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Geochemical Interpretation on Hydrothermal Formation

Mechanism of the Thermal Water in the Iwodani
Region and the Vicinity of the Hayashida Region
of the Kirishima Volcanic Area
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Graduate School of Science and Engineering, Kagoshima University

Abstract

The Kirishima volcanic region, lying on the northern extension of the Ryukyu arc, is
located in Kagoshima Prefecture, south Kyushu, Japan. There are many thermal mani-
festations related to volcanic activity in this area. We define chemical features of
hydrothermal system of the Iwodani region and the vicinity of the Hayashida region in
the Kirishima volcanic area on the basis of Giggenbach’s chemical geothermometry,
mineral equilibrium calculation, etc. The water samples for chemical analysis were
collected from some hot spring in the vicinity of the Hayashida region and mud pool in
the Iwodani fumarolic area. Almost all the collected water samples were acid-SO, type
water, generated by steam heating, and the Giggenbach’s Na-K-Mg and K/Mg-K/Ca
diagram indicated immaturity of the water. It was considered that water samples were
secondary thermal water formed by mixture of shallow groundwater and the steam,
which separated from two-phase geothermal fluid formed underground. Therefore it is
believed that there is hardly any mixture of the thermal water in the Iwodani region that
derives from deep underground, but it is believed that there is a little mixture of the
thermal water in the vicinity of the Hayashida region that derives from deep under-
ground. The reservoir temperature of the fluid was roughly estimated to be about 53—
77°C (the Iwodani region), 83-97°C (the vicinity of the Hayashida region) by K/Mg
geothermometry. These acid-SO, type waters lie on the Giggenbach’s rock-dissolution
line. The result showed that thermal water has been formed by water-rock interaction.
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Water-Rock interaction

F—v—FFEEKL BUkk, MLFREGR SA-KEEEH

1. #&

Tk, AR VTS (BH, 1957) 2&GCHEREHE (FEAR, 1969) NICALET 5.
FEKILHIROHE 12> W TIIRA - B3 (1957), Had (1994) 75 & ofiENH 5. BEKILOME
g, INAREKEEROEL G 30 FERD IZ5] VW TRI - 72EELSNTHY, RIEHEERS
ATEHEFHICX S0 TwE GFF, 1994). £ 7, Fio KITEE I, SHOEERETTED
KILZ E S AT, ¥10 FERNCHEE D, BIFEICE-> TV 3 EEZ SN TWA. Lich-T, BifE
RonzEskbotaE, SHoESoAE it okilipEksngEklizboTchds,. &
fo, BILS (1996) DHAEHIRGEOIFTIc & % &, FEEKLEOH T 10km fHTic < 7 <0 HFE
g5 EHEESNTVS,

FZEKILEBHIXITZ, BERBK O - 1 BuK239 i3 % (Ohba et al. 1997 ; BEH - e,
2001D). F7o, 20 EE - JLHRENICALE T AIRE X (FEAESKENRFES s LTV 5
AT, &5 BEP - LEEICAIE 3 2 0RH - B - SRz BHIX (LIF, MHEBIHIX &4 2) i3
HBIKNILL 995 (8RS, 1990 ; Ohba et al. 1997 ; B 5, 2000). FREGAIIX D EUKDEH
O IC B W TR EAP HESBIEEVK PG A 2L > TE L EBE A2 TH 0, Bao#vk
LG %L - 72085 (Mud Pool) MFEAES 5. —, MHEZHIX TS AP HIED IR »
BN AL > TEHELWEBEZT TOWEVWDT, HEAHXO X 5 MRS, 5B L0 3EuKIZE
W,

AW TR, HHES - MEEZHX D 5158 5 h 3 Buk o bR I B S O 7oL it B
(Giggenbach, 1988) %11\, & D#EEH» SHBUKOFERHEREIC > W THEEL .

[l

2. EHERWLSTE

WA - MEEIHIX A 515 51 2 Buk OB R OHREOT B3 BER (B S, 2000) 1<k L
oD THIET 5. TREAHIX A SERACL 7o REERRVKIE, 0¥ ) v Y2 VTG L7
HRENKKTEE LIza v F v+ —ChHE S &7,

STAER, Na', K 33O, Cat, Mg?™ BIE Tt mirE, Sio i€l 77 v
% Cl B4t vruo~ b 257 (AC) HBEiFZF 4 v 7 VERKRE (D FEIC & AWEREE, SO2
BAAvro<hr57 (0 EEEHEEEHVE.

3. HERLEBE

3.1 1E{tA + v LFBEA A+

WD - RHEZHIX ) 515 51 2 BuK L TRE S HIX ) 515 5 1 2 A R BEHEK D i R %
Table 1 1Z/Rd. 7, HEMA 4 v EWlEA 4 ~ OBRE Fig. 1 1IT/RY. WEAHIK 5561
5 EUK DG4 A v IREE R BUK DA - 1AUBHIK D 5B SN 280K L D &1 5 0K
V. LT, ThooBukicid, YA A+ v IEE O TE O ERBUK O BB SR AL S
W\, Ingebritsen and Sorey (1988), Yano and Ishido (1995) (3, ZEEVKkD FicIEmk s 218
L4 A v EBEORWEUKDERIZ D WT, faB/KfE (Cap rock) DFENELLEIK D ERENLR
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Table 1 Chemical data of thermal waters collected from the Iwodani area and around the Hayashida
area, and of condensate collected from the Iwodani area of the Kirishima volcanic region. The data of
thermal water were cited from Fujita et al. (2000).

Temp. Na* K* Ca?" Mg** ClI© SO/ Si0; K-Mg**

Location Date pH C mgl'mgl!'mgl!' mgl!' mgl! mgl! mgl!' <C
Iwodani 1 98/10/25 2.9 46.2 8.75 5.47 6.19 3.79 406 241 144 63.6
2 98/10/25 3.0 58.2 8.17 5.09 7.11 3.67 383 229 168 62.3

3 98/10/25 3.1 78.2 14.0 11.0 8.00 4.56 2.62 346 236 7.7

4 98/10/25 3.2 56.1 14.9 11.7 10.1 5.93 243 325 222 76.0

5 98/10/25 3.0 61.2 12.6 717 158 11.5 3.75 414 224 57.3

6 98/10/25 2.8 85.3 9.01 3.92 2.92 5.02 2.11 661 250 53.3

7 98/10/25 2.7 66.1 12.8 10.2 6.26 7.90 212 561 259 69.4

8* 98/12/10 — 98.6 0.26 0.01 — — 0.51 60.2 — —

Hayashida 1 98/10/25 3.2 60.9 31.2 21.8 12.8 6.91 15.8 216 136 89.6
2 98/10/25 3.2 57.5 30.2 20.6 13.0 6.71 15.2 211 133 88.5

3 98/10/25 3.1 57.6 30.8 22.0 12.1 6.99 20.9 248 140 89.7

4 98/10/25 3.2 65.8 35.1 17.4 13.2 7.53 15.9 253 146 82.8

5 98/10/25 3.2 58.8 40.7 20.6 16.0 8.28 23.6 291 173 85.8

6 98/10/25 3.2 48.8 22.7 17.7 9.64 4.85 11.0 175 109 88.8

7 98/10/25 3.2 48.2 23.8 16.9 10.2 5.04 11.0 164 110 87.1

8 98/10/25 3.3 61.8 39.7 21.1 13.8 7.27 20.6 234 191 88.1

9 98/10/25 34 58.8 37.4 20.3 12.3 6.51 18.2 209 174 88.5

10 98/10/25 3.0 53.7 27.6 18.3 10.8 5.94 12.6 237 128 87.0

11 98/10/25 3.1 51.1 25.4 18.1 10.0 5.42 13.8 220 133 87.9

Myoban 1 98/10/25 3.2 67.1 35.1 22.2 10.2 7.23 23.6 217 167 89.5
2 98/10/25 3.2 63.0 29.8 25.1 9.58 6.72 25.6 208 150 93.6

3 98/10/25 3.1 57.2 30.2 30.1 12.1 777 18.5 239 167 96.6

4 98/10/25 3.2 68.7 32.1 27.0 10.0 6.94 19.9 232 167 95.2

5 98/10/25 3.4 35.5 19.8 14.0 11.8 454 11.4 152 120 83.7

Enoo 1 98/10/25 3.3 53.2 25.3 17.1 10.5 5.40 17.1 180 117 86.5
2 98/10/25 3.2 50.8 244 22.2 9.84 5.04 16.6 170 115 94.2

98/10/25 3.3 47.8 26.1 20.7 10.8 5.65 17.7 194 119 90.9

Note : *condensate of fumarolic gas, **geothermometric temperature

AZGF TV EIERL TV 3. HREAHIX T & BUKEEIY ORI & 0 FiE L 72 Bk I
K-> THEHBIKDBEABITTFONTVWE D EEZ OGNS, I 51T, WMESHIXNSE O 2 B0K
Ol A A v IR 229~661 mgl ' &, JEHIXA 5850 2 FHBKOWEE A 4 VIBE X D&
V. REAHX . 518 5h 3 BukoBEHE IERF 1D, FRIEIIIK - EEHT kS & 08
PRV DEEZEZ NG, Fi, FEKBORZEITED, BokOFREINE K HIRHEHT T ORAE
SRR W EZEZ Db, S 51T, MEAHIXY 556N 32BN 2Bk L1 4
REEIE 051 mgl ! EIEFITRY, TN iEESEITEENOEHEVK,» SNk LIt B TH B EEZLD
N3, ToXHIT, BUKk» 0L BT ORSRBFLKENIZLEAETHEA 4 vidbiz o
niswns, FAbKERBHRE S 2 VIdHIERI TBRIb S N 2 SIREICHE A 4+ v IcZE(bd 5 &%
ZoN5, MEAHIXA S5 N 2ER T 2 BHEKOIREE A 4 v 21 60.2mgl ! /1 4+ ~
BELD BERMICKEL B ->TEBY, MEAHIK, BN 2Bk TORIBROMERICH 5. Lic
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MWoT, MESHX,r OB ONLBKTHIRA A VIBENEL, FRELRONEDIF, Bukom
FPEAK S HE R TOMERBSEV C & Eh 5, FKROZELBILP+7IciTA 5 &
R, FHKDERICLBGIEA 4 v OBEESEC - ERFEREEZ NS,

—7, MHEBZEHIX 2 515 50 2 BUKIEMEA X2 515 5 2 B0k Xk b SBEBHESRS TEZ W
DT, RFLEIK - KB TOKOEENREVWEEZZ oD, Licn>T, BIE)IDK - et
KickaHmBUCK D, WA 4 VIERRIREASHX P 5B 5N 2 BUKICHRTRER &85, L
» L, MHEZHIX D 51850 2 BUk O 1 4 VB IE 11.0~265mgl ' Th b, FHEAHIX
DEUKITHARTEV., Ihid, NEKEOHRICER L, #HEZHIX TRETHVKOBEBRA D
HENEZ ONS.

3.2 Na-K-Mg f8R

Giggenbach (1988) (&, #ukhd Na®, K+, Mg* @ 357 5, HA-/KEEERZKE L7t
ik v, HNICEET 2 BUKROIFREIRER VIR ERE A HEST 6 5L LT, Na/K i
{LZBEEFT & K/Mg H{LZEEFT 24 &€ 72 Na-K-Mg fHkX 2L L Tv 5. ZOWEER
RIS A8 iE, HIEGRICERMICEET 28 EA, 7V EA, A, P VERL, vIUAT
b5,

INSIE, ROBIGOF-HBEFRICE S <.
1) albite+K™=K-feldspar+Na™
2) 0.8K-mica+0.2chlorite+5.4silica+2K*=2.8 K-feldspar+1.6 H,O+Mg?*

HE SN 23 & BUKDRIT ), ©2) XOFEREFRAEK O L TIE7E2 N (Full equilibrium) %
AR LICTay baha, Lael, BB OBREEKD X 51T, 5hh S5Buk~0—FKs
RREA T T S DIC >V TIEARIAF /K (Immature water) OffEIC 7o v &3 (Giggenbach,
1988). WA - MRHEIHIX & CHLEHIX 2 515 5 1 5 Buk O #iEk % Na-K-Mg fikXIic 7 v v
b L7 (Fig. 2). WRED - MERBZHIX ) 515 51 2 BuKIZZZSINARI O BBEEUK S 7 e » b & h
% T EDZVRBBUKHIHIC T 8y k

(
(

sha. —h, ARMK,LEONS 0TS :

HUKD I & A & BRETHERTHE wod ! I
iIc7a y b &N, Na/KH{bZEE o i avasiica, Wyoban, Eneo

- LR 0 o 1, e 500 - X Iwodani (condensate)

t, %{/Mg‘# F{m A ) ‘ , T‘\T 0 Maruo (CI/100)
HBRENRSNG. OS5 HuER LA

WEEOMKhs ERLREY s 5 U] T

i £ SOT ARG 5 o 0| B I
MREEE 755, L#hi-»<C, Fig.lT 3 \oa/ =0 \

. \ A S Bgg 5 g )

7 A 2 B DAL 1 N o

v, WA A VIEED S SO h & 6 ~d T

. o~ N N 100 + T

1T, WEA - MHEEIHIX ) 5155 © 0o

nBBUKI, SRR 553 L . " 700
ToAESKUNEREHTK - HIERKITIR XA 0 5 10 15 20 25 30
FHAVER L 7 IREIRBUKTH B & CI' [mg 1]

ZAbNb. £-T, TOXIBEIHT Fig. 1 Relationships between Cl~ and SO  concentrations
Rk & 1 2 ZESINBI OB EK 13 of thermal waters and condensate collected from the
- . ‘El"“ o A Iwodani region and the vicinity of the Hayashida region of
WIFrEERE 2 RSBV EEI oN the Kirishima volcanic area. Maruo data were cited from

5. Na/K HY{tZFEEZ» 513, B Fujita and Sakamoto (2001).
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WX O EITEEEE (Na/K HLFHRED 5 270~300°C) 24 HkE D bEVEEERLTOL
3. L1/ - T, Giggenbach (1988) A 45HE L TW 3 & 51z, ZBEMEAR O EHUKICIZ Na/K Hl
{LHREH REH T X 20, —h, {EFEHER©2) 13 1) &0 FL FEMcEd 30T, K/Mg Hifk
FIREET KR OBUKIC bEH JRETH 5 (Giggenbach, 1988).  ® K/Mg ML F R % 2L
KITHEH LT & 25, MEAHXh 55 5h 2 Buk O BIEE 13 53~T77°C, MEEIHIX A 55
5N BBUKDIRIBIRAE 13 83~97°C EHEE SN 5. MHEELHIX 2 5158 5 h 2 Buk sk X
251§ 5N BBUKICHARTHWIFREERE ZRT O SETBUKOEEN S 51cb LEZ 6N 5.

3.3 K/Mg-K/Ca #m%

Giggenbach (1988) &, HA-/KMEMEHZIGE L 7 b Fnic L v, K, Ca*', Mg*" @ 3 55>
2 SN ICIBET 2 BUKR OV, (LRI REEEHERI 3 5 ik & LT, K/Mg-K/Ca fkiX %12
KLt COMBERICES T 280, BRI BIICEIET 5, 7 )ER, B4G, 7Y
£f, Hda, vV hThB.

Giggenbach (1988) (k=&MW i) & BUK DR O V- #EAR A E W /o,

(3) 0.8K-mica+0.2chlorite+5.4silica+2K*=2.8K-feldspar+1.6 H,O+Mg?*

(4) 3K-feldspar+CO,+Ca’"=K-mica+-calcite+6silica+2K™"

N5 OFY) & BUKDRIT(3), (4) D NFHRIRDEK D 3L > T, K/Mg-K/Ca fikX & T5%¢
43P (Full equilibrium) 2R EIC7 oy b&an b, £/, Buko K/Ca ikt SHIT I E
ES 2AD CO. 0 E, K/Mg filiktbn S rREREE T NhENHE T ENTE S,

WEA - MBI N CHEHIX A 518 50 % Bk @ K-Ca-Mg fHERDOBA%R % Fig. 3 1T/~
Giggenbach (1988) 1%, FEMEBUKIZTZEFHD CO.NELD bEWE T A (0F 1, VMR L

Na/100

100 Full equilibrium

/\  Iwodani

O Hayashida, Myoban, Enoo

o Maruo

Immature waters

K/10300 160 120 100 80 60 40 20 Mg

Fig. 2 Na-K-Mg diagram (after Giggenbach, 1988) of thermal waters from the Iwodani region and
the vicinity of the Hayashida region. Full equilibrium line is derived from chemical equilibria
between thermal water and the assemblage of minerals ; albite, K-feldspar, K-mica, chlorite,
silica. Maruo data were cited from Fujita and Sakamoto (2001).
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Log [C’k/Cye]

0 1 2 3 4 5 6 [Lxvel 7
_1 L L L L Il Il
[Lxcal A lwodani
O Hayashida, Myoban, Enoo
0 O Maruo T1
iG] .
g 1 T 10 =
o & Full equilibrium S
< 77 E
Cr =
o s I
1) (o}
| o
21 T100 &=
3] Rock dissolution 100 g 1 1000
4 , 1000 &' T 10000
60 100 200 300
TK-Mg [«cl

Fig. 3 K/Mg-K/Ca diagram (after Giggenbach, 1988) of thermal waters from Ilwodani region and the
vicinity of the Hayashida region. Full equilibrium line is derived from chemical equilibria
between thermal water and the assemblages of minerals ; K-feldspar, chlorite, K-mica, calcite,
silica. The rock dissolution line refers to solutions of 10, 100, 1,000 g of an average crustal rock
in 1kg of water (after Giggenbach, 1988). Maruo data were cited from Fujita and Sakamoto

(2001).
350
300 4 a)y =2.4x+59.8
R*=0.6
= 20 b)y=2.2x+19.9
&0 2 _
E 50 R*=0.5
Q
@ .
% 150 A Iwodani
% Hayashida, Myoban, Enoo
2100 A --amorphous silica
-- a-Cristobalite
50 --#-- Chalcedny
"°"(ﬁuartz
0 1

30 40 50 60 70 80 90
Temp. ['C]

Fig. 4 Relationships between temperatures and SiO, concentrations of thermal waters and
condensate water collected from the Iwodani region and the vicinity of the Hayashida region.

DHEWETA) IKNET S, THIIEPIOLRRIERICL 26D EHAL TV S, WEA - #RH
BlAHX 2 50BN 28K GZEE2EHD CO, nELD bEWVE I ADERAKK (Immature
water) fEIRIC 70 v &N B, T, MERIHX 2 51550 2 BUKIFREAHIK > 55 511 5 2
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KED HFWCONEERLTVS, ThiF, 3.1,3.2 TRLIZE DI, FPEVKOEES L < 3F
o E N 25K CO, DFBIC L 2 LHfEE N 5. E7, MBVKIZHEE 250 CHYKBE)
DIEFRIC X BRI AR A K ER EBEIc 7oy b E&hTw3, X - T, MiEvko K/Mg-K/Ca fll
IR BVK OB TR I WATREE b H 0, B A E5ADAMRIC X > TIEREnBvkTh 3L b
EAoND, Fi, WEEEOBIK T L (3), @ISR S NS LIZN O RSk 3-8
VIOHERNEZ SN B12H, TNODHEIZOVWTIE, GBI SIHELLTANLISNEDNH 5.

3.4 A

TABOBIRER, SaTOrABENEREY ), a-7 VA NS4 b, AV R=—, [
LOWFT NPT - TR ZD, 7 BREE SEEICIEOMBIRRIGEY 51, SiO, EE 3L
FREFE L THOOATWS, TOLH7, &7 AL Sio, bR ERHc >V TR
Nicholson (1993) Itk D £ & ENTWA. Lichi-T, RREICE T BEUKFD 7 A B
% SiO bR Ic L > THEET A 2 ENIT X 3,

TRy - AREE DX o Bk O FERREE & AR 7 A BRIERE OBAfR % Fig. 4 1T/R . A - K
A AHIX s 518 5 1 2 BUK ORI 7 1 TRISEE (SAEBAMRE. (RD #305~0.6 L ZNEEEL 7S
WS, BEISH L Tld+22~24 OIEOHE N SN, MBUKOEMRE: 7 1 BBIEE S IRENE
33 EHINT 2 HEAICH 5. F i, MHARBZHXOBOKITIZFETEOK (I 1 BRIBE S E W)
DRZBISEZ SN, MEAHIX D 5158 51 2 BUKOAEMRYE 7 4 BRIBE NS V. SAMOTHED
AV E OEFE T IRy A BBIERE S IEE S N 275, ZEDSEM L WESEITIIIERE v ) 7 PIERE R
+oEENEZ NS, HEAHIKX TRMHEEIMXKICENTER - HEOZENH L WO TIER
B h OREEZ S TR A TRORBENEG S, BB EEIOELTVWEbD0bbH 5 EEX

. 777
1200 + Rain water ///
Shi Onami lake
777 iny
1000 .
7 Hayashida, Myoban, Enoo ‘
800 | Maru(I)WOdam Shallow ground water
Shinkawa
600 | Kokubu, etc.
—
400 |-
E 200 | .
§ _______________ Deep gpdund water
£ 0 b e
< G .
200 | Deep ground water  \: ure & pressure
\/‘V\ (containing NaCl)
400 |
-600 |- - \\ 9 \
D Deep thermal water: 74.5~97.5 (*250~300 °C) \
@ Fumarolic gas: 98.6 ‘C N \
@ Secondary thermal water: 46~85 (*53~77 C) \ 58, 8O,, CO,, H,, Ar,
@ Secondary thermal water: 36~69 (*83~97 °C) \IHS’ CH,, HCl e;\c.
* Reservoir temperature T N\
0 5
L L I I L J [om]
-10000

Fig. 5 A schematic presentation of a genetic model of thermal water in the Iwodani region and the
vicinity of the Hayashida region of the Kirishima volcanic area (modified from Fujita et al., 2000).
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55,

4. BRED - MEEABHXEIKR O KEE

SRE SR ERIET 5 &, SA-BUKHABERICE S WIcEEIC XD Fig. 5 1ITRd BukHR
DR T VPBES NI, T, Boninthr T — 7 OHBRILFERIET D 5, DI OFEIUR
B,

(1) Na-K-Mg #pkDf@thh» &, WEA - MEEZHIX 2 515 51 2 Bk, ZEKUNEE O 2L
KT\ b ENZRBEKOETICT v v bENiz, T/, K/ Mg #H{EFEERD» 5, A
X 61550 5 BOKDIFHEEIREE T 53~77C, MHEIHIX A 515 5 5 Bk Ol ERE X
83~97°C LHEES /e,

(2) BREAHIX D S350 2 BoK iR ir R g o < AR S8k L 7o SHHICHR T 2 X
DHIZR I TR S & OMIFEIKICIR A F AR L 7 IR EUK TH 2 EHEE X /e, MRHEEHE
X 51560 5 BoK SR 8 O K _AHIREED S48 L 7oKt iIc sk 9 2 2850 3wk -
REHTIKICIR S AT NAER L 2 TIRIBBOKTH 3 LHEE SN, F o EHBUKORENIRIE X
nit.

(3) K/Mg-K/Ca#likDi#tfrir &, WA - MRHEIMX OBUKIE, Bz 350 DEMRIC X DIE
k& N7cBUKTDH 5 AIREEDHEE S N,

(4) WRED - HHEEZHIX ) 518 5N 2 BUKOEREE 7 1 BRIERE W, JERE V) h OEBNEZ
S,

E i3

KEFFLEITH ICH b, BERERFHFEROEHuM I, ELE#E, FORERE LI
BREWEEZVKZ W, $h, BREOHICFETSMEE VW, DILEDTJ 21
L EFET.
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