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Origin of Hot Spring Waters in the Gora Region,
Hakone, Japan, Inferred from Oxygen
Isotope Ratios and Major Anions

Kazuhiro ITapera”, George Kikucawa and Akio YosHma

Abstract

For hot spring waters in the Gora region of Hakone in Japan, origin of each type of hot
spring waters which were separated into six types by Kikugawa et «l. (2011), was
reconsidered mainly based on the oxygen isotope ratio and concentrations of SO,%", Cl~, and
HCO; ", as well as relationships between concentrations of those anions. The origin of each
type of hot spring waters was newly classified as follows : Hot spring waters of Types 1 and
2 were formed by mixing of thermal water from magma and groundwater. Although this
idea is similar to that in the Oki and Hirano model, serious difference was that the spatial
distribution of the wells did not represent stream lines of the thermal waters, but showed
the area where the thermal waters rise. The hot spring waters of Type 2 seen only in the
area around Jakotsu River seemed to be made of hot water welling out in the southwestern
end of the area and groundwater recharged in the surrounding. It was suggested that hot
spring water of Type 1 entered somewhat into Type 5, but not into Types 3 and 4. The hot
spring waters of types 3 and 5 were considered to be affected by volcanic gases, because
the oxygen isotope ratios were well correlated with the concentration of SO and they
were both well correlated with the estimated value of the partial pressure of carbon dioxide.
On the other hand, it was suggested that volcanic gases did not affect the hot spring water
of Type 4. The hot spring water of Type 6 was probably originated from the one in the
basement rocks.

Key words : Hakone, Gora, Origin of hot spring water, Oxygen isotope ratio, Concentration
of major anions
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FEAR B R MBI 0 A S A IR K OEESR - KRKREMARILLZRE L, SO N-BRFEMVARL S
SO, ClI', HCO;, D& OBRB L1, o EEEA o+ VilREROBRICESWT,
S (2011) 2SN L 22 [ ORI OV TOH LW B I 2 ZNZEho v 4 70
R AKOWEZ ZEE L 7. KHTIRETEE A TORREKOEEIILUTO®EY TH5H : ¥4
T1BLUOY 4720 KIE, Oki and Hirano (1970) ®EF N E R~ 7 < IR T 5
BOKEWTRKOBEIZLVIBEEINTWAS. 72720, 7471 OG5ABIZBOKOmN TR L,
BOKO ERTHXBERLTWDBEEZDL. WEIMHEIZORGA TS5 4 7 2 OFEREKIZ,
FIWCHERT L9471 OHEKE, ETHESNZHBTRORBEICLLZDDEHEESIN
L, ZATEICH 94T 1 ORBEKIETRALTVEERLNED, 473 & 4I10IFRA
Ewv, ¥4 738 50WREKTIE, BEREFEAMAKRLETREA 4+ VRESHEL, S5122hs
BB EITEOHEMBE BSAHBLTWSE I 05, KIUFTADEELZIFTVWDE EEZ
SNb. —F, ¥4 7 40EEKIE, KIUFTADOHERLIZLEALEZITTVEVWERSNS, ¥
A4 7 6 IZIM A ITIRIET SR AR YT 5 Lt s 5.

F—U— N AR, GRRE RAUKOMKIN, BREFMAARNL, TR VR

1. FUC&IC

Oki and Hirano (1970) (&, RO 3 AR AKE, ZOFEERA F VB E D LIZE T ah
LNVHDADDY A TR, Z DI 2554 & H T KB - HHREE D54, FABLKIL O
WESEERELT, &5 4 7OMBKROENETV (LT, KK - PHEFLVET L) FRBLA
(Fig. 1).

RE LSRG & F 5 mMEIE (Fig. 2) 121, B IWOmMBERZRE, ELW2 0 Vi olig
KABI LT 5B, FEIZ, KA - FHETFTVIIB W TRIMESORDSEREE S LT b &g Shi:
55 i OIFALY R LR HIRIC O A5 LT b, TORIKRT, GifEbSIIFRER QWK %% 2
5 ETHILNGMEICHZ EF->TH L, TIITHNT 2 KHEBEOMMRAKDERE b2 UL, 6
MERORR DL IOV TOIFEIRKE L HEL LIS NS,

KRR - SPEETVAZBCTE Tai b Naf iRl SNkt KO B L 2 o, BToXs)
WCFEOLIENTES.

1A KINEBUK 2 5L L2 KL 7 ZCHRT 5 SO, % Bk & 3 2 MePERER R, ek
12 I TS 32 O WS T LA D B34 § %

EA  MEhOERIICHRT B RERIKG Z E O TKE E T A OERKOBEAIZE DIBKE
N R EKSRIERE R R. PO EZIY B LX) IX0MiT 5.

AT B E O KINVEBOKR A EF-§ 2 88 Tl L 221k o T Kz, Bukicains%
BEONaCl 2B AT S Z LI VIR SN miE R, s o A543 %

VAT ¢ B A & 25 I OIEAKD|ANT & o TR S N73RALY ik B RIRREEER . St
& R A MBS A 5

Oki and Hirano (1970) &, Z®OEFIVEZHWIIC [BOWHEICH 72WERZ] E50ELTWS.
ZhE, PRI B OIAAEL, 2355 KINEOELN LS LT 5 ERO R
OREET GWaHE) %2, o 2ol b EIRCHILT > TW AT KR (FonwE R7z) 28
WBTAIETRODONTVDLEVWIEZTEIRL TS,

CDEZ TR 2 5 2 7oBGEAHS, TR 42 4712 G M TR & 72T K O 54 SR C
H5 (KARD, 1968a). ZOHIFEIZKIMAM L THAE L 72 BHREHEISKIIER RO HICRK T 5
LEZTWIZRAKRS (1968b) RFEF S (1968) 1, Z DHIMIHZEIVEA) S FICREICEE L Two
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Fig. 1 The Oki and Hirano model explaining formation of hot springs in Hakone
(after Oki and Hirano, 1970).

1 KK FEHICL2BRBEREEETTIVOBE (Oki and Hirano (1970) %% & IC/ER).

35.25°N it

139.05°E

Fig. 2 Location of the Gora area . The inside of bold solid lines represents the research
area (cf. Fig. 3). Black dots indicate sites of hot spring wells.

2 FERRBHISOME. ARIHAZHE (K3 ITRLE) &2, BRRRROMEEZTY.

ERLNIZ LS, MRKOETOY 7<) 25 EA L2BUKAS, SEISICI ) > TR T
LTWC, FIHiOERSHEWROFRIMIEIZORNDEFGF LZEL L EEZL. Lal,
AN 40 4EACD ARBIR O WE I AHERS 2 FEMNCARET L 72AGE 5 (2010) 13, il R IS HIZ A
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o TVo 72X IR ZZDRAPTOLOT, FEEIE NN ORBEKRDGAT SV — v O
CHBHIEFNTIHTD > & RS FWMBAE L2 22T

F 72, FEHUREEHITIC B T 1960-2000 4F O M AR S 72 T KA 7 — 7 1230w, KEK
AR FEL CBIRLZZITH S (2007) 1%, M TF/REINIMILEFHF MO b £ 523 oo,
SRELTCETMERSVEBRLTEBY, HFKIEBNREL TV LT HREMBELIRBLT
Wa, PESIE, ZOMBEEIIIC, KK EHEFTVICBWT, ZORKRISKILTEBOKDSTEHERE S L
TV EINZENMFORBDOHAT 5 3KDOFHIRD V' — ZBOKOGE) & 1ZBRR R, Fhd
B L AT, S D8 NaClk o ORI T IO 2 RIBOWS ) 2R L TwbHEV) EZ
R L7

KA - PEHETIVIE, FERIVFIPNCERT 2EHRRAHEE 4207 V—TICKREKXGT
5L EBHIT, ENLZTN—TOMBKOKR %, FRKILO M THEE R o6, "WHAIGE), H
RIS, WTKRBR LMD CTERLZRAENRET LV TH -7z TORBUE, 404F10Db
720 THROBBKROBNEEZ DI2H72> TERNZETFTVTH Y EITTELI L IMHKRESZ
5. AL, hBo XD REOWIZRERIE, EROKA - FEE TNV ORI AIZOWTE
EPLELRZEERLTWA.

KR - SEEFE FOLAIRIE S NCLRE, BUEE TS, Hi7212% < OISR S, YIRS
NTORDP S 2 READTBEKOFAEDHSE N o7z, 29 LzRiRzE=), IS (2010) B &
OIS (2011) (&, SREEHIBUCHAATE T BRI IC OV TOREMAEL ER L, K LARREKD
FEA G VIRES, Zo#E, RIRIZESWT, WRARKOFHLWEY A THI 2B L2 2058
B ALY 4 TOHRBKOERIZILTOEB) TH 5.

747 1:Cl # 1,000mg/L Y_E22 i 85 L. 1

¥ 472 Cl” DD 60% L Ao SO /HCO, A5 1.5 il
& 473 Cl” DIHEM 30% Kiiih> SO,/ DA 35% LU
& A7 41 Cl” DIHD 30% K222 SO, D HHAS 35% Al
7475 Cl- DIHEH30% LLE 60% Al

7476 Cl- DHZED 60% L LE2> SO /HCO, 515 Ll k

NSy A4 TORBKDHBL A DKL Z Fig. 3RS, 4 7 Liddeli-HEH o v —
YICHWATHAL, FA4721BLEAETRTEENIRIBICIHA TS, ¥4 73, 4, 5, 6121,
5471, 2 EWHIERSA LOMNBIER SN WA, 747 33RO R ER D 1T 2 (2 VEER
THRLNLDIZHL, 4 F 4Rt #Hicy 4 73L& 5% LH1204iL, 475
3471 OWEITE-HEHD V— » LT PATICF O MICFEFICERE L HI2, ¥4 720
HEMCD AT 5. 54 7 6 [ IIAHTPEO LIRS oA 3 5 A%, ieE ) IHRicid v,

ARECTE, FREHIR O JFIR DV TAT o 7R HE AR ORE I 72 AT RISV T, TS
(2011) DFLWE A4 THFIHED T, BERFEMRIL L FEREA 4 VR E OB B4R % FHH 12 fif
L, ENEFNDOI AL TORMBKOBREELEZ L. HONLDY A TE2EE L TN EZ#ED LD
X, HAHEORABZRH->TLE ) EWIBNIEZH LD, UTTRT LI, HFLWI A 753
[FRARL DR D A THOBERDS DY, T/, WMRAKOEHEZFH LA IZH/2->THHEMITHL L
b oz,

2. BHEBLIVCHEFE
BRI, 2007 EA S 2008 EIZHT T, Fig SIRTHEROLETOHS TRILL, BEE - k&

462



5 60 & (2011) F KRN AL R K O RH T =4 v & WL 2= R AR K DIk Al

35.25°N g—

® Typel
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Fig. 3 Spatial distribution of each type of hot spring waters in the Gora area
(after Kikugawa et al, 2011). The inside of bold solid lines represents
the Jakotsu riverside (cf. Fig. 13).

3 BEMBOEBRKDEZA TRISM. 24T FEHINS (2011) £ 5.
KEERRERIREORR (K13 38])

R & & DSBS 2 58T L7z (BN, 2011).

IR AR oMl E 1, BICHE RN E PRISM (Bl micromass #H8) 12X V{7572, R
HIE D720 DB ORILIRIL, BEFRMARICOWTIETRRILIRE, AKERGALICOWTIIKE
AL AEMlE 2 R E & QICHAL, FrEomESm T CRM A (BRIZoWwTiE 25T
TCARER, KRIZOWTIZA0CT FTI5) E8LTEICLNITo72. BEEILEEE ORI
R 275, AR ZRMEFEIIRM (1991) LFBETH L. BEHEE L L CIEWFFERT CIER L 7228
K (6%0=-852%., 0D=—541%) #H\72. HEOSIIC X EMAKLONEHE R, B%
IZ2WT£01%, KFICOWT+1%TH5. RFKOMEE - KFEFRMAEL (54 V-SMOW) 1,
INSOWERRE, PHEIETIZBT 2 FAAGIREEHCTHEENT 20T, R&EHITKRD S
ND DR IIMEFEA £01%, KED 3%FEEE %D,

3. & xR

Table 1 IZ5RFEHILOIRAKDOMERE - KFEFRMARILOGHTRER A RS, Fig 4 1 EEERFMAL &
KREFVARKDOBIRE R LTV Y ¥ AT 7T 8 ThbH. LFNGRLRSEKD Y 4 75T 133501
5 (2011) ICH#ELTWA. MO AOEMIZ, Matsuo ef al. (1985) ASEFR L 72HMO KA (6
D=86"0+17) &, KiME#KE RAKDREGH (6D=216"0-335) 2 ZhZhEKLTV5.
T ESAT—D1HEZRVT, 70y bENLTFT—2E, 1 ZTKIITESK E RAKDRAH IS
WoTWnhH ERTREW,
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Table. 1 Oxygen and hydrogen isotopic ratios of hot spring waters in the Gora region
(Classification of the types is based on Kikugawa et al., 2011).

® 1 BEF - KFXAGLGKLOAERER (5472171, FIS (2011) ££3).

Type of Isotopic ratio (V-SMOW %) Type of Isotopic ratio (V-SMOW %)

Area No th iysp study 5% SD Area No th iysp study ) 8D
Miyanosita 1 2 -1.8 -51.3 Ninotaira 13 3 -8.1 -52.0
[Miyanosita 2 2 -1.7 -49.3 [Ninotaira 14 3 ¥ X
[Miyanosita 3 2 -8.0 -49.3 [Ninotaira 15 3 -8.2 -51.3
[Miyanosita 4 2 -1.6 -51.7 [Ninotaira 16 4 -8.4 -51.8
[Miyanosita 5 2 -1.5 -48.2 [Ninotaira 17 5 -8.2 -51.0
[Miyanosita 6 2 -1.6 -50.4 [Ninotaira 18 5 -8.2 -50.0
|Miyanos ita 7 2 -1.7 -49.4 Ninotaira 19 5 -8.2 -52.6
[Miyanosita 8 2 -1.3 -50.0 Kowak idani 1 1 —6.8 -48.3
|Miyanosita 9 2 -7.6 -50.5 Kowak idani 2 1 -6.4 -47.7
[Miyanosita 10 2 -1.2 -45.2 Kowak idani 3 1 -6.9 -48.17
|Miyanosita 1 2 -8.0 -49.1 Kowak idani 4 1 -6.1 -46. 1
[Miyanosita 12 2 -1.7 -50. 2 Kowak idani 5 2 -1.8 -53.3
|Miyanosita 13 2 -7.8 -49.7 Kowak idani 6 2 -7.4 -50.7
|Miyanosita 14 2 -1.7 -50.3 Kowakidani 7 2 -1.2 -48.7
Miyanosita 15 5 -8.5 -51.0 Kowak idani 8 3 -8.4 -52.3
Sokokura 1 2 -1.7 -49. 6 Kowakidani 9 4 -8.4 -53.5
Sokokura 2 2 -1.8 -50. 6 Kowak idani 10 4 -8.4 -54.8
Sokokura 3 2 -1.8 -50. 2 Kowak idani 11 4 -8.4 -52.3
Sokokura 4 2 -1.8 -44.8 Kowak idani 12 4 -8.4 -563.1
Sokokura 5 2 -1.1 -53.5 Kowak idani 13 4 -8.3 -50.8
Sokokura 6 2 -1.6 -49.9 Kowak idani 14 4 -8.3 -48.1
Sokokura 1 2 =1.1 -49. 2 Kowak idani 15 4 -8.3 -52.2
Sokokura 8 2 -1.5 -49.1 Kowakidani 16 5 -1.9 -50.7
Sokokura 9 2 -1.6 -48.0 Kowak idani 17 5 -8.2 -51.9
Sokokura 10 2 -1.5 -48.0 Kowakidani 18 5 -8.4 -51.7
Sokokura 11 2 -1.6 -48.3 Kowak idani 19 6 -1.5 -47.0
Sokokura 12 2 -1.8 -45.9 Kowak idani 20 6 -1.3 -47.3
Sokokura 13 2 -1.8 -67.0 Kowak idani 21 6 -8.1 -48.9
Sokokura 14 2 X X Miyagino 1 4 -8.4 -53.0
Sokokura 15 2 P X Miyagino 2 6 -1.1 -49.6
Sokokura 16 2 -1.6 -51.0 Gora 1 1 -5.5 -43.0
Sokokura 17 2 -1.6 -47.0 Gora 2 1 -5.6 -44.3
Sokokura 18 5 -8.2 -49.3 Gora 3 1 -5.6 -45.0
Kiga 1 2 -1.5 -41.7 Gora 4 1 -6. 1 -44.3
Kiga 2 2 -1.8 -51.1 Gora 5 1 -6. 1 -46.9
Kiga 3 2 -1.1 -49.0 Gora 6 1 -6 -45.5
Kiga 4 2 X X Gora 7 3 -8.2 -51.9
Kiga 5 5 -8.2 -50. 8 Gora 8 3 -1.8 -48.7
Kiga 6 5 X X Gora 9 3 -8.1 -48.5
Kiga 7 5 X X Gora 10 3 -1.5 -47.4
Kiga 8 5 X X Gora 11 3 -8.4 -51.1
Kiga 9 5 -8.1 -50. 6 Gora 12 4 -8.1 -51.9
Kiga 10 5 -8.0 -50.9 Gora 13 4 -8.3 -46. 1
Kiga 11 5 -8.2 -50.7 Gora 14 4 -8.4 -54.7
Kiga 12 5 -8.1 -49.8 Gora 15 4 -8.6 -51.8
Kiga 13 6 -6.8 -50.2 Gora 16 5 -1.8 -50. 6
Ninotaira 1 1 -6.4 -47.9 Gora 17 5 -8.0 -52.5
[Ninotaira 2 1 -6.0 -47.6 Gora 18 5 -1.17 -49.5
[Ninotaira 3 1 -4.6 -45.4 Gora 19 5 -8.0 -52.0
[Ninotaira 4 1 -6.0 -49. 6 Gora 20 5 -8.2 -48.17
[Ninotaira 5 2 -8.4 -49.4 Gora 21 5 -1.9 -49.3
[Ninotaira 6 2 P X Gora 22 5 -1.8 -50.7
[Ninotaira 7 2 X X Gora 23 5 X X
[Ninotaira 8 2 X X Gora 24 6 6.8 -47.7
[Ninotaira 9 2 -6.9 -49.1 Gora 25 6 —6.8 -47.9
[Ninotaira 10 3 -8.2 -54.8 Gora 26 6 -6.9 -49.9
[Ninotaira 1 3 -8.1 -50. 2 Gora 21 6 1.4 -49.8
Ninotaira 12 3 -8.2 -48.8 Gora 28 6 X pd
*No data.

Fig. 4 121, M (2006) 12X 2535 27 OMKOEMARLD 70y s LThBEA, TOMEIZK
IR & RKARKDIREAD SN THB Y, MEHIR O EKIZHE 2 ORI G LTw bR
BwnwekEzoN5.

464



5 60 & (2011) F KRN AL R K O RH T =4 v & WL 2= R AR K DIk Al

20

no
o

3D (permil)
o
&

<7 Ashinoko
® Typel
-60 O Type2
A Type3
 Typed
u Types
O Type6

-80

-10 -8 -6 -4 -2 0 2
5'80(permil)

Fig. 4 Relationship between oxygen and hydrogen isotope ratios.
4 FBRRMAL & KFRAALEEDBEE.

%8B, Fig 455, WRAKOMEE - KERMVAKRLAIVRITEOMIE, T2 5%, 15%Th
LIEDNHRTEND (TYIAT—D1HEREL). THCHLT, ZREROFEENRNEHR
FEIZERITOWVT £01%, KFEIZDOWT 3% THEDT, HITICH 72> TOHREEIEEE I 2%
LHRBLONLDITH LT, KEEIH20%E R, BERMALO T VHHELEBREFICEL TV
EWwz b, T FAMRoOBOERROILI, BEI16/18, KENFL/2THY, BukPRHER,
LR KDSE G U 72 RSB 2 B 2 RS I OB OREEE, BERFAMAKLO TN EVWEEZ
LiMd, 61T, Fig 4128V T, K e g ClRERMASIEICL L2027 MBELETWS
RPUT RTINS, BRRFEAMARLE RER LR S L ICKRER R VEEZ LNL LR ERD, P
TORIIE, TRTEREFRMARLIZO T T 72

Fig.5 (a), (b), (o) &ZEhzh, BHFEMALE CIT#E, SO/ #EE, HCO, #EEE L oMfR
ZIRL7DDTH D, KA T VIREOMIZTRTHINIS (2010b) MW7z, {HEHEND DI,
Fig.5 (b), (c) IR L7zRFEMARL L SO #EE, HCO, MEOMKRL2S, #1471, 2L %
£73, 4, 5EPPNDTN =T 2R L TVLERLNEIET, TOZ LI, HRATOEER
AF Y ORFEBINSD TNV —TFTHTRESTWEIERRTEELONL. ZITARTIE, 2
NEDZODTNV—TIHF T, BEFAMAKRLEEA F VIREOMREZRRL. &b, 4760
WRAIE, FIS (2011) 1CX B &, KA+ v (LiT& Na') oBREFECBwTwTIhos (7
EXRLBDIEMERT I ENS, NEMETAIEE L.

3.1 447 1¢& 2DIEH
Fig. 6 (a) 344 71& 2723220, BERFAMARILE ClBEOMBRERLEZLDTHS.
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Flg. 5 Relationships between the oxygen isotope ratio and (a) the concentration of CI~,
(b) the concentration of SO, and (c) the concentration of HCO, ™.

5 BMREMAKILE (a) CITRE, (b) SO, BE, (c) HCO, REDEFROMER.

A, FA4 71 L2 CRBERONEAEL > TOAEETHAHLAIIATENRS, ZhEs A
T1EFA4T2LTIE, WRKOBERPELZ S TWEZEEZRBLTWS. MHEOHBOENT,
BRI AR & SO #IE & OBk (Fig. 5 (b)) %, SO/ MIEL ClIRIEL OBE (Fig. 6 (b))
THIZHETH . ¥4 7 2DiREKOFE L WEEKIE, HCO, #REEA%3IF 100mg/kg T—E L T
WhH Ikl BERAMALE ClEE, MERMALE SO #EE, SO/ L ClREO MR
DFTRTTHVWHEIZD LML MBERKEERENBLZ07) 22 THEH. INITHLT,
7471 OIEBEKOEERFMARILIE ClIRE L OMBIEE VDS, ZOMOEEREA + ViRE L oM
BT,

3.2 2473, 4, 5 DEFH
ko XSz, BERMALE SO MR HCO, RE L OB S, HHESIX, #1473, 4
SR T—oD TN —T%DOL BEHFELT. 7473, AOBERKICI 2 IFEALETT,
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Fig. 6 Relationships between the concentration of CI~and (a) the oxygen
isotope ratio, and (b) the concentration of SO,2, for hot spring waters of
Types 1 and 2.

6 4T 1ESZAMT2DRRKD CIREL (a) BBRMEL, (b) SO, BE & DBk

Y4 T555471R2, 6ICHRTC RESKVOT, BERMAKLLE ClREOMBRERL
72Fig.5 (a) TlX, TNO6D¥ A TE2RTHIIETOHEBIZET>TE. LarL, ThEho
7 A4 THNCEER AR L CL R, SO/ iREE, HCO;, EORMBREMRL LECHTRLNDS
(Fig. 7, 8, 9). #4 73 TIE SO/ MEE L DM R RR < (HBEHREIZ07), HCO, #EL ®
I HMRWHESR S5NnE (HBREIL 04) DICHLT, ¥4 74TiE, L4+ Il ThH
BFEEAAARL & OMBIREIZ 01 L /s, MHIEZWEFEZ 5. —F, ¥4 751220 THT,
BEHEFNARIL E ENEhO A & ViRE & ORICHBIBRD RO S (HBREIE 0555 06), ¥
473 ERRPT VDA, Cl BENEENENE VW) ZERRLSTNDS,

Fig. 10 1&% 4 7 3122w T, MERAMAL L SO BB X OHCO, BEL nHEMMEZ K-
DTH5A. ZORENPS D, BEFAMALE OB HCO, ME LD b SO MEDHHK &
CHFHLTWDLIENbh5s, MEREIZ 07 TSO  EHMO L ZOME LY LA TEV. —
J, ZAT510nTh, BEMEAMAKLE SO #E, HCO, iR, Cl iRELoMoEMEICE
W, SO/ g L oM RDE (Fig. 11). 72, ¥4 73, 50% L OfRAKT, SO #
BIZs 4 710ZNREDHBRECEVIE#-IASNS (Fig5 (b). & 512, HCO, #EE L
SO iz oMM %R L7 Fig 12 Tld, ¥4 4 73, 5 DHEAKICBWT, WZEOMIZEHVH
BRI 65,
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Fig. 7 Relationships between the oxygen isotope ratio and (a) the concentration of
S0,2~, (b) the concentration of CI~, and (¢) the concentration of HCO,™, for Type 3
hot spring waters.

7 447 3 DRRKOEFEMAELLE (a) SO, BE, (b) HCO, BE, (c) Cl BREDHEMRZ.
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Fig. 8 Relationships between the oxygen isotope ratio and (a) the concentration of
S0,2”, (b) the concentration of CI~, and (¢) the concentration of HCO;™, for Type 4
hot spring waters.
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Fig. 9 Relationships between the oxygen isotope ratio and (a) the concentration of
S0,2", (b) the concentration of CI~, and (¢) the concentration of HCO,™, for Type 5
hot spring waters.
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Fig. 10 Double correlation between the oxygen isotope ratio and the concentrations of SO,%~
and HCO,™ for Type 3 hot spring waters. Left : Dependence of the value R? on the coefficient
B for HCO;™. Right : The double correlation diagram when 8=0.61 which gives the highest
correlation.
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Fig. 11 Multi-correlation between the oxysgen isotope ratio and the concentrations of SO, CI™
and HCO;™ for Type 5 hot spring waters. Left : Dependence of the value R? on the
coefficients a and B for CI” and HCO; . Right : The multi-correlation diagram when a =0.73
and B =0.36 which gives the highest correlation.
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Fig. 12 Relationship between the concentration of HCO;~ and the
concentration of SO,2~ for hot spring waters of Types 2, 3 and 5.
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Fig. 13 Relationships between the oxygen isotope ratio and (a) the concentration of CL™, (b)
the concentration of SO,2, and (c) the concentration of HCO,~, for hot spring waters of
Types 1, 2 and 4 welling out in the Jakotsu riverside (see Fig. 3). Figures (d), (e). (f) show
each relation between the concentrations of HCO,~ and SO,°”, between the concentrations
of SO,2” and CL™, and between the concentrations of HCO;~ and CL ", respectively.
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Fig. 14 Relationship between the partial pressure of carbon dioxide at the surface
and the estimated value in the stratum for hot spring waters of Types 3, 4 and b.
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Fig. 15 Relationship between the HCO;™ activity and the partial pressure of
carbon dioxide at the surface (a), and relationship between the HCO;™ activity
and the estimated partial pressure of carbon dioxide in the stratum (b), for hot
spring waters of Types 3, 4 and 5.
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Fig. 16 Relationships between estimated partial pressure of carbon dioxide and
the oxygen isotope ratio (a), the SO, activity (b), and the ClI~ activity (¢), for
hot spring waters of Types 3, 4 and 5.
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Fig. 17 Comparison between the Oki and Hirano model and the new model proposed
in this paper for the formation of hot spring waters.
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Appendix : pCO, DEE
B E LR FEL TTEMHPEL TR TIE, DFOFHEO~@D KL L TV 5.
DOFA D Ak i 3% & T O WEAE ZTRAL I 3% O Pl
CO, (g) © CO, (aq)
QBB R D S REEA + ¥ DERK
CO, (aq) +H,0 & HCO, +H'
@A+ v O
HCO,” & COS +H'
O, @, ODOIBIIBIT 2%z, FhZhKh K1, K2&35&

Kh=[CO, (aq)1/pCO, (1)
Klzl:HCOg_] ‘ [H+]/[COZ (aq)] (2)
K2 =[COy 7] - [H"]/[HCO;"] (3)

[XT 13, @I EINB0 X OFIVRE
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WRSF—E, AR, SR WS RE

A~B) LT 5 L,

[COy(aq)] =Kh - pCO, (4)
[HCO, 1=K1 - Kh + pCO,/[H"] (5)
[CO;S ]=K2-KI - Kh - pCO,/[H"T? (6)
ZZT, pH=-log[H']& Y [H']=10""" (7)

512, Kh, K1, K2 Z#xHmeE T oEE LT, DTroXick YR ETE S (Plummer and
Busenburg, 1982).
logKh =108.3865 +0.01985076 T — 6919.53/T — 40.42154 logT + 669365/ T*
logK1 = —356.3094 — 0.06091964 T + 21834.37/T + 126.8339 logT — 1684915/ T*
logK2= —107.8871 — 0.03252849T +5151.79/T + 38.92561 logT —563713.9/T*

H % AR O bk #5E pCO, 16 L D,
pCO,=[HCO, ] - [H"]/K1 - Kh (8)
TRHET A2 TE L (WERIIBT L ZBILREDE).

=77, #RS (1974) &, FilEA, JFICHEGEHIR ORI VT CaCO; & R & % ThBk
Y OiaRdsn) PHEEICHELTw200EBIHENLs Z EIZEFEHL, CO,—CaCO, 2D
Ktz B 52128, WRAKOMTIZHE TS pH, “RILREDEZHEEL TS, SRS
(1974) &, BAKOEPN TV B EMHFICBCTHBLDHBBNFNIILETH L EARL, S5
EATICSTRABHNTEINDE IR END, HRAOERTHEZEZEELTwb. OV
&

Ca®"'+C0O> & (CaCo, (9)
THY, ZORIBIBT S E 8 Ksp 1x
Kc=aCa®" - aCO;~ (10)

aX 1%, M X OifEERT.
73, Plummer and Busenburg (1982) 12XV, KcldMxHREoEEE LR THEETS 2
ENTES.
log Ke = —171.9065 - 0.077993T + 2839.319/T + 71595 logT 1
WTFIZBWTRBES &2 & LEKICBWT), (2), (3), GDOFEAIRLLTWEEEZLNS.
F7, BEICIZD2H60ICBWTENRE [X] &L ETHEaX THhAIRETHLI L
5, (6), (7), (0D,
[H']=aCa’" - aHCO; - K2/Kc (12)
L72h 5T, ‘FlEH K2 Kc &, Ca¥ BLXUHCO, DIFHIC XY, #hi2B1F 5 #KkD pH
RHEET H I ENTES.
512, (6), 0L D,
pCO,=Kc - [H']?/(K2 - K1 - Kh - aCa®") 13)
THHMS, 12, BTX D, WTICBT S pCO, DHEELFETH 5.
BB, HALT VOHRHEOLZDOICLEL 7 B HEREUE, FABOGIREL b L I12 Debye
and Hiickel (1923) U2 X HEHEE L 7.
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