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Geochemical Features and Genetic Process of Hot-spring
Waters Discharged from Deep Hot-spring Wells in
the Miyazaki Plain, Kyushu Island, Japan :
Diagenetic Dehydrated Fluid as a Source
Fluid of Hot-spring Water
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Abstract

For identification of diagenetic dehydrated fluids as source fluids of hot-spring water,
we conducted chemical and isotopic analyses of waters and accompanied gases collected
from hot-spring wells in the Miyazaki plain in the fore-arc region of Kyushu Island,
Japan. Interpretation of systematical relationships appearing among chemical and iso-
tope data, and geochemical estimation of hydrothermal temperatures of hot spring wa-
ters revealed two hot-spring water source fluids in existing groundwaters of meteoric
origin : squeezed pore water from marine sediments, and hydrothermal fluid of unidenti-
fied generation stored in sedimentary rocks. Geochemical thermodynamic evaluation of
the unidentified fluids using representative hot spring waters indicated a dehydrated in-
terlayer water from clay mineral (smectite) at around 130°C. Furthermore, comparison to
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results of a geochemical analysis of accompanied hydrocarbon gases and a geological
consideration of genetic process of the source fluids of the hot spring waters implied their
origin at different stages during the burial diagenesis of marine sediments. An important
result obtained from comparisons of the chemical and isotopic data on some geochemical
systematic diagrams is that hydrothermal fluid of hot spring waters in the Oita plain, also
located in the fore-arc region of Kyushu, apparently have a different origin and genetical
process from hydrothermal fluids of the Miyazaki plain.

Key words : Miyazaki plain, hot spring well, hot-spring water, geochemical feature, origin,
diagenetic dehydrated fluid
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BRI & L TORBKIRIAEZEER T 5 12012, JUNHIG ORI A& 4 % Bl
TP CHRHI & NIRRT SRR AIBE A 2 ZEREL L, b - R 21T - 72, IRRKD
1L - [FNA 7 — & ORICEIN 2 2R BAR O ARFRP, LR IC & 2 BUKiRE O#EE
FER S, RKEFRM T /KO M 2 A ORRERFADOEEZBED 2. 1 2 3HEREYFR
SHEHH SN 2K T, &5 —2 BHERE ICHE SN 2 RERRIHOBOKRATH 5. KA
A ERET 2IERRBKICO OTHEFET )RR 2 1T-o 70 & 2 A, ThldB LT 130CicBL
T+ (R 227 54 8) OERI» SHIES Nk EREE T3 2 ERS . 51T,
{IBEIRALIKTE /T 2 DO HIBR LS HIRRITFE SR & o iR, TRIRADIRIRIAR O RRIRNIC B d 2 B 0178
FEABLT, 2 HEAORBEFERA GBS OB FROBEO R 2 X 57 — VTREL
7ebDTH B EME L. [\ U < SUNHTT O FiEHEI AL 3 5 Ko FE O iR R TRBUK R A
13, AFFETER LWL S OHIEM(LY v 2 7= 7 4 v 7 X ETOHERKRS» &, S
DEFEBUKFA & R SEECKRRE 5> bO TV LR SN,

F— 7 — FBEIEEE, R, mRK, LR B, sk A

. FC&®IC

IR, B LW KLEE o KR iE s WIEK ISR Ic B W T, FEuHFEEIck > TES N3
[RZEREIRR | OBRMBEAICITONT WS, Z 0RO I E <, Zoducid, —i Rk
WOME FRROAICE > TREZBLEEZEZ ONTEXLEFBOEROEENTEY BIZT,
1EHg, 1973), £ oD%  SHIEGIREEP 0 LIS, [EREEVK] (BIAR, K8, 1982) &IF
N CT—HEERICHR SN, £ 2T, R OHIETIE UiAD S rcim/k ol Rk 4 e
ETAEEMARID RIRK THDESNID, RS NRAE FVICERE OIS 25 < 5]
EOTFBM0A Xy RO s oy, HBWVIE, A - RIRH R OWFFEREEE TR <
MLOHISNTONIREEK PAK) ITHEPEL S E T AMH - T, Frcisd 207058
FMLS 750 5 o fe iy, BHOHED & & BICERBAVKOMR IS WAL L, fERE L TklkR
RECESCHBENEWRERB S h -1z, £, BERO—HE L THIBMLFE O RICE
D EFontzEbdoh BAIE, —EDS, 1974 ; Takamatsu et al., 1986), ZH4 2 B4R M
TR A HUESF B IS AR L T W icted E b 205, IRIAEFTEd 2 EITIRI T -
7o, TOXDICHERHEFVER LIS > EDOEEICE, HAXNKUETHY, HOERDK
AR 2R E T 2R EYD, KINERRAEIC B O TIEKIERREFEFH T E VS &b
HoteTh A, FREIRIE, BEREPIZT 7 b=y 7BBICH2=2—Y -5V FIZBLTH
A 5&9T, BIREOCIIRNRLAS 212 hhrb 59 (B2, Giggenbach et al, 1993), % ®
WFe%h 7 + 0 —TE BREOMEE DBV E VI EREN S L. AARTS ) FEBUKEIRRKD X
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A YA T OEUKE LR S AHIEGRIZ, #AVETIE, Static geothermal system & % Wi Con-
ductive geothermal system 75 & EFERRE 1, #uk i formation water (Hif&7K) % connate water
GERZK) EMEEN, & U TREMROE~ Th<h o XU aNTE/ED H 5 (FZ1E, Frape
and Fritz, 1984 ; Motyka et al., 1989 ; Pauwels et al., 1993 ; Davisson et al., 1994 ; Lodemann et
al., 1997 ; Worden et al., 1999 ; Kloppmann ef al., 2002). & Di5E=icd, FE+ O ARERIEK LR
THO OGNS T &, KEFEHEROMBEWIZENH LD TIIBVNEELLNS.

PIbD &5 IR oHicd - T, BATIIRDFEHORBEHKD I & <t s nicflo—>
THhHsEEbn BIAE, BH - Jekd, 1981 ; FH)I1 - Jbkdd, 1985 ; Jbkd, 1987 ; Lk - JIIEF, 1991)
e b bR 7 — o E LS R TR S 5708, BFEMETTRRE W R vk OkEFIC B4
BT EIT- 12T ENH B CKIR, 1996). £ OHIEDIHIAR, Seib Lick 575 [lH OHiRIc L -
TE» oNTTEERK] THO, FHTHHFrLOERREBEONLD - 7205, £ DRITIT » i fF
IRIR D IRFRZERINAR L (6%C) 1C& H L 72198 CKIR, 2001) %222 HREIIRAE T 5 2 &IT/1 5.
Z QW TR, BARE (LT, DIC &B4EDE) @ 6C LIEE ORGRY &, HEBEUKO G REYIEIE
DIC IZ FFEHHEIR D CO, bk~ I EIATIRA L TH Y, FFIC Na-Cl, HCOs BUKE IS N 55
Db DIT>VWTIIDIC DR &EAENEIMERTH 5 2 LAVRsn, RERKMERKDOHI
EHITHEK P HI T KA OHIRIC X > TRD SN T TEERKTEEVLDONH 5 T LAVRE
SNz, F7c, DICDIEE A EDBERIEIRZRET 2 FEEEUkothic, Ko [ER AR (6D vs. 6**0)
MRIKPHK EFRE 12 200 THEARE OV, FEMAVKICHIERMLAIIEER R P b
DEFERL, ZRBUKE GERAERICE W TEKILY ORI TRAT 5 BUKiE) o—>0
Z4 FICHkd 5 EFZ 2 (S, 2005). UL, EERBUKHRAESEROREFKE LTHELT
WaELTH, MFRIEL FTHH L TL 2RITHk A 0 LR » [ICARIISE %252 5 IR &
D, BROEFKEL >TVWBEIEEEIFT S ENBEETHEVT & BBBICHE v, [ERkaE
HIIMIER (2009) THHENTHBL, 0T & RBEFEVKFAZREST 2 L5 ERKOHIER L
FHIHEEREDERRE OIS T 2 @R ERS BV &5 b PETE 5.

22T, fhiebid, DULEEEEZT, ABIER LD & - LT (200°C, 2kbar DI THRAS
5 LV N B ealkiiik HERY) - HEREE ORI ER TRAT 2 BUKiiil) Z RSB A &
LTHERL, KOVEHOFEBEKE 0EREZIPSIC L, B TESBKRAREDOERKDOFES
KOWTCHRLETITC LWHIHEELEZT &I Lc, £ LT, TOBRITBVTIE, BITERKDOH
BRLFH 7 — & ORFRHERNDOIR LS LELETKROOE 5 T E75<, T OHYLFRIEAIBLEL,
HVE Y - SR PR TR 2 AS A S ARG U CIRRIERRIA ORI D W TS EE T 5 2 &
iZl7e, AWigER, £E LT, TORAOFHFES (RRERTE E L TORBBUKiEOTER) 1<
L12BbDTHY, KOOFHOREIITHIE L, JUNKREERICEET 2 SR 2 oo gitisic i
EL, OO REEIRAIIH D St 2 iRk KON 2 DL - [FRHAS T &K L,
Jontc7 — 5 O, BITEROBRPCER D S, HtilkitAkzkRe T 2RRKTH S &
DitimaiF/cDT, T ICiET 5. £, HERERTEHILV DL OHKILFE Y2 T7=T 1 v 7
X TR FE OIRFIKD T — 5 (FH S, 2005) %GBkt R ORIk E gLz & 25,
FEESEKARE Db DTV EDRFIRICE > cOTEDE THET 5.

2. BEMOFEREHEGE

2.1 HIRXRME EFAERRAOHE
FENR & LIRS & 5 H PR 3, IR RE D S BRI 221 T O Hn#HR R OFILK 60
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km OFFICIAD 2 N LR TR OEEOKREWIEETH 5. BIF-EFOELEYE (Fig. D
i, BBLRMIZIOHE L, Achgrits S giiET i o dEakE cisk s N 2 ZiIREE D, 5150,
#9550 AR SRR LIZ LW, B E 755 72 b ODBEIREE TH 5. EIFEHZH DT & 51
ST BIUMN LI JEPEER) & BIF L (FEER) (&, %A » O s =2 IEEIc Rk S A
IVT Ly I ATHRS N A TRER LD LD, PR CEERBEO TLcamL, Thic
Lo RESICEDNTWS (B2, HES, 1998). 7, AHUSO & 5 —o0ktald, KiLEiE
L 0 R OTEUR & FFEN B, HBIUTIZA - TH S KITEHOFEL < 7 < BB OERRE R S
BOWHIICAIE S 2 & TH 5.

FIFEEEO DRI BKIEHE R A ZHDFGE L TB D, < OEEIEIF O o 1c b3 S BT i
PO HMMIC W 2 EANCB W T INE THE K DT EIS T &7 GaRS, 1990). 4F
12, —w A U & A (LX) TSRS D SN, RIRA 2 DAFEN
ThnTwa, REAZOEERE I A ¥ v (CHY THO, SWEE2 b oHEh TENBE DS
WHETRZK (D AK) ISIEHAATE D, T D& 5 &R EE O N KBS KIRA 2 IR D—> D
BmLanTws., zoEESEET AN KIZRFKEABSH, BRELTOFHAbINTEL
EVOBEENH O (FIRE, 1993), 4 TEIECHAH» O REA 2 LiRFKOMG L, (ERIC
LTV ELEIAbHE. COXHIBILENTRICHD, FHFHCHFREIICXVESNSE
BklE, ENbEBRBICAaS SN AEKEROMBKTHEEEZLNTEILLITHE, 20
— 5T, BIEPE EHESKNOMICAIE T 2 k& E L o +2ERt oGt REKFEA
* v ARFEERS E L CEUBILROBEOEENF O N TV (IR, 1993), BRI 55
ICEN TV,

bR BELER O B Fig. LITR L 18 RFTH Y (Fig. 1 0@), BHEFHESETATL
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Fig. 1 Locations of investigated hot spring wells (@) and sampling sites of river waters ([) with
surface distribution of concerned geologic bodies in this study : Miyazaki group and Shimanto
complex, and the Quaternary volcanic front (dash-dotted line) and some active volcanoes (A).
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Table 1 Brief summary of hot spring wells

Well Depth of Depth of screen Discharge Discharge rate Discharge Si0y*

No. well (m) head (m) form (L/min.)* temp. (C) (mg/L)
1 1700 ? pumping 250 46.3 28.2
2 1200 ? pumping 549 45.4 32.3
3 30 ? self ? 15.7 52.2
4 480 ? ? ? 19.3
5 1000 774 self 625 45 .4* 95.9
6 800 711 ? 380 43.4 18.5
7 1300 805 ? ? 43.3
8 750 640 self 182 35.1 31.9
9 1300 1150 pumping 410 38.5% 29.5

10 300 ? self 300 22.2 18.7

11 1600 ? pumping 104 n.m. 33.9

12 800 ? ? ? 50.4 77.5

13 1200 ? ? ? 49.8 64.3

14 1000 ? ? ? 35.0 26.5

15 1300 ? pumping 50 43.0*

16 1500 ? ? 146 37.3 89.2

17 1200 ? ? ? 16.1**

18 7-8 ? self ? 23.7* 19.3

Remarks) *Data referred from the public data tables (Onsen-bunseki-sho), ** The measuring site

is far from the well. n.m. : not measured

oA, BRKRHHERS EORKRIEMREZ £ & T Table 1IT/R L7z, HEE OB IZ 970 m
THAHD, 1000m ZHA 26D, ZROFVH AR 1700m TH-7c. 2DHIchH->T
JEHIZERE O fid THRWIRRH No. 3 (EE=30m) 13, o4 HARBHOILRE - 2 b 0H, HEHED
R AFEICHENIC L > TEONLb D TH B, £/, THICHRET 3 No. 18 b, Bikd 3L 91
IKE 2K DEIRHAFARE KT 3502 W &0 5, ERRICLIFIZBRBEL TS - - alfetnid
D, T OFHEITIEH NREOHIFTR A T HIERE O FEAEIRE SN 5. FHER RO E
13, No. 16 2R, FEIREFEDDMED 5 W IdiE & ORI Y72 - Tw 558, mRH No. 5,
No. 6, No. 11, No. 12 DFLE GEEZZ 21 1000 m, 800m, 1600 m, 800 m) 3P4 BRI £
TELTVWS LOERASHB IR0 A CE B, BRTFEBRERERC T TR, ER
HNo.16 D& Hic, M TREHICHET 256655 L2RELTWA. 1k, WEH No. 1
DALE S ZHEHIMHI TR, KD 2 Hicigdls 27 GEE=1701.7m) 37, X514 A0
LR S, BREEHO TG HOFENHER I N TV S GRS, 1990).

2.2 EEEHHT

Ao 18 RIFICHB VT, FRHEERKOERE & pH 28 CHIE L, b3 - LA iR Rk
BRI 7o (B M D, ERAST G A S 280D, %7, SREEKSEE LT
Tk A 4 HiSTERECL 7o (Fig. 1 O, (BEA 2 ASEREUT & 2RSS - 7R H No. 5 BX O
No. 6 TIF, KEE#HETH ZRBOWMbIT-17. # 2R T 28w 75 A0 H 5 2D
BORRKE & GICERIL, & - (RERICE Y 5 2MEZRESE, 75 408D EEINIE
RAKTY— VSN a X5 LTHKEER L, ST 2 ojfth & BXTERER V7.
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BRKDIFEAT TR, FEESITINA, Li & B OEENMFE2FE L 7z, HCO; 2B < FHSY
(Na, K, Mg, Ca, Cl, SO) & Lildf4Avsu< 7357 4—7T, BROPWEEE (725 v H
) T (KRS, 1995), HCO; 13 pH 4.3 7 v 4 U EEETOHT Lic, OWREEER, L h btz
WKL THIB RRERMTH 5. RRKDOERMAEDMrE LTI, KOKFHEEBEZR ORI A (6D &
6%0) DHMIE%, The stable isotope Laboratory, GNS Science Limited (=2 —Y—35 v F) {#
BORERNMAEERSHETEH O TT- 7. BIERE L, 6D & 60 oz iz >V TE1.0%,
+0.1% THh 5. 1B, EFEKEE No. 11 & No. 15 1d, WFhbFRKTH BH, ZhEh, IR
SNhcbo, REXDESBNIIGITICERE S NITKS v 7 iifbonThicboThy, KE
TEORWEIKTE BN 70T, CLIEEDADF—sH#RE L.

R A 2 DAL T J1S-2301 [ R IR ORER 4T 2 DEER T ] IcED &, il & RS
(B BAfREARE DA R 7 m< b 75 72 HWT, RIWK#E (CH~CsHs) XU COy Ny, Oy
DERET- 1. BEZOHIREEL, CH, & Ny id+0.1%, 0, & CO, 13+0.01%, CH, LIS DAL
KFEIZE0001% TH B, £72, &EN D CHy, CHs CO, DERFZLTRAIEHEL (6°C) %, [
FIRED AR 7 v = b7 5 7 RBERTILERSE & (2 [F AL AR & et THIE L 7o AERRE I
+02% FEETH 5.

3. & ES

MRIRK, MBI 2B L OSHEEPK GIK) oL - [T OFEHR%Z, Table 2~Table 4
R AFETE, o7 - ROTREE, BOTREEL, LR FENARIED IR 51 2 R
ISBAfREtR L, Th o ORIRORZ®E L T, EREFRRAOHER, RRKEKICE T 2k

Table 2 Analytical results of collected hot spring waters and estimated underground temperatures of
hot spring waters

Well pll Na K Mg Ca Li Cl HCO4 SO, B 6D 6'%0  ONa-K-Ca*
No. (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (%) (%) (C)
1 7.4 4920 47.4 14.8 966 2.0 9450 49 n.d. 48.4 —12.5 0.03 98
2 7.8 3240 15.9 21.4 83.7 0.67 4690 447 18.8 41.7 —29.0 —4.01 84
3 7.4 4780 38.2 41.4 214 3.9 7650 444 20.2 1.9 —21.7 —4.00 100
4 8.6 2170 9.1 n.d. 0.4 4.4 1720 2770 n.d. 22.2  —30.7 —1.90 105
5 7.9 2950 24.7 9.3 27.2 2.5 3850 1160 n.d. 150 —17.7 0.47 109
6 8.1 2060 10.8 2.0 11.3 1.1 2200 1590 n.d. 76.7 —22.4 —1.72 92
7 7.7 4340 29.9 30.0 113 2.1 6740 467 n.d. 150  —10.7 2.97 97
8 8.4 1510 2.8 n.d. 5.6 0.67 1550 1200 n.d. 20.6  —31.6 —4.50 60
9 8.5 1640 3.9 n.d. 7.8 1.1 1790 1200 n.d. 40.7 —31.3 —4.23 66
10 7.8 9650 24.1 95.7 254 1.2 16400 156 n.d. 4.9 —4.0 —0.95 68
11 na. na n.a n.a. n.a. n.a. 2430 n.a. n.a. n.a. —25.3 —2.53 —
12 7.3 3340 65.0 11.5 69.7 5.0 3590 2920 n.d. 199 —14.5 1.92 139
13 7.5 1850 28.8 1.0 29.0 2.8 1710 2020 n.d. 83.8 —25.4 —2.42 127
14 7.9 490 7.6 39.9 72.0 0.47 707 424 n.d. 9.4 —38.7 —5.97 103
15 na. na n.a. n.a. n.a. n.a. 5080 n.a. n.a. n.a. —9.8 3.64 —
16 7.5 3950 27.3 3.0 1.6 6.1 2330 6170 155 286 —6.2 4.03 124
17 7.3 10500 81.5 152 351 1.5 18500 223 n.d. 1.1 —6.3 —1.49 106
18 7.3 5520 42.3 64.5 243 4.2 8000 323 n.d. 4.6 —15.4 —3.37 99

Remarks) Sampling date ; Nos. 1-4 : Feb. 11, 2004, Nos. 5-11 : Feb. 12, 2004, Nos. 12-16 : Feb. 13, 2004, No. 17 : Feb. 15,
2004, No. 18 : Nov. 1, 2007, n.d. : not detected, n.a.: not analyzed, *: derived from the Na-K-Ca geochemical thermo-
meter mentioned in Nicholson (1993)
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Table 3 Results of isotopic and chemical analyses of
surface waters collected from rivers

oD 60 Cl

No. Name of river (%) %) (mg/L)
a Hitotsuse —46.8 —7.37 1.8
b Hirowatari —41.0 —6.59 5.8
c Kiyotake —41.1 —6.60 29.2
d Ohyodo —44.7 —6.93 11.6

Remarks) Sampling date ; No. a : Feb. 11, 2004, Nos. b and
c: Feb. 13, 2004, No. d : Feb. 14, 2004

Table 4 Results of chemical and isotopic analyses of gases accompanied with hot spring waters

Well CO; N, O, CHy C.Hs CsHs 6"C CO, 6"C CH, 6"C C;Hs

No. (%) (%) (%) (%) (%) (%) (%0) (%0) (%0)
5 1.01 8.24 0.89 89.84 0.02 n.d. —5.1 —45.2 —26.3
6 1.16 4.43 0.29 94.09 0.02 n.d. —6.3 —48.4 —32.7

Remarks) Sampling date ; Nov. 1, 2007 for chemical composition and carbon isotopes, n.d. : not
detected

IADRGEIR, EIRRIADEREICS> W TOIEHRITH 24 5.

3.1 EEAFLZERS

FHEAFAFED ONF— 5 %, A4 v, B4 v Z2nThoflEX Eic7oy s Likcbd
%, Fig. 21T/ 9. iRRH No. 1 & No. 14 0P FIANESED S50, EEEA 4 g7 vh Y
Jt% (Na, K) TH 2 ENMET 2 TH D, B4 4 v OMEKICIEDS D Db 5  Ehnns. B4
& VHIRR E OO E o ORI B KICHERT SO cZ Lnw T ETh Y (RHEShBVHEDOMIEEA
L), IR T DIEBGERRIC B W THIB DR ITIEREE MIC@E» N7 T E 2R LTV ED, IRADF:
MICLICEC O S HCO ILEL b0 TRAAHICRBEMM B CHELET S ETHD,
ikl 4 4 VHEY DL EEMEIE HCOs/Cl DWW L > Thic b aNTWA, 58, FERA 4 v
THHTVA ) LED B ERL VLA Nan b b0T, IERKDKEIZ, Na-ClH, Na-Cl, HCO;
BMBLUOZOHERE LTREHEIN S,

Fig. 3 &, {HE/KD HCOy/Cl &S (TDS) BRI TE LK TH 5. RN (3T HHE
X (Fig. 1 %) ORARHZHOMAKD 7= 5 (18H, 1979) bRLTh 503, LDk O
TR E Ntz Na-ClEKE iR EK (No. 10 & No. 17) 32 DhAKE BL Uz SiEsSDKTH O,
WK ZEBEORFETHERKTH S EEMREE S, —, LK HCO; IcE L Na-Cl, HCO;
KB ORRKE, 2 AKHISRRKICHNTHSDITIESOLIEVWIKTH B E WD T ENGD
3. ZZTRIT, TOHTH HCOs & Cl DD 1 ITIT W —HFE DR R /K %2 KE AL D Bk BB 1 &
BHIRKICHET 3K TH B L& Z, FEIRTIE HCOs/Cl M « TDS R £ /R 4R E/K (No. 1, No. 2,
No. 3, No. 7, No. 18) @7 1 v M4, Th&rAKKNEERK (No. 10 & No. 17) EDRAT
AL LD Ed B EECHHTER Y (KicR LRSI E OMNERKREZ2IR). d8bb5,
[H R KA IR DK & #EKICHIR S 2 KO EAEB L U205 DRE | TSR ORR KDL D 37
LAMIAT 2T EMTERVWIEARBLTWS, DM, RETTRTKDENEHEE R 2 C
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Mg SO,

¢ Hot spring water
B Modern seawater

*om R Na+K HCO; 60 cl

Cations Anions

Fig. 2 Major cation and anion compositions of collected hot spring waters in Fig. 1 with modern seawater.

10

Ca

HCO3/CI-

0.01 ®p

Modern
seawater

0.001 bt
0 10 20 30 40

TDS (g/L)

Fig. 3 Relation between TDS (total dissolved substance) and HCO; /Cl™ ratio of hot spring waters
with brine waters at Sadowara area and modern seawater. For the location of Sadowara area,
black-star (%) in Fig. 1.
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Ltk > CHHEL 73 5.

3.2 IKDRIRIAKERK

BRIKDIKDEINL AR (6D vs. 60) Z)IkdZEh & & bic Fig. 4 O £flicRd. T,
RRKD T — 5 KA v b OWN, O HCOy/CL I - TDS IBEA/Rd T EAVRE ik
#@R7K (No. 1, No. 2, No. 3, No. 7, No. 18) ZHIKE TR L7z, /K EZEEDEIRE 3 5 0 AIKT]
HKTH B EEZ ONZIRRK (No. 10 & No. 17) 1, #BIEHERY O REIBiEK oM EEFIC I E
N0 DRI SHEE S Nk TH B T EARBE LTV 3,

—7, [ & 72 A ) HCOs 1IC&E & Na-Cl, HCOs BUKE iRk, thifi7s HCO,s/Cl b -
TDS % R4 iRE/K (No. 1, No. 2, No. 3, No. 7, No. 18) ZpH L TR TA 5 &, KAKEFEDK
it T 5 —DDOEMLICHMNT ST EMHMAL 72 (K L e BRI R/ N 3821 & 10
ERTH D). T THNERBERIE, £h 50l EK (No. 4, No. 5, No. 6, No. 8, No. 9, No. 11,
No. 12, No. 13, No. 14, No. 15, No. 16) %5, KIKEFEH F/K & Bg/Ki< LT 60 23, »o
D DIXWVERKIRIFD K & DIREICE » THER L TWA T ERBLTEY, [EELIEARKIZ D
vs. ClIEE ORIRX F (Fig. 4 O4AAD 126N TWS. 6D vs. 6%0 NOESRIRELR ICIEET 2
No. 2 & No. 7 DiR/KIE, 6D vs. ClIBERIORARIGRERR Ficid e <, mERHERYIRRA S Pkt
SNk EREE 4 5ERK (No. 10 & No. 17) OfiicFn T3 &h b, TN EMKARHD
K B OVIFTIKEFEHT K E DRGICK > TEK L TWE ERE ZENTE 5, FEREERIE, |
fEf) 75 HCOs/Cl H - TDS A /R 7R E7K (No. 1, No. 2, No. 3, No. 7, No. 18) 2>\ T &i#H
TRETH 0, MZHIOIRRKIL, KAKEEHNK, #EHEREYIRERS OB & ik, Bk
IZHAT 680 23E <, o 6D DIEWVEIKAREH DK D 3 FEEE D /K ZEF/KIC LTV 5 AR S
V., IREITIR, COMRMBEZYTH ZhEI I, MERDOF— 5 EZHWTE ST 5.

& 180(%o)
-10 -6 -2 0 2 6 10
10 1 L L L L L L L L J _ M d
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Fig. 4 Relationships of 6D vs. 60 and 6D vs. Cl of hot spring waters in Miyazaki with modern seawater,
river waters in the study area, ranges of pore waters of marine sediments and andesitic volcanic
steam. For data points shown by open diamond (Nos. 1, 2, 3, 7 and 18), see text or refer Fig. 3.
Ranges circled by dotted lines indicate formation waters shown by Kato and Kajiwara (1986).
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3.3 WEAFLFERS

CZTHY FiF 3B &L, HIBEGHERLFESEICBWT Cl & & bicaiatEms (Soluble group
species) IALEfTH SNTVEILRTHY, K-SOMHAEIERICBVT2RNRBELEZZTITd VW
D LEFBF SN, Cl & & SITRFKOFEHEE PRABEOEZF R s Twa (Giggenbach
and Goguel, 1989). ¥ 7z, B-Cl D#lA b E L, RRKOITEREEDMEICHN THIEINTH
0, HIEGIFRICB T HLFFEE TR MHS N HECHA AT ATV S B, Kb,
1999). T I T, FIHHIT, \WRKD B/ClLILIZ>WTHY LiFsZ Licd 3.

Fig. 53, #R/KD B/ClH%E 6D BRI TELAKTH 5. B/CLIIE, Sl bk
12, ESRKDIHEREE M58 TH b, CLIEREH 100mg/L 28 A 3iER/KIZ>WTIE, B/ClLH
(B =01 OES FHER ST, 01~001 OBESBKLETIIFEIN TV IZbD, =001
DIEFKIIMCAHKEEDHKEREET 26D TH S E2MaNn s, o 6D vs. B/Cl HBIHZEN
Lie7e o b EnLBERKOF - 513, SeOKORILHARHE (6D vs.6'%0) 3 X U 6D vs. Cl JEFED
BRI A F O 7 i s SHEE S NI hINARHOKAS, HEE S hIcif s T b Th b T &%
FBLRL, AbET, T TORTD oM RB SNz & H T, EBEHERYRE, S sk
MR DS MG IR O IR SRRk D —> & L CHFET 2 T EMEENTH S T EARLTVS, 1,
HCOs/Cl tt, TDS iR, KOFEIR A, ClIBEO2TICH W THREER L fc—HORR
7K (No. 1, No. 2, No. 3, No. 7, No. 18) 7%, Lid 2 O IEREHRK & KRR N 7KDRE I
o THERLTVWAERTELIELRYTHAEIELRLTVA.

Fig. 6 (ZIRSR7KD B-Li-Cl OHNHAKZH L7 bDTHBH, T TbINFTERMBL Y 2T
~ T 4 7 BRERBSE TN G, HIS, MIEHEEYIRRD SHEl s ok Eiic g 5 L S
N7k (No. 10 & No. 17) 3, N EBEMTICBRT 28K E & bic Cl 2 —F —fhEicH

1
19 o
Source{l_u b Sedimentary rock
. 13 4 1§’ reservoir
° ® s
A LIRSS s PR LR LR LT
= ¥y
% 14¢ Voleanic rock
£ reservoir
(5 0.01f=-mo e
Q o Squeezed pore water
o E from marine sediments|
£ :
S » 18° Fossil-seawater
0.001 |- groundwaters miXINS > @ /loriginated from
3 Modern seawater
seawater
0.0001 ! L ! ' .

-50 -40 -30 20 -10 0 10
6 D(%o)

Fig. 5 Relation between 6D and B/Cl ratio of hot spring waters with modern seawater. Discrimi-
nation for origins of hot spring waters by B/Cl ratio shown on Y-axis is done by means of an
authorized geochemical method described in Inuyama et a/. (1999). For data points shown by
open diamond (Nos. 1, 2, 3, 7 and 18), see text or refer Figs. 3 and 4.
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Source fluid?

Squeezed pore water
from marine sediments

Modern
seawater id
&
/ i

Cl Lix2000

Fig. 6 Relative B-Li-Cl compositions of hot spring waters with modern seawater. These
elements are classified into “Soluble group species” recognized in Geothermal geo-
chemistry (e.g. Nicholson, 1993). For data points shown by open diamond (Nos. 1,
2, 3, 7 and 18), see text or refer Figs. 3, 4 and 5.

L, HEREETcir s hTuic SHEE s kRO KIC R T 5152 7K - (No. 5, No. 6, No. 8,
No. 9, No. 12, No. 13, No. 14, No. 16) (&, —f] (No.4) ZfpE, Ba—F —fhicEFzh, W
BAK ETHIAEICX SN E0WHTETHS. S6IT, BRESA 7ORRKIZOVTS, Fig. 5
D BRI & N BRI AR Dk & EHERIREIR D SHE S ik E DIRAICL D AR T 2 L& h
7z No. 1, No. 2, No. 7 1%, B 72—+ —fhicEF 2 RARHOKITHR T 2RRKD 7 0 v b il
M5 Cla—F =[5 KoL, HEMEVIERD SHi sk e OREICK - TE
%3 % & X7 No. 3 & No. 1813, Li 7 —F —fhic RAKEFRH MK 073 5 & W 5 TR EL
NTOBVEDITENDORAZZITOE EWETEEV, D5 & SRAHDOKE DRAR
Ric@mnwl LEzRHTETVWE, 4B, ML LTSN No. 41c>0WTiE, Lia—F—
T KK T K234 2 &0 5 T EMIE LT UL, BRI O K A~FKIKEJEH N 7K A5HE2Y
ZERIES > TCTELLDEDMBRNTE 5.
ST, VU bEo—#HOfrick > CHIHLZNEA2  CT—EEBMI L L, ROXHICEFEDHDT
EMTE B,
CE IR O NI 3R SR ORFRA & LT, RAKRERITIK, EEHERYRR,» SHE s
1ok, HEFEE PRI SN TV KA OKD 3 FEFAD KD FAE L, TN odbEx 11E|
BTRAEL® > TREAKDPEKR LTS, |
22T, RETREE L TRRNAHOKEZRD L, = OESMEREOIRIAZTT > TEIEFE O R
OEFREEZETHES S WEE I D, AEORKIC, HLFRE A SHEE & 1 2 ERKHE
T - 1O FUKEE) IKRONE Y2 F<TF 1 v 7 BBHRICO LTI, RO EHH
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DITT 5.

3.4 MYLFRE

LR R S 2 I B S OMREIN TV AH (fIlZ13, Nicholson, 1993), JFHEM & D i
1, HHESHGOHMO L SIGEHLTWAELS00NFRTHS. LrL, TOHICTH->T
Fe R EENIC I T & 3 T EDRERIICH S5 N TV A UYL FEETIC Na-K-Ca i E e 2id 5. I
KINHIRRICO B TE 2 E WS TEE E LR S WS, T OREF 2 > THE MIicB 1 27ER
IKDIEE (BUKEE) 235 L (Table 2), 6D & DR%RE R TH7-DM Fig. 7 Th 5. Fig. 7D |

160} :
: 12 :
0 i 134 o :
O 120F or ﬁ
= @ 4 <> <> :
[y

CT) - 6 PN = ()07 -
¥ 80} 0 _
g _ -
D B g 9 _
i A _
i Squeezed pore water
L fl‘om marine SedimEnts |
0 ; I i : | I 1
160} _

=1.47x + 161.6 (A |
: y 12 =0.9837 1 A A source fluid? :
i 13 P * ' -
2 | O 16 i
= - :
5[:3 80 B /'\ y:2_51x+145.1 o
> : 0‘5“6«3 W 12 =0.9521 o
B | o S, _
40 | ]
0 _ : - | i | _

-50 -40 30 0 —- :

& D(%o)

Fig. 7 Relation between 6D and the Na-K-Ca geochemical temperature of whole the hot spring
waters (upper) and systematical relationships between them of selected hot spring waters
(Nos. 5, 6, 8, 9, 16 and Nos. 12, 13, 14) by previous data analyses in this study (lower).
For the data analyses and the selection, see text.
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X, FHREICHER LT T — 7 DX A > 1CRFKETICOVWTD T By FThHH, 6D Lk
IR DT 3 FFICEAIE S BIfR (FHN I WY, BAIABA iR SRACTE K ICBIGR 9 2 — B D IRIKICER -
TH5bE, Fig. TOTRICRS NS X O ICHHRGERIGED ENDE L H 1T 5. Ribo Fig. 12 th
IKHKRLTWA A, EIFHIX & AFFX OHIR AEIC ZZESED 5N 5 T &6 (R &k H,
1978 ; FIFE, 1981), HEFHIX DR (No. 12, No. 13, No. 14) & EIFHIX DiERE (No. 5, No. 6,
No. 8, No. 9, No. 16) 501, TNENDF — & £ 4 v e L TN 387 TREIR 2 BT
L, TN Z2KPITR L7z, iEE 1T, 6D WREL 105 & & BITREDNE L 72 2O BIRITED
5N5. TDI &, Tho—EFDmRRKA RO MRREIFKIC RIKERHE MK EA L TH
L TOEEWSRREELSITH D, BRRAHORREERA DR 100 #+5 (130°C F2ED)
ThaHIEZRELTVAS,

4, % =

AETE, WIECHEENFELD ICESNRREERKON, MEAHOBUKRFICHEZRY, Z
naERET BERK (No. 12 & No. 16) OKEF — & ORI 2RI & - T, MEHEREYIR
BRfEK & IZHRDEIL 27EATH 5 T &R L, fThEA R OHIERLZE TS o VB A - S182F
PR E O &, TORHJMITHOVWTEET S, T LTHiIRICS, KO ORRKO bR
DS, EIEEE O NI & N A IRR OEFRAVKIRED RIS T 20 EI 0% F = v 7
L, b5 onicaaFiRmREZRE A 005, KOO T ICilfE & N 2 RROIFEEVKFRIA
DRI S W T PRI SR Z1T .

4.1 EFERHEKTRAEDKE

A (3 %) THAZRFE T X80 > Fo iR ORFEBUKFA O LR 2 BT 2 LiIkRD L5
12155,

(1] MBS IIEFEShLEKkTH 5.

(2] Bigk-OmgEHERYIRIBREKICH~2 &, BOIKEA, DICZ LW,

(3]  BilgrkPugCHEREYIRIB K ICHT, HRBEMKL, BICED.

W, BE R, mEANHLITHAEOKRTH SN AEKL (Mud volcano) % DIZEKICEERT 5
EFEZ LNTVARFEEESHUKSE (Geopressured hydrothermal system) OWEIcBWT, Lid
Fitk [2] &Humd 28 %2 bokbsfii s LIRS TR Y, HEFEY) - HERPS ARk 2 TE SR+
WOV EHSOTH B R A7 44~ (Smectite) 205 DBIKFEICHKT 2 EEZSNTVWS (Bl
13, Diaetal, 1999 ; You et al., 2004 ; Xu et al., 2006 ; #=[H 5, 2009 ; HHi, 2009). Z A7 ¥ A b
13 60~150°C I2BWTA 74 b (Illite) ~H#E:F L (Dahlmann and De Lange, 2003), Fig. 8 It
L7k DT, HEKo—H7Td 2 ERIKDBUUKRIGIT & > TKBPEHES NS, TOKMBO ITEH,
DItz LWy, TOKERFE I 2 BUKRKRPERKICIEZ O X 5 BENREES A v 7y v
FENBEEZONTVWA. £/, AAZ A FDEEIKDS 5O ES>DRHIZ, HESEDR—1 »
7 a7 » o ORBKO EREmEFEEREEE CaEEHM, 2009) » o bifEsn s Lo, KiEHT
HprEVWSTETHY, FicksE 3] ICfFE L, #@IE NOJRKILPHERDY), FE R AL HYIBE D
IKO—EBIT BN T bEE I EMBE ST WS (BIZ1E, Brown et al, 2001 ; Dihlmann and De
Lange, 2003 ; Haese et al., 2006 ; You et al., 2004). 753, Dahlmann and De Lange (2003) I3,
T F D WK ISP 25 B Bk bR O (B 21, Clay membrane ion filtration,

Ash particle alteration, Bigogenic opal recrystallization, Anaerobic methane oxidation 7% &)
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Smectite ———p Illite

expandable non-expandable
Tetrahedral \Bi Si/N\A/NSI/ NAVAVAVA ]
Octahedral Al,Mg,Fe Al,Mg,Fe) Li
(Al,Mg,Fe) o (Al,Mg,Fe) Li OH-
Tetrahedral B
= — = = = = s = FLFJ,nda_lr}lental
Interlayer 4] = = = = articie
1-10 nm I(@D H20 B &om
cations ) _ Li
= = = OH-
Fundamental / \/\/\/ _

R VAVAVAVAY

Fig. 8 A modified schematic cross-section of smectite and illite showing the crystallographic
sites that hold Li, B and H.O originally illustrated by Williams and Hervig (2005).

12 & BRI & ClLEEICHNAZ LI W TEREZMATVWAA, B0lcEd, DItz L],
ClIEE (SHEDEE) OEVIKOFE TR LI O BIKSISLIZMT 30w 2 2R L TV 5.

PiEo X 5T, RiETHRINZRE TS 60 - 2iRRORFEAVKRAE, bR (1] b sl
HIEMOED, AA 7 54 b OBERVKICHE L, RFEAVKGRIAOHEERE (100 51+°C) B2 27 %
4~ 54 MEEEFERE (60~150°C) OHIPHWNICH 2 EbHEEA, 2427 41 ~DERBIKD
KT & » THHHENKBUKTH B3 &5 2 & BRENICHTEYTH B EEZL D, £9THD
15513, FEEBRNORRE, FXITRAY T4 b1 54 MBEBESEITL, 2427 54 @
D SRR S > TOBRIMO T THE UK TH 5 T ENTHEINS., £ T, KT, Thn
(LB 2N 7200 & 5 DA EEd 5.

ZAATIA MEATA P EFUKEBRNLE S (FED 28EL, KERKD OIEEE /¥ S
A=FEFTBERAT 54 -4 54 OLEMEAERTK (Stability diagram) 2L T, =0
Kl EERUK TR 2T 35K (No. 12 & No. 16) O/KEF—% (K, Mg?", Na®, H™ Oif
B) #7700 b2 ETHRTE2EVI A=Y Ky 7 RBHEER- 1.

2.3Na-smectite+ 14K " +0.58Mg?" +1.790H =2.33illite +0.29quartz+0.76Na* + 0.86H,0

ZIT, RAT 74 b4 54 b OLEFIBEER R IKIE ) OTERZ KD 5 70D, PR DR
Ex25Z 2080860, T3 LR cHEE L BVKEEoEER WS 2 Litd b
2, TOEEEREROEHEA KRS EAT 0T, £, HEEREOEHLHEEIT - 2. 5F
Mo e LTid, Na-K-CaimEitDIA QMR CRUKRE 25T L, miEzid s & v
HSFEICE - 7.

B S CHEHER S O O CEER DI, AA 7 74 -4 4 ZORLIY)
offuz, ¥V AgEYIRS D, BELFEEBIIERE Y VA, 7Y R bNTA N, GREONEICE(L
ThLENTVWB (FZ1E, Aoyagi and Kazama, 1980 ; /K% « JkH, 1987 ; &Ml - NH, 1991).
ZN 5 DELFGIRE ZBEEICE - TV A D TRV, EIFRAVKFIKDHEEERE (100 $1°C) 4
D TRAENLETHZDT GEW - FH, 1991 ; Kyser and Hiatt, 2003), FIE/REE %4 > THL
IKEEAHEE L, Jticske iz Na-K-Ca BT X 2R & g L /2. SR I3 Fig. 9 1R&Sn
% £ 91T, mR/K No. 1212\ Tid Na-K-Ca iiafEAY 139°C D & C A, AEEEEIE 124°C, @RK
No. 16 iIZ2W\WTld Na-K-Ca J@EA 124°C D & 2 A, AFEEIR 131C &, MEOZEEI 10°CEET
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[ Christobalite( o)
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|
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Fig. 9 Comparison between estimated hydrothermal temperatures by various geochemical
thermometers using chemical data of hot spring waters (Nos. 12 and 16) closely related
to a source hydrothermal fluid inferred to be derived from dehydrated inter-layer water
from clay mineral (smectite).

Ho, IL—HLTVWBEEZ S, B, TOXCRAEREANLAD ) HiBEFTHZ2 ) R
NS A MREEFEIERE VY HRERT L OBFER OGO ETORL TH 20, A—EB 33K
U<, FrcdEsyE v ) 7R BHIEE X 0L, HOoPICAREGHEBHEE L > TV 5,

DI bttt itic & v, [LFETIFAEIC X 2 REEIC B T 2 PR ORE % 100 5+°C &4 5
CTEICHIEE VL EHIMT A ENTE, FROHYLFERERIC K > THAHEERE OFEE
130CAHHAWVA T EIC L7z, 130CICBIFBRAAY ¥4 b4 54 F DLRERBEZ/RTX (Stability
diagram) % Fig. 10 [Z/RT DS, A A7 74 b6 A4 54 b A~OBITHERICIEHE OIREEILY)
(mixed-layer clay mineral) Ok AR CEENICHED T EABETNIE, ZEEX FICEFE TR
ENFZAATIA =4 54+ OLEHEBIER IS 2BEDRE L >R TBLHAHEFEIEL T
W3 EEZ L, WERLEIZT By b ENEFEBUKFRAEZRET 2iERK (No. 12 & No. 16) (&
3 130°C TEHHED) 13, BIER A7 4 b4 54 + OLEMREERG FICiE L Ts, WIARHO
TRRICIFEBVKRIARDS 2 2 7 5 4+ @R S OFKRIATH 5 &35 2 LIFAEE TRV E WS FE
BElm-ie.

Zo&HIE, BRAHOBOKFENZ 2 7 74 b @R 5 DRUKRIETH 5 D IFEIETH 525,
25 THAHMU O, WML T IR [3] 12 5 B-Li-Cl A E TR B iC
BLEVIOEHEA DL ICHHATE AN ODLWTERLTA AL LITEETHS. Fig 8ickdb
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9oL
pH - |
5 /*’“'J::fr | | |
4 8 12
Log ( a’~’Nat )

a1.398K+ ‘ aO.SBSMg2+

Fig. 10 An evaluation of hot spring waters (Nos. 12 and 16) closely related
to a source hydrothermal fluid inferred to be derived from dehydrated
inter-layer water from clay mineral (smectite) on a stability diagram of
smectite and illite at the estimated hydrothermal temperature : 130°C
and stability boundaries of smectite and illite at 200°C and 300°C.

SNTVWEEDIT, Bld, AA7 54 FERICEMZTORWAIREE (B(OH)s) THEL, 1 5
4 Mok aERPKOHEH T & b2 - Tk (H0) &—fEiclgthan, RS 227 74 FERIC
HBLIZ, BAAYTHBD, 4154 MUtk ->TH KT EFU LB E 0PI 0 E
EZ2 oMb, —F, CLIZEEA A v ThH b0, v— v ) r— s EROABRORKEAY S T/ERH
WWRADIAHICL K, BEIKBFZRERITAESBVWEELTIV., Lic->T, AXx 754 b
&R & D BKFE DS B-Li-CLARL ECHIIIC BICEE T SRR L THELYI 32 &Th
D, NEHFEOBVHHEEZ 22 EWTEEEEZ 5.

4.2 FIEH ZH D BRISREREKRE

IR No. 5 & No. 6 2 SERELL 72 fIFEH 2 DAL - FNAT — & (Table 4) %, HFHIBRLA
S &N 5 Bernard X (CHy @ 6%C & CHy/(CoHg+C3Hy) FLOEARKD Eic 7o » ~L7cd
D% Fig. 1114, FXNCE, BEEWIE (gari and Sakata, 1989 ; J&45F, 1996) icigdianTw
2ELE, HrE, AfOSHIX TR ONIRIRATZDF -y bE&bE 7oy b L. TO Bernard
Mg, #RICEFNBRKZEDOF L Z DRE - BE) - 2kis & oYEr - (L2pisiE o g%
&3 T ENTEBHEMLFHHERO—>TH 5.

IR No. 5 & No. 6 DIRFEKIE, 227 74 FERD»SORUKREEZREE T2 —-Hoboics
FNED, TNODMEEN A (RALKZR) (FHEEI OB IRICE > THEK LD TH D (Thermo-
genic), HEEBTHRL 72 ONERFTNAT THEI L T/ LR N5, [Efks b - [RIRHARTIE:
WL MEEYOIER THE L 72 5@ (Microbial) 232 4 VL A3 CHLEL S 243, Table 4 1275
EnbLHT, £F 923 CO,DPCHCHDENERETSRIE DT EM D, ZOAREH K. H
X TEONTOAERATZAD T — 4 biERH No. 5 & No. 6 DfIFEA R E[FE U & 51T
%, OFEHIXOBERKbE/Z2 A7 54 MNaERD S OBKAREEZERE T 3HERKTHE ENWS T
LERAENTH B, —F, BIEHRBEYEREKERS 2 W2 oBe @ 0 7RSI h T
1L HEHIX P FTEHIX TR 5 1 5 KRS 2 D bKFEE, Fig. 1107wy MiE» 5, FELT
AR (Microbial) Td 5 I EFHAHN 5.
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Fig. 11 Relation between 6"°C of CH, and CH./(C,Hs+ CsHs) ratio of accompanied gases

of hot spring waters expressed on the Bernard plot, which is generally used for dis-
crimination of origin of CH, and interpretation of undergoing physical and chemical
processes of hydrocarbon gases. Data of Sadowara, Shintomi and Nichinan are cited
from Igari and Sakata (1989) and Igari (1996).

Pibo X5z, (1 CH ORFEOE N, EREFRRAOEVICSHIES T Sh, FEOFEHUKR
HEFTREROZYIEDFEIFEDO O EDITEIT 2 T EMTE S, 51T, —fFicid, Bisidif CH, 1Z
WAl CH, L 0 &R - M TRET s L T0wAE T E 7f)> 5 (f1Z1E, Claypool and Kven-
volden, 1983 ; Judd, 2004), 2 FEFHDIRSRAEIRTRIKDFREFREIE VNS 5 T LRSS, KE]
Difim T b T DEYEMNREINS.

4.3 BREFRREORBBREICETIBIAEIT

AR & - T, EIREH O M IcllF & 1 2 RR ORI, (1) EEHEREYFE & 0 PEH
XN Ak (squeezed pore water from marine sediments) ICHRd 3, YRR CH, Z4F 5
bDE, QKT IM (R A7 54 ) [EBEIKOBKICH#d 5 (dehydrated inter-layer water from
clay mineral : smectite), BV iEE CH, 215 & DD 2 NS 5 Lifams e, DR
WS S S e Sk TA B &, HEREEHIT B 0 2R ERER Ta A D SRS 137K (re-
lease of water from pores and hydrous minerals ; Kyser and Hiatt, 2003) B2 5% 9
THBHIENTFREING., TIT, TITHE, IhOIRRORERAZEEGBOETE D I ALE S
JTHEEL, ThoDRKRITH> WO THREEZED S EI1TT 3.

Fig. 12 3, 2 HOREREREZ 2 W2 nFKT 5iERK (No. 10 & No. 17 8L No. 12 &
No. 16) OHI FicH 1S 2HE (Na-K-Ca I X BHEEM), 227 54 b4 54 MO
HHpl, #CiR < & e CHy AERGREFIPH 2, MR O LE S g PR D Z i B &
DT TELICSDTH S, HEYOMKSEITTT 212N T, KEICHBERMERNL, =0
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Burial | Porosity(%)| Geothermal temp. (°C) | Smectite-Illite CH, generation | Na-K-Ca temp. of
depth | (Aoyagi and in Japan (Neogene) transformation hot spring waters
(m) Kazama, 1980) (Aoyagi and Kazama, 1980) (Diihlmann and (Claypool and closely related to
2040 6080 |15 50 100 150 deLange,2003)  Kvenvolden, 1983) source fluids
J”
¥4 Microbial
¥, .
- 1000 Y Smectite v o
60°C 4 :
H AN0-10: 68°C or below
- 2000 o
No.17: 106°C
- 3000 - ceaty> | AT Pore below
Q*lo. 16:124°C
1 Thermogenic
- 4000 {1 1 ®0.12: 130
! 150°C +
i Tllte <late>

[Rem] Geothermal gradients of Miyazaki and Nichinan areas are referred from Miyazaki pref. (1981) and
Fukuda and Nagata (1978), respectively.

Fig. 12 Estimated hydrothermal temperatures of hot spring waters of Nos. 12 and 16 () and hot spring
waters of Nos. 10 and 17 (A) closely related to source fluids inferred to be derived from dehydrated
inter-layer water from clay mineral (smectite) and squeezed pore water of marine sediments, respec-
tively, roughly connected to temperature ranges of smectite-illite transformation and CH, generation,
and average changes with burial depth on porosity and geothermal temperature in the Neogene argil-
laceous sediments of Japan with present-day geothermal gradients at Miyazaki and Nichinan areas.
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312



%59 & (2010) IR O RPREEIELRH 0> S 9 % i R/K O H LAt & kRl
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Hi L 7ok 8@ R 2 © ORiKRA AR & ¢ 2 BUKRIADO N L D b DITZ L& Wb 5 s
Ho, HFHS (2005) OEROZLUHE~NOFEIEE T EENTEE S, Lrl, fvl, T0kH%i
RFICHENBEZBITRINTHB O (RIER, 2009), % DFEE D 6D EO#E W FEIROHE W %
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TELTEXRVWIERBYL, 22T, 2T, ZTOMB-THOLEREZEMLTABZ EITT
3.

Fig. 14 1, KOFE & EIFEEHOERK% 6D vs. ClBUER ETHI L bDTH 3. KHOEE
DIRREEBUKFAZNRET 2ERK GEOFHADF— 5 R4 v M) 3, BIFEH O LIYE
D 5 DPKFRIAZ IR & 3 2 Bukiifid e (& 2 ERKITIEN, CLEEED 5 < <, BH
HEWELTHEDONS, 41Tk ST, & ClEE K tIYERKZHFTtELLD
T, ROVEORRORFEHEUKRA S £ 7ok T 5Eih o oBikiiikichkd 2 &9 5 D3
HAD 5. HEREWIEIBRHE KA L Ibr F- ok ic - T b, £ @ &5 R CERIK D ik Hs
2 C AAMHEM: & 75 < 130, £ DA, FINAFHE D 2L (6D Db & 60 DD dFiH T
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Fig. 13 Comparison between water isotope compositions (6D vs. 6'0) of hot spring waters in Miyazaki
(in this study) and Oita plain (by Amita et a/., 2005) with modern seawater and ranges of source fluids
of hot spring waters recognized in this study and metamorphic fluids.
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Fig. 14 Comparison between hot spring waters in Miyazaki (in this study) and Oita plain
(by Amita et al., 2005) on the correlation diagram of 6D vs. Cl with modern seawater
and ranges of source fluids of hot spring waters recognized in this study.
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Fig. 15 Relative B-Li-Cl compositions of hot spring waters in the Oita plain (by Amita et a/., 2005)
compared with modern seawater and ranges of source fluids of hot spring waters in the
Miyazaki plain. The attached figure shows relation between 6D and Li/B ratio for hot spring
waters in Qita having relatively high B and Li contents. Grayish thick long allow presumably
shows a compositional change path on generated fluids from diagenesis to metamorphism.
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