD <, BAMSIRY, Thold, REIG
TP X DR S N7 FB - BiBITERT 5 b D%,
FOWBEMBERIARZVWHDOLSIFELAERVLDET,
FIERHHLEOLONSH LWL D E TIRAEL TW
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=AM ER =20, B A CHICE DT
BPINTRBHH, —HRERBAEDOICHHTHOL T»a,
EIRETCRE TR ORI, TEREEOmEIC & 5 Hil b
JEEIS W L 5B r o ks L EZ NS, 221,
Zh S OHEIFEILEREICZ LT @A EG EF 2
S d, BIRAERS AU OMADOEAMEZ, BT
KO EL D, MAEOFEKED RWEATE, BIFOWHEN
BAED RGN & D BEEORFRBIGEN EF 2 S50
5.

3.2 BiEs
3.2.1 BRIRESIAL—LaERASR-EE -
BRE
HARRIEY S 2 v — 3 Y ICBU 3ET 7T LTI,
BIRE LT, BRETERE, TKEE & - SFLEEE
AR O~ 7~ @Y, WRATEL - #EKILE S
WEH & e st Sl D R EE L. Ty T
O —RAETNTI, BFREVKIERRR TOYHHI
D OHEE &N D ERE R KIS T, THEHERE K
-2300 m LEDIEIE LTz, £z, BEBEE T VT,
B UTERMTEFAE R AN €7V T, Xk
PEERTREICAE LTV TH S, Z2TIE, 1B
$£-4000 m O THEIEE % 1000CIZEE L1z, FREHD
BTFTNTCY I alb—yvarviEMLiels, 7y 77
U—MAET BB OEEIIP o7, ZRCED &,
B & BET T IE A~ O BO MG RS 39 MW,
IR @ & IR B AOBOBIGE D 39 MW LiHE
Eniz,

3.2.2 BBEEFIN (BIX)

AHBOBREE X, TR0 L O R ER-D.

(1) MUNBEBEBE L 0 T OEMIFEEORE
B0 CHEMEZ 5. FHOKEEE X WD-1a OB 3700 m
WHIF 5 500-510°CTH 5.

(2) WD-la OERMTEAENIOBE 3100 m 1T
WMEATSKE {3, FBREZEARTIE & SR8
DOBEREHTHY, FIOEEIINIBCCTH S,

(3) WD-la®» 5 1.3kmBin: Well-21 I2i8WTh,
EAREAE RS N O R 2530 m TlHBRICIRE AR HE
b3 %, FREEOHEEHIERE L 400°CEE2 %,

(4) TeRERED S _ERROBE OIS  TORES
%, WD-1a T 240 m, Well-21 T540m TH 3. {Eps
DBIEHTIRIZ H 2 DIzt U, TEREONERIX VRS
Thab.

(5) ERMO THBIC ISR OESESELAT 5.

LB, #Er L TOERMEMSD K-Ar £
RiEsHET ST w3, Doietal (1998) w3k, Tt
S DERMEIZIZEAL 0.2 Ma X D#EL, BU X 35K

Bt

fa=3
[=3

(55 284 5)

DEREAZEINTWS, F£72, Doietal (1998) 135
WHTERE R AER 220 HitREE s 2 Cun
WERITEREE S ST Twa, LeLasns, with
DOIEFEES T OEBAFRIEHES » Lo Toigw, 4
BiEy (1994) T, FAOXKIES & OlE» S, &
RHIEREOE AR 1.0-0.7 Ma Bitk EHEEL T
%,

3.3 #ok - kIEMEE (B 10M3)

3.3.1 WMAEEROEEL,SRIZTERBNEE

(1) ®EEmEHS

HRBEEI, 3 TRTOVHT, 1 S8 HEERA
(1978 £F) LAt 5 FEIE R U, 1983 4R D & KE
Hif 2R L, 1990 FEE» SEPMIBT L. $72, 28
BERRBRS (1995 €10 H) 12 &Y 1996 FFE» S H/ O L
AER L R ol BREBEOLFE, ErsvkoBREE
EBbDEHEZONE, FROZ, BRIAEEFOHMEZ
BILBUKOG & AARW L 2BERTHIERREEZ 5N
%,

{b2EHRZE(L, b v — —ERBRREER, RS, 1Em
7 LTHEREE SN, AR - ETTiE 2, R8I (1 SR
HIRBHAART, 1978 4, 1987 4F, 1992 4F, 1995 4F, 1997
) OFAGEEOZALEFR LTz, 1 SHEEmRRIC LD,
BITBKPRITITE EeRcEI s h, ThEbIcE
EHICEI A E NS 2 T, IREBIHE OB
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WETHECBOWTEHITERZRS TWE 2T, Lal,
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~1997 &> ¢ D B RANIRD o T2, F iz, EITE
ARO—EIEREN T AE ORI EERA~TH L
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BB ANIA S - Tz,

(2) BEAEH

2 SHGEEBIMA, pH 25 EH LREEuko bR
HONTWE, THEEECE-S T, R R UL
SEVKEFERAL Z Lick Y, WHHORAERSEL
TElleHEHEZENS,

EEREE (&0 b EREIERE LEREE) Ok
WMENCDWT, ALFHIREA, WEEl, FEESHEETh
DERATHHABEZEL SRS L7:, ZORE, UTD LS
TRERNE SN,

1) GEERErEER BRI Z UL, WRmENZ T I ER
HIERAE O FHEA R B A SR CRES LS,
ZDizh, BEBEKOEE R OEIREKDT] ZALHE
MRMTE R RV 2 FEN OB e LTwb e B2 5
na.

2) WD-1b {{IE RO AT HHEL 5, JLFEH
BEER s & FE BRI A & R BRDSREN L T\ B b F 2
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Fig. 10 Fluids flow model in the deep reservoir with special reference to upper boundary of Kakkonda granite in the
Kakkonda geothermal field (unpublished diagram drawn by Japan Metals & Chemicals Co., Ltd.).
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3.3.2 FFEEBENSH/EAT=S) A THERIL
B-KIBHEE
BEIRHRERT 2 BHOERHE (1995410 A) &
VCHBINEHE=F ) I L B, T2y —F
DOFHAE R EFETERAI KL TwE, Zhid
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e, EHARROT=S —HONHRNENTLD S 1
TH =TI LD, BRMEEBORER - BEE (U
Tkh &2EmR) 134.4X1072~6.0X1071'm* £ FF &
7z, &1z, WD-1b OBKELBOENENV R T v 7T —
Fins, EBEN#HANS ZLTES (B 1K),
Ik Bk, FEEREFHEEDIESIIE 1990~1991 LUK,
1998 £ % Tz, WD-1b 2 E#E 24 4 MPa DLET
LTwa, ZOMEAIRRAES THEL TWwE, —H, &
I BOEIZ 2 SHEOEERRIC L DIET L2,
FNUABEBEE E TR s vy,

3.3.3 BRREES I AL—L 3 EBRAILR KBS
& (E12E)

HRREEY S 2V —y 3 > Tk, BREAOBEXREH
BB AR THEA - —RESHE L BB1HR). 7
vy 77 a0 —HAET VTR, BukidEic D E#ifHE Tk
AL, HRTOBHEIEZOUR - B BODER LK

1En)

ey, RO kv (BEAMDORER) 2RKE LHE
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FEEATrEE B, Jhid, W EROBRERDRE
WEAL, R LU HIrEBEOBREEEZELC ¥ T
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3.3.4 @K KIEEEETN
WROIFFRICHB T, UTO LS 2Bk - KEHEE
FUBBEINTWS, BRIEH (1994) 13, BokESY
RSP RAEEEYOIEBES > S, BRI
Tix D EH~FK SRR TEKLS AL, BREINCH
> THEARI TS 5T 7L 2HEE LY, McGuinness
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Fig. 11 Temporal change of reservoir pressure in the Kakkonda geothermal field (NEDO, 1999) .
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Fig. 13 Temporal changes of fluids chemistry, deformation mode and fluids pressure after emplacement of
Kakkonda granite (unpublished diagram drawn by Sasaki)

FI: Fluid inclusion, MI: Melt inclusion.
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Fig. 14 Brittle-plastic transition penetrated by well WD-1a
beneath the Kakkonda geothermal field, Japan (Muraoka,
et al., 1999) .

Ais the pore pressure from zero (A =0) to lithostatic
(A=1). Four points of DSCA (Differential Strain Curve
Analysis) stress ratio measurements by NEDO (1996) are
plotted assuming that the vertical stress (o3 or o) is
equal to the lithostatic stress.
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Fig. 15 Formation model of composition zoning in magma reservoir of Kakkonda granité (Muraoka and Ohtani, 2000) .
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Fig. 16 A fluid evolutionary model of a shallow reservoir of the Kakkonda geothermal field, based on the

fluid inclusion study (Sawaki, ef al., 1999)

(a) Early stage of the geothermal system: Gas-rich fluid was at the deep parts and gas-poor fluid was at
the shallow parts. Portions of the fluids were trapped as fluid inclusions.

(b) Present (after operation of the Kakkonda geothermal power station): Minerals containing fluid inclu-
sions at the shallow parts were exposed by erosion. Fluid at the deeper parts became gas-poor after the

operation of the power station.
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Fig. 17 Cross-section of the hypocenters along the north-
west-southeast axis using (a) MODEL 2 and (b) MODEL 3
(Tosha, et al., 1998) .

The temperature contours estimated by well logging
data and the first occurrence of the metamorphic minerals
such as biotite (Bi) and cordierite (Cor) are shown in thin
lines and broken lines, respectively. Well WD-1 and the
top margin of the Kakkonda granite are shown after
Uchida e al. (1996) .
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Fig. 18 Resistivity structural model in the Kakkonda
geothermal field (Uchida et al., 2000) .

The darker color represents the lower resistivity zone,
and the brighter color is for the higher resistivity zone.
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Fig. 19 Macroscopic vertical one-dimensional transient thermal conduction model for magma-hydrothermal

systems (Shigeno, 1999a).

* ‘Extended thermal conductivity’ was applied to geothermal reservoirs (see the text).
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1999),

(a) ERER OB H» & T~ DERIL, 370-4000COEESRMET TEST %, B EERP TCIIFTKZE FHR
Nlzk»BEKETC BEL, —F, EEEfRf cld~ 7/~ ESBREEASEET TERINLTW S,

(b) FEEIZHOCHEIN TR Y =, B2 2 LT, 7 v lRAED FAOBKENRET 5.
Fig. 20 Schematic model of the transition from magmatic to epithermal conditions in a subvolcanic
environment at the top of the intruded plutons (Fournier, 1999) .

(a) The brittle to plastic transition occurs about 370°C to 400°C and dilute, dominantly meteoric water
circulates at hydrostatic pressure in brittle rock while highly saline, dominantly magmatic fluid at lithostatic
pressure accumulates in plastic rock.

(b) Episodic and temporary breaching of a normally self-sealed zone allows magmatic fluid to escape into
the overlying hydrothermal system.
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Fig. 21 Temperature decline model for the Kakkonda geothermal system.
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Application of the distributed temperature sensing system to geothermal wells
By
Keiichi SakacucHr* and Nobuo MATSUSHIMA'®

Abstract: The Distributed Temperature Sensing (DTS) technique using an optical fiber sensor is a
new method for temperature logging. Based on a temperature dependency of the Raman back-
scattering light, temperatures along the entire length of the optical fiber at 1 meter intervals are
measured. Because it is not necessary to move a point sensor during measurement, the DTS
technique enables us to monitor a temperature profile of a well at time intervals of several minutes.
This feature of the DTS temperature logging system is suitable for detecting temporal change of the
temperature profile of a geothermal well during injection and production tests. Review of over 20
published results of DTS field experiments shows that the accuracy of the DTS system is up to 3°C
and precision is about 1°C when several hundreds to 2000 meter-long fibers are used. We reported
three field measurements during injection tests and showed that the temperature profile monitoring
by the DTS system can easily detect the fractures and water tables. Comparison between calculated
pressure values from temperature profiles and measured pressure values suggests that it may be
possible to evaluate the amount or rate of inflow and outflow through fractures. Compared with
memory type temperature logging tool and fluid inclusion synthesis technique as a temperature
logging tool for the deep geothermal environment, the DTS is less superior in heat resistance and
measurement accuracy in the depth. However, the DTS has an advantage in that only the DTS can
make real-time measurements and repeated temperature profilings in short time intervals.
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H1R DTS v 27 AOHIBEGHCORIER.
Table 1 List of field experiments of the DTS system.

Well / Location Sensor type Well or sensor depth (m) Measurement duration Reference
Experiment date Fiber length (m) Maximum temperature (*C) Measurement condition
1 Mittenwalde S / S of Berlin, Germany Loop 183 Hurtig et al. (1993)
1000 24 static
2 unnamed well / Toycha, NE Japan Loop 145 (horizontal) ca. 0.5 month Sato et al . (1994)
Jan., 1992 3000 115 static and injection
3 Borehole 1 / Grimsel, Switzerland Loop 40 (horizontal) ca. 8 hrs Hurtig et af . (1994)
Jun, 1993 28 injection and free flow
4 Borehole 2 / Grimsel, Switzerland Loop 40 (horizontal) ca. 5 hrs Hurtig et al . (1994)
Jun., 1993 28 injection and free flow
S unnamed well / no description Loop 600 4 months Hurtig et a . (1995)
Jul. to Nov., 1993 30 re-injection well
6 YT-1/ Yutsubo, SW Japan Loop 1550 23 hrs Matsushima et &/ . (1995)
Aug., 1993 3400 180 static
7 Well-86 / Kakkonda, NE Japan L.oop 780 67 hrs Sakaguchi and Matsushima (1995)
Dec., 1993 3400 240 static
8 TG-2 / Yunomori, NE Japan Single-ended 720 6.5 months Osato et al . (1995)
Nov., 1993 to Jun., 1994 800 160 static
9 KS-6 / Mori, NE Japan Loop 1757 69 hrs Matsushima et a/ . (1995)
Feb., 1994 3400 195 injection and recovery
10 SN-8R / Sumikawa, NE Japan Loop 1440 130 hrs Sakaguchi and Matsushima {1996)
Oct. to Nov., 1994 3400 219 injection and recovery
11 BS-6/ Sugawara, SW Japan Single-ended + capillary tube 611 130 hrs Matsushima and Sakaguchi (1997)
Mar., 1996 2000 205 injection and recovery
12 GINN 1-13 / Beowawe, U.S.A. Single-ended 400 various period Benoit and Thompson {1998)
Jun., 1996 to Mar., 1998 185 production
13 GINN 2-13 / Beowawe, U.S.A. Single-ended 400 various period Benoit and Thompson (1998)
Jun., 1996 to Mar., 1998 180 production
14 Well 77-13 / Beowawe, U.S.A, Singte-ended 400 various period Benoit and Thompson {1998)
Jun., 1996 to Mar., 1998 185 production
15 KY-1/ Sumikawa, NE Japan Single-ended + capillary tube 1604 100 hrs Sakaguchi and Matsushima {1999)
QOct., 1997 2000 200 injection and recovery
16 Smokyhill / Salina, U.S.A. Loop? 1050 Wisian et al . (1998)
20007 48 static
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Table 2 Specifications of the injection tests.

Well / Area SN-8R / Sumikawa KY-1 / Sumikawa BS-6 / Sugawara
Well depth 1440m 1604m 611m

Maximum temperature 219°C 200°C 205C

Experiment date Oct. 28 - Nov. 2, 1994 QOct. 15-21, 1997 Mar. 12 - 18, 1996
Sensor type Looped fiber Single-ended fiber + capillary tube Single-ended fiber + capillary tube
Fiber length 3400 m 2000 m 2000 m

Sensor depth 1370m 1590 m 583 m
Measurment duration of static state 4 hours 39 hours 16.5 hours
Injection duration 16.5 hours 24 hours 5.5 hours

Injection volume 420 m? 29 m? 751 m?

Recovery duration 95 hours 71 hours 116.5 hours
Water level measurement No Yes (Echometer) Yes (Echometer)
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SN-8R, Sumikawa
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Fig. 1 Temporal change of the temperature profile of well SN-8R, Sumikawa field. (a) during water injection, (b) after
stopping injection, {c) temperature contours on the depth-time plot. A-H: inferred fracture location.
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Fig. 2 Temporal change of the temperature profile around the water level in well KY-1, Sumikawa field.
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Fig. 3 Temporal change of the temperature
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ping injection.
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Well log data of WD-1a and estimation of velocity structure of
Kakkonda area using simulations of wave propagation

By
Tsuneo KikucH1?

Abstract: Velocity structure analysis of the Kakkonda area was carried out as a part of the
Research on Deep-Seated Geothermal Resources Survey (FY 1993-1998) . Results of this research
were as follows: (1) The well log data measured at well WD-1a were registered in the database and
were opened to use for many purposes. (2) Wave propagation of the Kakkonda area was calculated
using horizontal 2-D simulation models which were based upon the velocity structure model
estimated by the New Energy and Industrial Development Organization (NEDQ). We compared
travel times of the P-wave first motions observed by a pit explosion and those by the 2-D
simulation. The optimal results were obtained by the model whose velocities of P and S waves of
the first and second layers are 10 94 larger than the NEDO’s model. The differences of the travel
times were about -0.7-4.6%. (3) To minimize these differences, we recalculated the wave propa-
gation using 3-D models. Characteristics of the optimal model are as follows; velocities of P and S
waves of the first and second layers are 20 9% larger than the NEDO’s model; velocities of the P and
S waves of the second layer are the same as those of the third layer; the low velocity zone was
assumed around an observation point of the pit explosion survey. The differences between the
P-wave first motions observed and those of the simulation were about -1.6-0.49%.
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Table 1 List of well log data measured at well WD-1a
which were registered in the data base.

Log name Log date File name Bottom depth (m) Top depth {m)

FMI-ARI-GR 1995.4.16 | FBSTB.029 2553.919 1483.309
FBSTRB.031 2006.651 1919.868

FBSTB.032 1617.573 1601.419

FBSTB.033 2553.919 1470.507

DSI-LDS-HNGS 1995.4.18 | DSSTA.020 2555.847 1487.424
DSSTA.021 1810.512 1646.682

HLDL-NGS 1995.8.8 | HLDTA.025 2660.599 2588.057

HLDTA.026 2660.477 2614879

HLDTA.027 2660.142 2576.169

HLDTA.028 2660.904 2518.105

HLDTA.029 2661.666 2532.583

DLL-GR-SP 1995.8.8 2444.3435 2656.9414

FMI-GR-AMS 1995.8.12 | FBSTB.021 2658.923 2540.812
FBSTB.022 2638.196 2548.2

DSI-LDL-GR-AMS | 1995.8.15 | DSSTA.025 2661.056 2536.088
DSSTA.026 2659.685 2567.787
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Fig. 1 The demonstration example of the well log data
using database software OpenWorks-4.0. It is a part of
the DLL-GR-SP log measured on August 8, 1995.
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Table 2 The velocity structure of model 1.

L P wave S wave Densit
ay;r Elevation velocity velocity (k g/m3)),
fumber (kmys) (km/s)
Top of layer Bottom of
(m)} layer {(m)
1 789 2563 1.098 2206
2 789 359 3.600 2.144 2401
3 359 -235 4272 2.415 2506
4 -235 <730 4.768 2.686 2576
5 -730 -2583 5.403 2.984 2658
6 -2583 oo 6.003 3.336 2729
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Fig. 2 (a) This figure shows the extent
of the simulation model on the ground.
Solid circle shows well KT-208, +
shows observation points, especially
TA-31 and TA-36 are indicated by
arrows, and solid square shows the
Kakkonda geothermal power plant.
(b) Overhead view of Fig. 2(a) from
1000 south-east direction and emphasizes
the height of the surface. The Kakkonda
river flows in the central low part.
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Fig. 3 Seismograms of 800 m explosion of 2-D model 3.
(a)TA-31, (b))TA-36. Top line shows the observed
record, and bottom line shows the calculated seismogram
in Figs. (a) and (b). Horizontal axis is time, vertical axis is
amplitude normalized by maximum amplitude of each
waveform. P wave first arrivals are also showed.
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FBO=ZXTREAELS 2 b—DoDHWE LTz,

ZOZRITEEIC DWW T, Kikuchi and Nishi (2000)
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KIEFE AR EESNT 2 FRI D TR iR
L7z,

(@)
IR FE—
23 ;
505 NP APt
..§ 0.0 e I . : ‘
F 05 W’m AP A A
g P(T=0.27655)/?V ; :
z ; , : |
L5 T i 1 T 1
0.0 0.2 04 0.6 3.8 1.0
Time(s)
(b)
1.5
2 H ; : i
E 1O o perig 2675 - . [P
B 0.5 L monrmrra My A A/\A A/\mé
E B v VV \/ vv v‘v V V WY vv \IV
E 0.0 mfe b
% -0.5 A I\’ ”“ A,\MWVW\,
g P(T:O.ﬁ) ] ’
Zo -1.0 V
-1.5 '
0.0 0.2 0.4 0.6 0.8 1.0

Time(s)

%4 EFIN 3 (ZRIT) O 700 m ORI, KoFEER
EIKEFEL,

Fig. 4 Calculated seismograms of 700 m explosion on 2~
D model 3. Notation is same as Fig. 3.
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Bo@HEIzyrIal—yaryEFVOMKREICBTS
B AR LTz, ETAVOKE &F, FEE®), By, &
U?E)E(Z)ﬁrﬁjk, 2kmXxX2kmX2km T, 4 BOEFNLT
b, FrUIE T NoRR T, KT-208 8HOMEICE
Vi, FHWEOBERIZ00m £/ 700m & L7, Z0
ETNOPE, SERUVEEDEE ZOWESHEE 2K
2, ZEHORTREAx, BEAt ATy ZRUAT v 7
BELIRIORT, ZOEFTVEETFTVIETS, 20
EFNVE, ZRTEHEDETFT NV 1 #ZXTEELILDT
HLH, ZOETNVLEREKE, EHRADDETNVIZDON
TiHEZIT- 7 (BEFNVEOVTIEE 4 £2H), €5
N DZFREZRICHE L b ¥z,

B3k ZXRELYIalrv—va iHEONRITX—F,
Table 3 Calculation parameters of 3-D simulation.

Grid interval in x | Grid interval iny | Grid intervalinz | Nomber of | 15000
direction (m) direction (m) direction (m) | eS| eps el name
Mosl 1
5 s 5 04 nso | Mol
25 25 25 02 2500 Model 6
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Table 4 P and S wave velocities of each model.

Layer number 1 2

3 4 Reference

Pwave | Swave | Pwave { Swave | Pwave
Model name | velocity | velocity | velocity | velocity | velocity

(kjs) | (kefs) | (kmfs) | (kmjs) | (km/s)

Swave | Pwave | Swave
velocity | velocity | velocity
(km/s) | (kmfs) | (km/s)

Model 1 2.563 1098 | 3600 | 2144 | 4272

2415 | 4768 2,686 Initial model.

Model 2 2,691 1.153 3.780 2251 421

Velocities of 1 and 2 layers are 5 %

2415 | 4768 2686 greater than moel 1.

Model 3 2819 1.208 3960 | 2358 427

Velocities of 1 and 2 layers are 10 %

2415 | 4768 2.686
greater than moel 1.

Model 4 2.947 1263 | 4140 | 2466 | 4272

Velocities of 1 and 2 layers are 15 %

2415 4.768 2686 greater than moel 1.

Model 5 3076 1318 | 4272 | 2415 4272

Velocities of 2 and 3 layers are

2415 | 4768 2.686 dentical.

Model 5-2 3.076 1318 | 4272 | 2415 4212

Low velocity zone lies around TA-31

2415 | 4768 2686 (vp:l.282km/s, v=0.549 ks) .

Model 6 3.076 1318 | 4272 | 2415 427

Grid interval Ax is 2.5m. Model size

2415 4768 2686 (x,y,z) is 1.5x1.5x1.5km.

TFN ] ZBEOIEEETVORHEEZTO LB TH
L, ETN2E, EFVIDEL 2BO P, SE#EE
EHERBYRELLLIZETNVTH D, 12720, ZOETALT
BERTHE R Th k-7, TFV3IE, TEFL1IO0
B, 2O P, SEEREL 10XKRELZETALT
o, BEFLAE, EFAVIOEL 2BO P, S
EEISUARELLIEEFLTHL, EFL5IE, EFL
1DOFE1BEO P, SIEERE 20 %K&L, 2,38
DEREXELLLEEFATHSE, THIE, HBl1EE
B2BO P, SIEHEES 20%KELLLIELiE
%, F2BOPW, SEHREFEIFEOELEZ TL &
ShlbThsb, 3610, TFV52 BEXRKCIZET
W5 EE—TH 508, BElE TA-31 (LIRS E 2K
TELTEFAVLTHL, B, TTNV61L, EZHOKTFR
A 2.5mESBI/NELT, V—ADREKEED,
LR s N ERGES LIS LzboThHY,
ZFOMOT A —FIFETNVE2 ER—THB, 72720,
ZOETF VDOV T FHRAETRE/BROAERL, &
DEEM AN DWW T OBER TS PETH 5.

42 J—2
Yiav—yvaicfERLRY —ABBIITO LS
RIS,
f=-2 a(t_to)EXp{_a’(t”‘to)z} (3)
Z OBA%UE, explosive source EFFHENTWB H DT
H 5 (Virieux, 1986). « 1 OB D B B 50%
EL, LIIBEHDOE—7 ODRIEE2RET S, Ky Ial—
Vo VEME T, EOORTRIE AX=55m (711~

5-2) DL &, a=1000, t,=0.1s (SAHAHEE6.7 Hz),
Ax=2.5m (£F N 6) DI, a=2000, t,=0.075s (£
B 9.8 He) & Uje, FEBICEM & 1Lz RO Sk
FBEDS, 20~40 Hz BBE L s OREE LI DD E
W, FFEEOAT ) ORIT A 2HED/INE L TER
WOT, ZOL I EERFRE LR, 85I «=1000,
to=0.1s DFFDY — A DER, OIziEZz 07—V TiRKIE
BRlLlc, EBORMZET L5, BREZIOEL X
21, ZOMEEBGNRCES 2., Thbb, BER
A DKFEER OB TIIIKFEEM %, T OREE
DEFIIIIREZI 2 5 2 72,

4.3 EEHR

4.3.1 EFL]1OER

FoRizET N1 TEFE L TA-31 (X)) MUY TA
=36 (M) OEFEERL A, BRI IEHE TEREIKTE &
TRILDETNVEERER LR U 2, R, PIROIEERO
b P(T=xxx8) L ESETHLIE. (@), OFPOHEL
FoOEREBRENE, T3S ROrESRE, TIRIEXRT
OFERRTH 2, WRIETRTEERE CH S, Hitlh
i, B2 OBEEOR S KE BIRIECIERL U IRIE, #%
HxEE () Th 3,

@z L7z TA-31 OB P ¥R 0.2925 #,
TRV S av—a v P EIEERNT 0.3091 B, =
RICY 3 al—va >0 P EYIEIERZ 0.3076 7, Bl
BREZRTY I ab—y 3 VORBEROEIZ5.1%, X
TLEZRIGY I alb—v a vyOREDEIT—0.5%TH 5,
MIzR U7z TA-36 OBHI P i wlEhEREZ 0.2825 #,
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Fig. 5 (a) Source function, (b) Fourier spectrum of source
function.
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Fig. 6 Seismograms of 800 m explosion of 3-D model 1.
(a)TA-31, (b)TA-36. Top line shows the observed velocity
record, middle line shows the 2-D calculated seismogram
and bottom line shows the 3-D calculated seismogram in
Figs. (a) and (b). Horizontal axis is time, vertical axis is
amplitude normalized by maximum amplitude of each
waveform. P wave first arrivals are also showed.
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Fig. 7 Seismograms of 800 m explosion on 3-D model 3.
Notation is same as Fig. 6.
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Fig. 8 Seismograms of 700 m explosion on 3-D model 3.
Notation is same as Fig. 6.
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Fig. 9 Seismograms of 800 m explosion on 3-D model 4.
Only 3-D calculated seismograms are shown in this figure.
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Fig. 11 Seismograms of 800 m explosion on 3-D model
5. Notation is same as Fig. 9.
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Fig. 10 Seismograms of 700 m explosion on 3-D model
4. Notation is same as Fig. 9.
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Fig. 12 Seismograms of 700 m explosion on 3-D model
5. Notation is same as Fig. 9.
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Fig. 13 Snapshot of displacement divergence calculated
with explosion of 800 m deep on 3-D model 5. (a) 0.2520
s after explosion, (b) 0.2772 s, (c) 0.3024 s. Horizontal
axis shows distance in x direction (m), vertical axis shows
distance in y direction (m).
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Fig. 14 Seismograms of 800 m explosion on 3-D model
6. Notation is same as Fig. 9.
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Fig. 15 Seismograms of 700 m explosion on 3-D model
6. Notation is same as Fig. 9.

Tl 8.3ms, T4 TlE6.8ms, EF /N5 TIE9.9ms
LEOEREL o, EFAVIEEFALEERTS L,
TTIN 3 TIE, TA-31 DEIVNE L, TA-36 DENK X
$y ¥ % av—ya YRHEOYIBREREEIFTEE R &

DB, MIZEFIV5 Tk, TA-36 OENIEFIT/NE L,
Fhext L, TA-31 TIREME P BAIEIER BB
ENTVEERE LD, BOBERCEHEL TV S,

ZOBKRIE, TA-31{HA W JHFTH R B SREE 2 (e 5
BEICLDBHATE 3, 72T, TA-31 AU TiE 20 m,
X 26m OFEMBMERE IR > T0wd & LTEERTT-
Jo. TREETFAS2 LT3, BREEEBOP KK, SEHE
FEIE& 2 1.282 km/s, 0.549 km/s & L7z, Zhiz NEDO
ETIL(1996) DFE1BOMED 1/2 Th %, FHEEEE 800
m RO 700 m OFFHEBEREFE 16K, 17KI0RT, #R
FEREIMEWLI0REBLTH 5.

16 (¥ (800 m FiY) iR L7 TA-31 @ P ik9IE
FEEFIZ 0.2932 #, BUHESR E OEZ 0.2% ThH 5, I
o U7z TA-36 @ P EAIEIER L 0.2836 £, BIHIER &
DFEL 0.4%TH 5.

17 (@K (700 m F&HE) i L7z TA-31 @ P iwlE)
FERFIZ 0.2756 7, BEERLOZEE~1.6%ThH5, (b
Wi L7z TA-36 @ P EATEIER I 0.2660 7, BLAIEE
EDOFEF—0.6%TH5, TOEFADERELES S 21
—Ya VR EDEPRL/INERD, HHELEMO P
VIEEED 5RO -EED ms 13 2.4ms &7 o7z,

-

-

— 185 —



HOH M O&E

%

i W&

(8 284 &)

ok BEIPEIEESYIal—yarETNLO P EYEEDOFAID RO HE,

Table 5 Comparisons of first arrivals of P waves between observed records and simulation results based on the models.

Observed point TA-31 TA-36
Difference Difference Dgfference Difference
Calculated | between | Calculated | between Calculated g weer:i Calculated | between
Observed first observed first observed | Observed first o serc}'e first observed
first | motion by and motion by an, first | motion by lanl ted | motion by and
motion 2-D calculated 3-D calculated | motion - ca ‘%}’ ": © 3-D calculated
(s) simulation first simulation first (s) simulation '{? simulation first
(s) motion (s) motion (s) qulOll (s) motion
(%) (%) %) (%)
800m explosion
Model 1 0.2925 0.3091 57 0.3076 5.1 0.2825 0.3103 9.8 0.3100 9.7
Model 2 0.2925 0.3014 3.0 - - 0.2825 0.3027 7.2 - -
Model 3 0.2925 0.2954 1.0 0.2920 -0.2 0.2825 0.2957 4.7 0.2948 4.4
Model 4 0.2925 - - 0.2876 -1.7 0.2825 - - 0.2884 2.1
Model 5 0.2925 - - 0.2816 =37 0.2825 - - 0.2816 -0.3
Model 5-2 0.2925 - - 0.2932 0.2 0.2825 - - 0.2836 0.4
Model 6 0.2925 - - 0.2984 2.0 0.2825 - - 0.2838 0.5
700m explosion
Model 3 0.2800 0.2765 -1.3 0.2772 -1.0 0.2675 0.2775 3.7 0.2784 4.1
Model 4 0.2800 - - 0.2692 -3.9 0.2675 - - 0.2704 1.1
Model 5 0.2800 - - 0.2636 -5.9 0.2675 - - 0.2648 -1.0
Model 5-2 0.2800 - - 0.2756 -1.6 0.2675 - - 0.2660 -0.6
Model 6 0.2800 - - 0.2726 -2.6 0.2675 - - 0.2676 0.0
(a) (a)
15T e S — : N 15
3} P(T=0.29255) : ©
= : ; B
: — Yy :
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Fig. 16 Seismograms of 800 m explosion on 3-D model 5
-2. Notation is same as Fig. 9.

17 ETNE-2 (ZXRIT) OFEMER. FEHEEE L 700
m, TRAFEFEIRERLC.
Fig. 17 Seismograms of 700 m explosion on 3-D model 5
-2. Notation is same as Fig. 9.
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Fig. 18 Snapshot of displacement divergence calculated
with explosion of 800 m deep on 3-D model 5-2. (a)
0.2520 s after explosion, (b} 0.2772 s, (c) 0.3024 s. Nota-
tion is same as Fig. 13.
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Observation and interpretation of microearthquakes obtained
in the “Deep-seated Geothermal Resources Survey” Project

By
Toshiyuki Tosna', Yuji Nisur* and Mituhiko SUGIHARA®

Abstract: The hypocenter distribution of microearthquakes in 1997 was compared to that in 1988
at the Kakkonda geothermal field, where the "Deep-seated Geothermal ResourcesSurvey” project
has been conducted. A seismic network was installed for monitoring microearthquakes associated
with the geothermal activities. Although the total numbers of events in a year were almost the same
for both years, seismic swarms that were seen at several times in 1988 were not observed in 1997.
The seismicity in the reinjection region became very low due to the decrease of the reinjection rate
in 1997. Compared to 1988, shallow earthquakes at the western region of the field and deep
earthquakes at the southern region were observed more frequently in 1997. The change in the
hypocenter distribution may be related to the change in fluid flow patterns in the reservoir. Since
the coverage of the seismic network was small due to the steep topography at the Kakkonda gorge,
the uncertainty of the hypocenter determination was high for the deep earthquakes. In order to
improve the location of the deep events around well WD-1, we installed a new seismic station at
Matsukawa, about 4 km NE from the Kakkonda power plant. Although no deep events occurred
during the observation period, calculation errors of the hypocenters became substantially small with
the new station, showing that a seismic station far away from the networks is useful to improve the

hypocenter determinations.
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