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Abstract

Fumarolic gases the gases discharged from borehole and hot spring water were sampled at three geothermal areas, Owakudani, 

4/CO2

84Kr and 132Xe was 

observed in hot spring water in comparison to 36 84Kr and 132

2

FeS2 at around 200 2 geothermometer.
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Ozawa, 1968

Giggenbach Giggenbach,

1975 Giggenbach

120 ml

20ml KOH

Giggenbach

Giggenbach

Giggenbach

KOH R-gas

Giggenbach R-gas

N2 O2 H2 CH4

GC

Giggenbach R-gas

GC R-gas

He

VG5400
3He / 4He

D/H 18O/16O

Giggenbach

20ml

D/H

Coleman et al, 1982 18O/16O CO2-H2O

Epstein and 1953 CO2

CO2
13C/12C

Location Category Code Date Temp. Longitude Latitude
139deg+ 35deg+

min min
Owakudani Gas GO1 2005/8/3 92.5 1.381 14.163
Owakudani Gas GO2 2005/8/3 96.2 1.410 14.191
Owakudani Gas GO3 2005/10/21 95.2 1.314 14.158
Owakudani Gas GO4 2005/10/21 96.6 1.478 14.152
Owakudani Gas GO5 2005/10/25 96.7 1.475 14.292
Owakudani Gas GO6 2005/10/25 97.0 1.419 14.279
Owakudani Gas GO7 2005/10/25 95.5 1.270 14.336
Owakudani Gas GO8 2005/11/1 94.3 1.419 14.624

52 bore hole Gas GB 2005/10/25 152.0 1.508 14.370
Sounjigoku Gas GS1 2005/11/1 96.9 1.961 14.206
Sounjigoku Gas GS2 2005/11/1 97.6 2.093 14.288

Yunohanazawa Gas GY1 2005/11/8 96.4 2.135 13.238
Yunohanazawa Gas GY2 2006/1/10 137.0 2.288 13.259

Ohwakudani Water WO1 2005/8/3 92.5 1.370 14.181
Ohwakudani Water WO2 2005/8/3 92.4 1.410 14.191
Ohwakudani Water WO3 2005/8/3 78.7 1.398 14.189
Ohwakudani Water WO4 2005/10/21 54.8 1.344 14.195
Ohwakudani Water WO5 2005/10/21 93.6 1.438 14.177
Ohwakudani Water WO6 2005/10/21 96.5 1.486 14.146
Ohwakudani Water WO7 2005/10/21 93.6 1.451 14.156
Ohwakudani Water WO8 2005/12/1 83.2 1.344 14.196
Ohwakudani Water WO9 2006/1/10 95.2 1.411 14.189
Sounjigoku Water WS1 2005/11/1 95.6 1.961 14.206
Sounjigoku Water WS2 2005/11/1 94.8 2.058 14.257

Yunohanazawa Water WY1 2005/11/8 87.4 2.240 13.510
The coordinate indicated in Table is based on Tokyo-GPS-system.
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50 ml

10ml Ba(OH)2

BaCO3

CO2

CO2 HCl

Giggenbach KOH Ozawa

(1968 H2O

Giggenbach

H2O

SO2 / H2S

Ozawa (1968

H2S

5 20 ml 570 ml

6N HCl 5ml

H2S

H2S

H2S

Na K

ICP

pH Orion pH

25

1

GB GY2

152 137

94.3 97.6

1000m 96.5

2

H2O 97%

H2O CO2 3

H2S GO8

GO8

GO8 2001

CO2

H2S

SO2 GB 1780 µmol/mol

123 µmol/mol HCl GB 166

µmol/mol 54 µmol/mol

H2 GO8 500 µmol/mol GB GS1

4 µmol/mol CH4 GO8

22 µmol/mol GB GO5

GO5 GB

N2 GY2 GO8 500 µmol/mol

O2 GY2 GO8

O2

O2

H2O CO2 H2S SO2 HCl H2 CH4 N2 O2

GO1 992800 4250 2770 39.3 14.4 46.4 0.64 93.0 nd
GO2 995200 3150 1320 18.6 26.5 212 1.63 67.3 nd
GO3 996800 2610 483 9.2 6.3 41.6 0.24 39.0 nd
GO4 996600 2030 1230 22.7 16.0 52.5 0.84 22.5 nd
GO5 991100 5590 3030 36.3 8.3 198 nd 69.6 nd
GO6 995100 2790 1870 24.4 53.9 85.3 0.25 33.4 nd
GO7 988700 7760 3310 33.1 1.6 81.6 1.25 108 nd
GO8 978000 20600 135 123 4.8 500 22.0 558 69.9
GB 987400 6570 3990 1780 166 2.0 nd 110 nd
GS1 991600 4970 3290 75.7 8.1 3.9 1.12 74.4 nd
GS2 990800 4390 4280 48.5 13.7 386 8.87 77.0 nd
GY1 996200 2760 953 12.0 12.5 11.4 1.10 36.9 nd
GY2 989400 5320 2190 110 nd 161 14.3 2280 504

nd: not detected.
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3

H2O
18O GO1 GO7 GO8

et al., 1985 -8.5‰

Fig. 5 GB GO5

GO6 18O

Fig. 4 GB

GO5 GO6 D

3He / 4He

8×10-6 8.2 9.5×10-6

1.4×10-6

4 pH

4.7 Cl-

9 mg/l SO4
2-

440 mg/l WS1

9600 mg/l H2S

WY1 32 mg/l

H2S

WY1 H2S WS1

H2S 6 mg/l

WS1 pH =1.57 Fe

Ca WS2 pH

=4.65 0.17 mg/l

SiO2

217 363 mg/l

5
18O

-8.5 D

WY1 WO3 WO4

-53 et al., 1985

WO2 WO9 WS1 D

Giggenbach, 1992 -30

Sample Date DSMOW
18OSMOW

13CPDB
4He 20Ne 36Ar 40Ar 84Kr 132Xe 3He/4He

‰ ‰ ‰ x10-6

GO1 2005/8/3 -69 -11.8 -0.3 1.98E-02 5.60E-04 3.36E-03 1.00E+00 1.41E-04 1.06E-05 9.2
GO2 2005/8/3 -43 -5.2 0.5 3.30E-02 4.53E-04 2.02E-03 6.18E-01 7.47E-05 5.05E-06 9.1
GO3 2005/10/21 -51 -6.5 -2.1 1.16E-02 2.80E-04 1.02E-03 3.09E-01 3.62E-05 2.66E-06 9.5
GO4 2005/10/21 -53 -6.8 -2.5 8.09E-03 2.75E-04 1.34E-03 3.97E-01 4.94E-05 3.79E-06 9.0
GO5 2005/10/25 -40 1.4 -0.8 2.17E-02 1.78E-04 5.95E-04 1.84E-01 2.06E-05 1.87E-06 8.9
GO6 2005/10/25 -39 -0.1 -1.2 1.19E-02 3.62E-04 1.03E-03 3.09E-01 3.17E-05 2.12E-06 8.7
GO7 2005/10/25 -86 -9.8 -2.3 3.13E-02 6.96E-04 3.68E-03 1.11E+00 1.44E-04 9.82E-06 9.2
GO8 2005/11/1 -75 -12.2 -1.1 6.11E-02 8.00E-03 1.74E-02 5.18E+00 4.13E-04 1.89E-05 8.9
GB 2005/10/25 -32 0.6 -1.1 1.76E-02 1.23E-03 2.43E-03 7.27E-01 6.07E-05 3.58E-06 8.8
GS1 2005/11/1 -61 -4.6 -1.2 1.58E-02 1.34E-03 1.81E-03 5.35E-01 4.52E-05 3.14E-06 8.2
GS2 2005/11/1 -57 -4.3 -1.1 3.26E-02 3.86E-04 2.20E-03 6.67E-01 9.30E-05 7.04E-06 9.1
GY1 2005/11/8 -58 -6.7 -4.3 5.08E-03 2.99E-04 1.55E-03 4.63E-01 5.90E-05 4.17E-06 9.0

10+E57.25.2-4.6-94-01/1/60022YG

2 2

2 2

pH Cl- SO4
2- H2S_aq Na+ K+ Mn2+ Fe2+ Mg2+ Ca2+ Al3+ SiO2

WO1 2.45 2.3 989 2.5 21 2.4 2.10 43 27 54 29 253
WO2 2.09 3.3 1840 5.6 7.1 0.9 0.99 132 17 37 126 232
WO3 2.59 2.1 1100 0.29 42 5.1 4.95 31 84 124 8.1 314
WO4 2.29 2.6 893 1.2 10 1.4 0.96 30 23 46 44 220
WO5 2.54 4.7 1550 4.3 93 9.7 3.30 57 70 175 45 294
WO6 2.53 3.1 905 0.88 43 3.9 2.31 34 42 94 14 327
WO7 3.34 2.6 445 1.2 33 5.7 1.33 1.6 32 68 2.4 281
WO8 1.99 3.5 2760 0.10 19 1.3 4.66 144 69 106 171 314
WO9 2.11 1.3 2080 2.9 7.5 0.4 1.63 71 26 48 184 233
WS1 1.57 8.5 9580 22.1 75 4.5 14.8 361 245 434 607 363
WS2 4.65 1.5 1330 1.4 87 11.4 8.06 7.1 121 196 0.17 217
WY1 2.28 6.1 798 31.5 23 3.1 0.92 6.7 15 54 22 229

The unit of concentration for each composition is in mg/kg.

l
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-10 3He / 4He

WO5 WO6

1.4×10-6 Ozima and Podosek, 2002

2

18

Sample DSMOW
18OSMOW

4He 20Ne 36Ar 40Ar 84Kr 132Xe 3He/4He
‰ ‰ x10-6

WO1 -50 -6.2 9.66E-09 2.19E-08 7.52E-08 2.20E-05 2.16E-09 1.14E-10 1.68
WO2 -14 4.3
WO3 -56 -7.8
WO4 -53 -6.3 3.70E-08 1.15E-07 5.09E-07 1.50E-04 1.69E-08 9.55E-10 1.58
WO5 -39 -3.9 5.44E-09 7.18E-09 4.44E-08 1.30E-05 1.81E-09 1.61E-10 4.54
WO6 -49 -5.9 1.23E-09 1.87E-09 1.23E-08 3.60E-06 5.99E-10 7.23E-11 2.43
WO7 -40 -4.4 4.20E-09 1.07E-08 6.16E-08 1.82E-05 2.25E-09 1.70E-10 1.73
WO8 -44 -6.2 3.32E-08 8.58E-08 2.80E-07 8.24E-05 7.93E-09 4.09E-10 1.74
WO9 -2.9 2.4 1.30E-08 3.53E-08 1.04E-07 3.03E-05 2.83E-09 1.53E-10 1.48
WS1 -14 2.9 6.82E-09 1.21E-08 5.98E-08 1.78E-05 2.43E-09 2.27E-10 2.01
WS2 -37 -2.9 2.05E-09 3.15E-09 2.32E-08 6.82E-06 1.11E-09 1.25E-10 1.97
WY1 -59 -7.8 5.64E-07 2.13E-06 4.34E-06 1.29E-03 9.84E-08 4.52E-09 1.50

The unit of the dissolved rare gas component is in the volume (mi) as gaseous state under standard
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4He

Fig. 6 log(CO2/H2O log(4He/H2O
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GO8
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Fig. 8 H2/H2O
4He/H2O GS1

GB H2/H2O

log(H2/H2O log(4He/

H2O Fig. 9 CH4/H2O
4He/H2O GB GO5 CH4

CH4/H2O
4He/H2O

4He

GB SO2 HCl H2O Fig.

5 H2 CH4

SO2 H2S

Giggenbach,

1987 GB

GO8 H2 CH4

H2S/He

GB

H2S/He

H2S

H2

CH4

GO8

GB GS1 H2/H2O

H2S/He GB

CH4 GO5 CH4

H2O GB Fig.

5 GO5 GB

GO5 H2/H2O

H2/H2O

H2/H2O

Giggenbach(1987 RH

Fig. 10 RH

Fig. 10 RH

Fe2+

Fe3+ Giggenbach,

1987 RH

2 2
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Fe2SiO4( ) + H2O(gas)

= Fe2O3(Hematite) + SiO2(Quartz)+H2(gas 2)

Fe Hematite

Fe

Fe

Hematite

Giggenbach, 1997 2 RH

Giggenbach(1987 Rock-buffer

RH

6 Fig. 10

H

H

H H

H

Reaction

25 60 100 150 200 250
Fe2SiO4 + H2O(g) = Fe2O3 + SiO2 + H2 -1.52 -1.78 -2.01 -2.23 -2.38 -2.50 -2.59

H2S(aq) + 4H2O(g) = 4H2 + SO4
2- + 2H+ -34.63 -33.00 -31.72 -30.62 -30.05 -29.84 -29.95

CH4  + 2H2O(g) = CO2 + 4H2 -19.89 -16.84 -14.02 -11.21 -8.97 -7.13 -5.60

2FeS2 + 4(CaAl2Si4O134H2O) + 7H2O =4CaSO4

+ Fe2O3 + 4{Al2Si2O5(OH)4} + 8SiO2 + 15H2
-106.83 -94.28 -82.84 -71.56 -62.63 -55.36 -49.29

4H2S + Fe2SiO4 = 2FeS2 + SiO2 + 2H2O(g) + 2H2 20.67 17.49 14.60 11.77 9.56 7.78 6.31

4FeS2 + 6H+ + 4H2O = 4Fe2+ + SO4
2- + 7H2S(aq) -54.35 -48.56 -43.07 -37.65 -33.49 -29.54 -25.74

log10K

(g) and (aq) in the reaction equations indicate the gas and aqueous state of species.  The equilibrium constants were
derived from the thermochemical data in Helgeson (1969) and Helgeson et al. (1978).
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RH Rock-buffer

RH

SO4
2-

H2S(

H2S( ) + 4H2O(gas) = 4H2 + SO4
2- + 2H+ 3)

Kf

pH
C
CRK

SO

SH
Hf 2log4log

4

2 4

Ci i Kf

Helgeson (1969

6 4

RH

Fig. 10

RH Rock buffer Fluid buffer

Fig. 10 Fluid buffer

RH GB

RH Fluid buffer

Fig. 10 RH

Fluid buffer

Rock buffer

CH4
4He

Giggenbach(1987

CH4

CH4

Rock buffer

Fig. 11 RH

CH4/CO2

100 150 200

RH CH4 / CO2

H 2

H 2
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CH4 + 2H2O = CO2 + 4H2 5)

5 6 GB GS1

CY1 GO5 GO8 5 100-

200

GY2 137 150

5

GB GO5

GO5 GB

RH GB

GO5

RH GB

Fluid buffer

GO5 RH Fluid buffer

GO5

Fluid

Rock buffer

GO5 CH4 GO5

Rock buffer CH4

GO5

5 CH4 CH4/CO2 RH

GY2

GO5 GO8 200

H2

5

5 H2

100

CH4 GS1

GY1 5

GB

GB

GS1 GY1

CH4

H 2 2

H 2 2

H 2 2
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RH CH4

RH CH4

4H2S + Fe2SiO4 ( )

= 2FeS2 ( ) + SiO2 (Quartz) + 2H2O + 2H2 (6)

Fe2+

Ks

SH KR
OH
SH log

4
1

2
1log

2

2 7)

7 H2S / H2O

RH Fig. 12 H2S

/ H2O RH H2S/H2O

6 H2S/H2O

6

Fe2+

H2S 6 H2

6 H2S

H2S

Fig. 13

RH CH4/CO2 Fig. 13a CH4

Giggenbach, 1987

CH4/CO2

CH4/CO2

GB

RH

GO5 Fig. 13b

Rock-buffer

CO2 CH4

GY2

Fig. 13c H2S FeS2

H2S
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GO8

GS1 GY1

RH CH4/CO2

CH4

Fig.

13b, c

sulfate chloride water Bicarbonate

water Neutral chloride water

sulfate water Giggenbach,

1997

Fig. 14

8.5 mg/l GB HCl 166

µmol/mol GB

100 mg/l

GB

500m

Fig. 15

Giggenbach, 1988

Fig. 16

Fig. 16

NaK

K

CC
Cx

10
10  (8)

CaMg

Mg

CC
C

y
10

10 (9)

a
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Ci i mg/l

Fig. 16

Giggnebach,

1997 Na

K Ca
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1972

Na/K

K

Giggnbach(1997

K

WY1

Giggenbach (1974

Fig. 17

mg/l

1972

Fig. 17

Fig. 18

Ca

Ca

Fig. 19

DR

Fig. 20 Fe

Fe
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Fig. 21 SiO2

SiO2

SiO2

7 SiO2

Fournier (1977

15.273
log69.4

1023)(
2SiOC

Ct
10)

CSiO2 SiO2 mg/l

Fe

Fig. 20 Fe

Fe

4FeS2 + 6H+ + 4H2O

= 4Fe2+ + SO4
2- + 7H2S( 11)

KFe

FeSHSOFe KCCpHC log
4
1log

4
7log

2
3log 24

12)

6

mol/

kg Log(CFe

Fig. 22 150 200

Fe 11

WO3

Sample SiO2 Temp.

mg/kg
WO1 253 174
WO2 232 167
WO3 314 193
WO4 220 163
WO5 294 187
WO6 327 197
WO7 281 183
WO8 314 193
WO9 233 167
WS1 363 207
WS2 217 162
WY1 229 166

Temperature was calculated based on the solubility of chalcedony
geothermometer given by Fournier (1977)
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193 163 197 183 200

200
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