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2 ─ ⱷ◌♬☼ⱶ 

2-1  

≢ ─ │⁸ ─ ⌐ ↄ ⇔≡™╢⁹ ●☻⌐│⁸ ─ ≤

⌂╢ HCl ●☻╛ HF ●☻⁸SO2●☻⁸H 2S●☻⌂≥⅜ ╕╣≡™╢√╘≢№╢⁹ ─

│ ─ ≢↓╣╠─●☻≤ ⅜ ⇔⁸ ⇔≡™╢ ⌂≥≤

⇔≡ ↕╣╢√╘⁸ ≢ ↕╣╢ ≤│ ⌂╢ ╙№╢⅜⁸↓╣╠

─ ≢ ≢⅝╢ ⅜ ─ ─ ╩ ⇔≡™╢ ╙№╢⁹ 

⌐ ⇔≡™╢ ⌐│⁸ 2-1-1 ⌐ ∆╟℮⌐ ⌐ 2≈─♃▬ⱪ⅜№

╢⁹1≈│ ╛ ─ ≢ SO2●☻╛ HCl ●☻⁸HF ●☻⌂≥╩ ╗

─ ●☻≤ ─ ≢ ⇔√ ─ Cl-SO4 SO4 ─ ᵑ ≢№╢⁹

╙℮ 1≈│ ⅛╠ ⇔√ CO2●☻╛ H 2S●☻╩ ≤∆╢ ≤ ⅜

⇔≡ ⇔√ SO4 ─ ᵔ ≢№╢⁹ ─ Cl-SO4 SO4 ─ ᵑ

─ │⁸HCl ╩ ╗ ─ ●☻╩ ∆╢ⱴ◓ⱴ─ ╩ ∆⁹ 

⁸ ─ SO4 ᵔ ─ ⌐│ ╩ ⇔√ ─ ⅜

↕╣╢⅜⁸∕─ ⅜ ⅛≥℮⅛╩ ─ ∞↑≢ ∆╢─│ ≢№╢⁹ ה

1975 │⁸ ─ ─ pH ≤ ⇔√ ─ CO2/H 2S⸗ꜟ ─ ⌐ ─

⅜№╢↓≤╩ ⇔≡⅔╡⁸ ⌐╟∫≡│ CO2/H 2S⸗ꜟ ⅜ ─ pH ╩ ⇔

≡™╢ ╙№╢⁹╕√⁸ ─ ─ │⁸↓╣╕≢⌐ ⅜№∫

√↓≤╩ ∆ ≤⌂╢⁹∆⌂╦∟⁸ ≤⇔≡ ╙⇔ↄ│⁸ ⅝™ȃ34S ╩

≈ ⅜ ↕╣√ ⌐│⁸ ⅜№∫√↓≤╩ ∆⁹ ⌐ ╕╣

╢ SO4 ▬○fi─ ⌐│ ⌐ ─ 2 ≈⅜№╡⁸(2-1-1)─ ≢│ ȃ34S ─ ⅝™

SO4▬○fi⅜⁸(2-1-2)─ ≢│ȃ34S ─ ↕™ SO4▬○fi⅜ ∆╢⁹∆⌂╦∟⁸

─ ȃ34S⅜ ⅝™ ⌐│ SO2●☻╩ ╗ ⌂ ⅜№∫√↓≤╩ ∆⁹ 

4SO2 + 4H 2O = 3H 2SO4 + H 2S                                             (2-1-1) 

H 2S + 2O2 = H 2SO4                                                       (2-1-2) 
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◄Ⱡꜟ◑כⱢfi♪Ⱪ♇◒ 2014 ╩ ⌐  

2-1-1  ⸗♦ꜟ 

 

2-2 ─ ⱷ◌♬☼ⱶ 

─ ⱷ◌♬☼ⱶ⌐≈™≡│⁸ ╛ ⁸ ─ ⌂≥⅛╠∕╣∙

╣ ─╟℮⌂ⱷ◌♬☼ⱶ ⅜ ↕╣≡™╢⅜⁸∕─ ה │ ∞ ↕

╣≡™⌂™⁹╕√⁸ ─ ╩ ∆╢ ⌐≈™≡│⁸ ⅜ ⌂™⁹Truesdell  

et al. , (1989) ⅔╟┘ Matsuda et al., (2005) ⌂≥─ ╩ ⌐⁸ ─ ⱷ

◌♬☼ⱶ⌐╟╢ ≤ ∆╢ ⌐≈™≡╕≤╘√╙─╩ᵑ ᵔ⌐ ∆⁹ 

 

ᵑ ⌐╟╢ ₈Cl ₉⁸₈SO4 ₉ ⁸ ⌂≥ 

HCl(g) ќ HCl(aq)  

4SO2(g) + 4H 2O ќ 3SO42- + 6H + + H 2S(aq) 

ᵒ ╛ ≤─ ⌐╟╢ ₈SO4 ₉ ⌂≥ 

4S(s) + 4H2O ќ SO42- + 2H + + 3H 2S(aq) 

KAl 3(OH)6(SO4)2 ќ 6H + + K + + 2SO42- + 3AlO 2- 

ᵓ ⌐╟╢ ⌂≥ 

ZnCl 42- + H 2S(aq) ќ ZnS(s) + 4Cl - + 2H + 

PbCl3- + H 2S(aq) ќ PbS(s) + 3Cl - + 2H + 
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ᵔ 2 ⌂ ⌐╟╢ ⁸ ⌂≥ 

╛ ╩ ╪∞ ─ ⌐╟╢  

 

─ │⁸ ⌐⅔↑╢ ─ ╛ ⱷ◌♬☼ⱶ╩ ╠⅛

⌐∆╢↓≤≢№╢⁹ ≢│⁸ ⌐ᵑ⅔╟┘ᵒ⌐≈™≡ ⇔⁸ɔ ⅔╟┘ᵔ│ ⅔╟

┘ 2 ─√╘ ∆╢⁹ 

 

2-2-1 ⌐╟╢  

●☻⌐│⁸ ∆╢≤ ╩ ∆ ₁⌂●☻ HF⁸HCl⁸SO2⁸H 2S ⅜ ↕╣

≡™╢↓≤⅛╠⁸↓╣╠⅜ ⌐ ∆╢≤⁸ ⅜ ⌐⌂╢⁹ ●☻─

│⁸●☻ ─ ⌐ ∂≡ ⅜ ⌂∫≡™╢⁹ 

HCl ●☻╩ ╗ ─ ●☻⅜ ⇔√ ⁸HCl ●☻≤ ⌐ SO2●☻⅜ ╕╣╢↓

≤⅜ ™√╘⁸∕─ ⌐ ∂≡ Cl Cl SO4 ≤⌂╢ ⅜ ™⁹↓─♃▬ⱪ─

│⁸ ╙⇔ↄ│ ≢╙ ─ ●☻⅜ ⇔≡⅝╛∆™ ≢ ╠╣╢↓

≤⅜ ™⁹ 

⁸ ─ ●☻⅜ ─ │⁸HCl ●☻ ⅜ ↄ SO2●☻╛ H2S●☻

⅜ ↄ⌂╢↓≤⅛╠⁸ ╩ ∆↓≤⅜ ™⁹╟╡ ≢ H 2S●☻─ ⌐╟╡

⅜ ⇔≡™╢ ⌐│⁸ ⌐ ⅜ ≢№╢↓≤⅛╠⁸ ≢ ↕

╣╢↓≤⅜ ™⁹√∞⇔⁸ ≤⌂╡ ╢ ⅜ ⇔≡™╣┌⁸ ≢╙↓─♃▬ⱪ─

⅜ ∆╢ ⅜№╢⁹ 

 

2-2-2 ╛ ≤─ ⌐╟╢  

≤─ ⌐╟╢ ─ ≤⇔≡│⁸ ⌐⁸ŋ S ─ ⁸

ᵒ ≤─ ⅜ →╠╣╢⁹ 

1≈╘│⁸ ─ ⅜ ∆╢↓≤⌐╟∫≡⁸

⅜ ∆╢ ≢№╢⁹ 

↓─ │ ≢ ╗↓≤⅛╠⁸ ≢↓─♃▬ⱪ─ ⅜ ⇔≡™╢

│ ™⁹╕√⁸ ─ ⅜ ─ ⌐ ↕╣╢↓≤⅛╠⁸ ⌐│↓

─♃▬ⱪ─ ─ │⁸ ⌂╙─≤ ⅎ╠╣╢⁹√∞⇔⁸ ™─

⌐ ⅜ ⇔≡™√ ⌐│⁸ ⌐ ⅜∕─ ╩ ∆╢

│№╢⁹ 

2≈╘│⁸ ─ ⅜ ─ ≤ ∆╢↓≤⌐╟╡⁸ ∆╢ ≢

№╢⁹↓─♃▬ⱪ≢│⁸ ─ ⌐╟╡ ▬○fi⅜ ↕╣⁸pH ⅜ ∆╢⁹ 
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3 ה  

3-1 ⱴ◓ⱴ ─ ⌐≈™≡ 

⅜ ─╒≤╪≥─ │ ⌐ ∆╢╙─≢№╡⁸ ⅛╣ ⌂⅛╣ⱴ◓ⱴ⅛

╠ ↕╣√ ⱴ◓ⱴ ─ ╩ ↑≡™╢≤ ⅎ╠╣╢⁹ ≢│

─ ⌐ ∆╢ⱴ◓ⱴ ─ ╩ ∆╢ ─ ≤⇔≡⁸ⱴ◓ⱴ

─ ≤ ⌐ ╣╢ ⌐≈™≡─ ╩ ∆╢⁹ⱴ◓ⱴ⅛╠

↕╣√ ⱴ◓ⱴ │⁸ ─ ╩ ≡ ה ⌐ ∆╢⅜⁸↓

↓≢│⁸ ≤⇔≡ ⇔ ≢ ╛ ●☻≤⇔≡ ↕╣╢╙─ ●☻⁸

─ ™ ≤⇔≡ ∆╢╙─╩ ≤ ┬↓≤⌐∆╢⁹ 

 

3-1-1 ⱴ◓ⱴ ─  

818ϴ ╛ 880ϴ ⌂≥─╟℮⌐⁸ⱴ◓ⱴ ⌐ ™ ╩ ≈

⅛╠ ↕╣≡™╢ ●☻│⁸ⱴ◓ⱴ⅛╠ ↕╣√ ─ ╩ ⇔≡™

╢≤ ⅎ╠╣╢⁹ ⌐ ╣╢ⱴ◓ⱴ ─ ─ ⌂ │ ─ ≤

Cl ≢№╢⁹ ─ ●☻│⁸ ⌡ ─ ה │ ȃ$ -30±10Ą⁸

ȃ18O=+8±2Ą⁸HCl │ 0.5Ӈ1.0mol% H 2O/Cl 100-200 ─ ⌐ ╕╢ Taran 

and Zelenski, 2014 ⁹ ⅜ ─ ●☻─ │ Cl/S⸗ꜟ │ 0.2≢№╡⁸ ה

ⱴ◓ⱴ─ ≢│ ↕ↄ⁸ ⱴ◓ⱴ─ ≢│ │ ⌂™⅜ ⅝™

Shinohara, 2013 3-1-1 ⁹ ╖ ╖ ─ ─ ●☻─ │⁸ ↔≤⌐

╛╛ ⌂╢⅜⁸ ≢ 0.5 ≢№╡⁸ ─ 0.2 ≤│ ⌐ ⌂╢ Shinohara, 

2013 ⁹ ⌐⁸ ⅜ ─ ●☻ ─ HCl │ 0.1 0.5 mol% H 2O/Cl 200

1000 ≤ Cl ⌐ ⇔™─⅜ ≢№╢⁹ 

ⱴ◓ⱴ⅛╠ ↕╣╢ ─ │⁸ⱴ◓ⱴ ─ ≤ ⌐╟╡ ↕

╣≡⅔╡⁸ⱴ◓ⱴ ─ ≤ⱴ◓ⱴ ─ │ ≤│ ╠⌂™⁹ⱴ◓ⱴ⅜ ₁ ∫

≡™√ Cl⁸S │ ─ⱷꜟ♩ ─ ⌐ ≠⅝ ≢⅝╢⁹ⱴ◓ⱴ

─ S │ SiO2 ─ ≤≤╙⌐ ⇔⁸100 1000 ppm ≤⌂╢ 3-1-1 ⁹

∕╣⌐ ⇔ Cl │ ─ │№╢⅜™∏╣─ⱴ◓ⱴ≢╙ 1000 3000 ppm ─

╩ ≈⁹∕─√╘⁸ ₁─ⱴ◓ⱴ─ Cl/S │ ⱴ◓ⱴ≢ 0.5 ≢№╢⅜⁸╟╡

⌂ⱴ◓ⱴ≢│ 10 ─ ⅝⌂ ╩ ≈ 3-1-1 ⁹ⱴ◓ⱴ ─ ─ │ⱴ◓ⱴ

⌐╟╠∏ ⌡ 1 5wt%─ ⌐ ╕╢⁹∕─√╘⁸ⱴ◓ⱴ ─ H 2O/Cl ⸗ꜟ │ 20

50 ( ●☻ Cl ≤⇔≡ 2 5 mol%⁸ Cl ≤⇔≡ 4 10wt%⁸NaCl

≤⇔≡ 7 16wt.%)≤ ↕╣╢⁹ 

─ ●☻─ Cl/S ⅔╟┘ Cl/H 2O │⁸ⱴ◓ⱴ ─ Cl/S ⅔

╟┘ Cl/H 2O ╟╡ ↕™⁹↓─ │⁸Cl⁸S⁸H 2O─ⱴ◓ⱴ⌐ ∆╢ ─ ⌐

∆╢⁹Cl ─ │ ⅝™√╘⁸ⱴ◓ⱴ⅜ ↄ╕≢ ⇔ ●☻⇔√ ⌐│⁸

─ Cl │ⱴ◓ⱴ ⌐ ∆╢⅜⁸S⅔╟┘ H 2O│ ⅜ⱴ◓ⱴ⅛╠ ↕╣
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╢√╘⁸ⱴ◓ⱴ ─ Cl/S ⅔╟┘ Cl/H 2O ╟╡ ●☻ ─ ⅜ ↕ↄ⌂╢⁹↓╣⌐

⇔⁸ ≢ⱴ◓ⱴ⅜ ∆╢↓≤⌐╟╡ ⅜ ↕╣╢ ⌐│⁸ ₁ⱴ◓ⱴ⌐ ╕╣≡

™╢ Cl⁸S⁸H 2O─ ╩ ∆╢↓≤⌐⌂╢⁹∕─√╘⁸ⱴ◓ⱴ─ ⅜ ≤ ⅎ╠

╣╢ ≢ ↕╣╢ⱴ◓ⱴ ─ │ ●☻≤ ⇔≡─ Cl/S ⅔╟┘

Cl/H 2O ⅜ ⅝ↄ Cl ⌐ ╗≤ ↕╣╢⁹ 

≢ⱴ◓ⱴ─ ⌐╟╡ ↕╣√ ●☻≤⁸ ≢ⱴ◓ⱴ─ ⌐╟╡

↕╣√ ≢│⁸ ─╖⌂╠∏ ╙ ⌂╢⁹ ≤ ⌐№╢

─ HCl/KCl │ ≤≤╙⌐ ∆╢↓≤│ ↄ⅛╠ ╠╣≡⅔╡⁸↓─

⌐╟╡ ≢ ⌐╟╢ ─ ⅜ ∆╢⁹⇔⅛⇔⁸ Ί ⌐

│ ╙ ⇔⁸ ≤ ⌐№╢ ─ HCl │ ≢ ⅝ↄ ≢

↕™ Shinohara and Fujimoto, 1994 ⁹ ─ │⁸ⱴ◓ⱴ≤ ─ ─ ≢

╙ ∆╢ ⅎ┌⁸Botcharnikov et al., 2015 ⁹↓─╟℮⌐ ⌐ ≠ↄ≤⁸ ●

☻─╟℮⌐ ≢ⱴ◓ⱴ⅛╠ ↕╣√ⱴ◓ⱴ │⁸ ─ ⅜ HCl ≤⇔

≡ ∆╢ ─ ≢№╢⅜⁸ ≢ ↕╣√ ≢│⁸NaCl ╛ KCl ⌂≥⅜

≢№╢≤ ⅎ╠╣╢⁹ 

●☻ ─ ─ ⌂ │ SO2≤ H 2S≢№╢⅜⁸∕─ │ⱴ◓ⱴ⅛╠ ↕╣

╢ ⌐ ⅝ↄ ∆╢⁹H 2S/SO2 │ (3-1-1)╩ ⇔≡ ה ה

⌐╟╡ ↕╣≡™╢⁹ │ ─╖─ ≢№╢⅜⁸ (3-1-2)─ ─╟℮⌐⁸

(3-1-1)─ │ ≤ ─ ≤⇔≡ ≢⅝╢⁸ 

H 2S + 2H 2O = 3H 2 + SO2                                   (3-1-1) 

+ 0                                (3-1-2) 

≢│ ≤ H 2S/SO2 │ ─ ⌐№╢√╘⁸

⅜ ™ ≢ⱴ◓ⱴ⅛╠ ↕╣√ ╒≥ H 2S/SO2 │ ⅝™⁹ ≢ ⌐

№╢ ●☻─ H 2S/SO2 │ 0.1 ≢№╢⅜ 3-1-1 ⁸ ∂ⱴ◓ⱴ⅛╠ 1000

≢ ↕╣√ ─ H 2S/SO2 │ 100≤ ⅝ↄ ⌂╢⁹ 

wt.%─ NaCl ╩ ╗ │⁸ⱴ◓ⱴ ╡ 800 1,000 ϴ⁸100 200 MPa ─

─ ™ ≢⁸ ⌐№╢ Shinohara, 1994; Driesner and 

Heinrich, 2007 ⁹ ≤ ≢│ ─ ⅜ ⅝ↄ ⌂╢√╘⁸╟╡ ─ ⌂≥

⌐ ∆╢ ⌐ ↕╣⁸ ─╖⅜ ⌐ ↕╣╢ ⅜№╡ⅎ╢⁹ ─

─ │⁸ ─ ה ה ⌐╟╡ ↕╣≡⅔╡⁸ ─ ─ ≢╙⁸

─ ה ─ ה ─ ⌐╟╡⁸ ─ ╛ ∏╢ ה ─

⅜ ⌂╡⁸∕╣⌐ ∂≡ ∆╢ ─ ה ה╖─ ⌂≥ ⅜ ⌂

╡⁸∕─ ∏╢ ─ ⌐ ⅜ ∏╢ Heinrich, 2007 ⁹ ⌐╟╡⁸

NaCl ⌂≥│ ⌐ ∆╢⅜⁸HCl⁸SO2⁸H 2S⌂≥─ │ ⌐ ∆╢≤ ⅎ╠╣

╢√╘ ⅎ┌ Shinohara and Fujimoto, 1994 ⁸ ─ │ ─ ─ ≤⌂



7 
 

╡ ╢⁹ ─ ⌐╟╡ ∏╢ ≤ ─ ─ │⁸╟╡ ╟╡ ≢№╢╒

≥ ⅝ↄ Driesner and Heinrich, 2007 ⁸HCl⁸SO2⁸H 2S⌂≥─ ┼─ ╙╟╡

⅝™≤ ⅎ╠╣╢⁹∕─√╘⁸ ≢ ↕╣√ ╒≥⁸ ╩ ∆╢

⅜ ™≤ ⅎ╠╣╢⁹ 

 

 

1990 ⌐ ה  

3-1-1  ╖ ╖ ⱷꜟ♩ ─ ⅔╟┘ Cl/S 
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3-1-1  ─ ●☻─Cl/S⁸H2S/SO2  

 

3-1-2 ⌐ ╣╢ⱴ◓ⱴ ─  

≢│ ה ─ ─╒⅛⁸ ─ WD-1a ⌐╟╡ ╠

╣√ ⅜ ╠╣≡™╢ Kasai et al, 1998; 2000; 1996 ⁹WD-1a─

⅛╠ ╠╣√ │⁸NaCl ≢ 55 wt.%⁸ȃD = -32Ą≢№╡⁸ ⱴ◓ⱴ─

⌐╟╡ ↕╣⁸ ╩ ↑√ ⅜ ⌐ ↕╣≡™√╙─≤ ↕╣

≡™╢⁹↓─ ─ Cl/S │ 3,000≤ ⌐ ↄ⁸ ≢─ ─ pH │ 5.2 5.4≤

│ ↄ⌂™ Kasai et al., 1998 ⁹WD-1a─ ⌐│⁸ >3,642m ─

⌐ ™ H 2S ⅜ ╕╣≡™√↓≤⅜ ↕╣≡⅔╡ Kasai et al., 1998 ⁸

─ ⌐ H 2S⅜ ∆╢↓≤⅜ ↕╣≡™╢ Kasai et al., 2000 ⁹ⱴ◓ⱴ

⅛╠─ ─ ─ ⌐ ⇔≡⁸HCl⁸SO2⁸H 2S⌂≥─●☻ │ ⌐ ∆╢

─№╢↓≤╩ ⅎ╢≤⁸ ⌐ ∆╢ ─ ─ ⌐ ⇔≡⁸

⌐ ●☻ ╩ ↄ ╗ ⅜ ⇔⁸∕─ ⌐╟╡ ─ ⅜ ∂√≤™

℮ ⅜№╢⁹ 

WD-1a≢ ↕╣√ NaCl 50 wt.%⌐ ∆╢ ─ │⁸

⅛╠ ↕╣√ ≤⇔≡│ ≢№╢⅜⁸ ⌐ ⌂ │ ⌂≥⌐ ↕╣

√ ⌂≥≢│ ↄ ↕╣≡⅔╡ e.g., Audétat et al. , 2008 ⁸ ⌐⅔

™≡ ─ ™ ⅜ ╩⇔≡ ∂√ ≢№╢≤ ↕╣≡™╢⁹ⱴ◓ⱴ

⌐ ™ >500ϴ ─ ╩ ≈ ─╒≤╪≥│ 20wt.% ─ Cl

╩ ≈ ≢№╡⁸Cl/S⸗ꜟ │ 10₩1,000≤ ™ ╩ ∟⁸WD-1a≤ ⇔≡™╢

Audétat and Zhang, 2019 ⁹ 

 

3-1-3 ╕≤╘ 

⌐ ∆╢ⱴ◓ⱴ ─ │⁸ ⌐ ●☻ ╩ⱴ◓ⱴ ≤

≤╖⌂⇔√ ─ ╛ Cl ╩ ⌐ ∂╠╣≡⅝√⁹⇔⅛⇔⁸ⱴ◓ⱴ
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─ │⁸ ≢ ↕╣√ ●☻≤⁸ ≢ ↕╣√ ≤≢│ ⌂╢↓

≤⅜ ↕╣≡™╢⁹ ─ HCl/NaCl ╛ Cl/S ⌂≥─ │⁸╟╡ ≢─

≤─ ⌐╟╡ ∆╢√╘⁸ⱴ◓ⱴ ─ ─ ™⅜ ─ ─ ™

╩ ∏╢≤│ ╠⌂™⅜⁸ ─ ה ─ ─ ⌐⅔™≡╙⁸ⱴ◓ⱴ

─ ─ ™╩ ╕ⅎ√ ⅜ ≢№╢⁹╕√⁸ ≢ ↕╣√ⱴ◓ⱴ

│ NaCl -KCl ╩ ≤⇔⁸ⱴ◓ⱴ ─ ™ ≢ ╩ ∏╢⁹

─ ≤⇔≡ ∂√ │⁸ WD-1a╛ ≢ ⇔√

≢⁸ │ ↄ⁸ ™ Cl/S ╩ ≈ ≤⇔≡ ↕╣≡™╢⁹∕╣⌐ ⇔ ⌐│ HCl⁸

SO2⁸H 2S⌂≥─ ⅜ ⇔⁸ ⌐ ╩ ∆╢ ⅜ ⅎ╠╣╢⁹⇔

⅛⇔⁸ⱴ◓ⱴ ─ ─ │↕╣≡⅔╠∏⁸ ─ ⅜ ≢№╢⁹ 

 

3-2 ⌂ ─  

─ ⅛╠⁸ ⅜ ⇔√ ≢∕─ ⌐≈™≡ ∆╢√╘⌐

↕╣≡™╢ ה ╛∕─ ⌐≈™≡╕≤╘√⁹ ⌐╟∫≡ ™╢

│ ⌂╢⅜⁸ ─ ╛ ⁸ ≤─ ─ ⌂≥╩ ╠⅛⌐∆╢↓≤╩

⌂ ≤⇔≡⁸ ⌡ ─ ⅜ ↕╣≡™╢⁹ ⌂╙─⌐≈™≡⁸∕─ ╩

⌐ ═╢⁹ 

Cl ≤ SO4 ─ ⁸Cl SO4ה ≤ ◄fi♃ꜟⱧכ─ ⁸Cl ≤

B ─ ⁸Cl-SO4-Ca─ ⁸CO2-H 2S-R●☻─  

Na-K-Cl ─ ⁸Na-K-Ca─ ⁸ȃ18O(H 2O)≤ ȃD(H2O)─ ⁸ȃ34S⁸ȃ13C⁸N2-

He-Ar ─  

─ Na-K-Mg ─ ⁸  

≤─  

 

3-2-1 Cl ≤ SO4 ─  

│⁸ ⌐ ≤ ─╙─⌐ ↑╠╣╢⅜⁸ ⌐│ SO4▬○

fi╛ Cl ▬○fi⅜ ₁ ╕╣≡™╢√╘⁸ ─ ╛Ᵽꜝfi☻╩ ≤ ⇔≡⁸

™∏╣─♃▬ⱪ⅛ ∆╢─⌐ ™╠╣╢⁹ ≢│⁸ ≤ ⇔≡ SO4

╛ Cl ⅜ ⌐ ™ ⅜ ↕╣≡⅔╡⁸ ─ ●☻ ⌐ ╕╣╢ HCl ╛

SO2⅜ ≤ ═╠╣≡™╢ Ueda et al. , 1991 ⁹↓─ ⅜ ⇔√ ≢

│⁸◌○ꜞ♫▬♩╛ ⁸Ɽ▬꜡ⱨ▫ꜝ▬♩⌂≥─ ╙ ↕╣≡™╢⁹ 

 

3-2-2 Na-K-Cl ─  

●☻⌐│⁸ ∆╢≤ ╩ ∆ ₁⌂●☻ HCl⁸HF⁸SO2⁸H 2S⌂≥ ⅜ ↕

╣≡™╢⁹∕─ ⁸ ─ ●☻⌐ ╕╣╢ HCl ●☻⅜ ⌐ ∆╢≤⁸ ─

≤⌂╢⁹ ≢ ─ ─ ⌐│ Cl ⌐ ∆╢ Na ▬○fi╛ K▬○fi⅜



10 
 

╕╣≡™╢⅜⁸HCl ⅜ ⇔√ ─ ⌐│ Na ▬○fi≤ K ▬○fi─ ⌐ ⇔≡

⌂ Cl ▬○fi⅜ ╕╣╢↓≤⌐⌂╢↓≤⅛╠⁸↓─ ─ │ HCl ●☻ ─

╩ ∆╢─⌐ ≢№╢⁹ ה 1996 │⁸ ─ Well -14⅛╠

↕╣√ ⅜⁸ ⌂ ╩ ≤ ↕∑√ ─ ≤ ≤

─ ⌐ ┬↓≤⅛╠⁸ ≤╟╡ ⅛╠ ⇔√ ⅜ ≢ ⇔

≡™╢≤ ═≡™╢⁹ 

 

3-2-3 ȃ18O(H 2O)≤ ȃD(H2O)─  

─ ⌐│ ⌐ ⁸ ⁸ⱴ◓ⱴ ─ 3 ≈⅜№╡⁸∕╣∙╣ ⌂╢

ȃ18O(H 2O)≤ ȃD(H2O)─ ╩ ∆↓≤⅛╠⁸ⱴ◓ⱴ ─ ─ ╩ ∆╢ ⌐

≢№╢⁹√∞⇔⁸3-1─ ≢ ═√≤⅔╡⁸ⱴ◓ⱴ ≤⇔≡│ ●☻╛ⱴ◓ⱴ

⅜ ∆╢ ⌐ ↕╣╢ ⅜№╡⁸ │ HCl ●☻⌂≥╩ ℮√╘ ─ ≤⌂

╢⅜⁸ │ ∏⇔╙ ≤│ ╠⌂™⁹╕√⁸ ⌂≥─ⱴ◓ⱴ⅜ ⇔≡™⌂™

≢╙ȃ18O(H 2O)≤ȃD(H2O)⅜ⱴ◓ⱴ ⌐ ™ ╩ ∆ ⅜№╡ 3-2-8 ⁸

☻ꜝⱩ⅜ ╖ ╪≢ ה ⅜ ∆╢≤≤╙⌐ ↕╣√ ≤ ═╠╣≡™╢

⁸2014 ⁹ 

 

, 2014  

3-2-1  ŭ18O(H2O) ≤ ŭD(H2O)─  

 

3-2-4 ȃ34S─  

─ ≢│⁸ ─ ≤⌂∫√ ▬○fi─ ╩ ∆╢ ≢⁸

ȃ34S(SO4) │ ≢№╢⁹Matsuda  et al. 2000 ╛ Salonga 1996 │⁸
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╛ⱨ▫ꜞⱧfi─ ╩ ≤⇔≡↓╣╠─ ♃כ♦ ─ ╩ ™⁸

─ ─ ⌐≈™≡ ╩ ∫≡™╢⁹Calibugan et al. 2015 │⁸Tiwi

≢ ≤ ─ ȃ34S SO4⁸H 2S ╛ ȃ18O (H 2O) ≤ ȃD (H2O) ⌂≥╩ ⇔√

⅛╠⁸ ⅜ⱴ◓ⱴ ≢│⌂™≤ ↑≡™╢⁹ 

 

3-2-5 N 2-He-Ar ─ ⁸3He/4He 

N 2●☻⁸He ●☻⁸Ar ●☻│⁸™∏╣╙ ⌐ ╕╣╢ ●☻≢№╢⁹↓╣╠─

℮∟⁸N 2●☻╛ He ●☻│ ●☻⌐ ↄ ╕╣╢√╘⁸ ●☻─ ⌐≈™≡ ∆

╢─⌐ ™╠╣≡™╢⁹╕√⁸3He/4He╙⁸ⱴfi♩ꜟ ─ │ ╛ ─ ╟╡

⅝ↄ⁸ⱴfi♩ꜟ ─ He │ⱴ◓ⱴ─ ⌐ ∫≡ ┼ ∆╢√╘⁸ ●☻─

⌐ ∂≡ ─ 3He/4He │ ⅝ↄ⌂╢⁹ 

 

3-3 ⇔√ ─  

3-3-1 Cl/S  

≢│⁸ⱴ◓ⱴ ⅛╠ ┼─ ╩ ╠⅛⌐∆╢↓≤╩ ≤⇔≡⁸

●☻⁸ ⌂≥─ ה ─ ⅔╟┘ ⌐ ≠⅝⁸

⌐ ╣╢ Cl/S ─ ─ ─ ╩ ℮⁹ 

 

(1) ●☻ Cl/S ─ ≤∕─  

ⱴ◓ⱴ │ ⌐ ∆╢╕≢⌐⁸ ה ה ≤─ ╛ ⌂≥╩ ≡⁸

⌂ ╩ ≈⌐ ╢⁹↓↓≢│╕∏⁸ ●☻ ─ Cl/S ╩ ↕∑╢ ⌂ ╩

∆╢⁹ ⅜ ─ ●☻ ─ Cl/S │ 0.1 0.6 ≢№╢⅜⁸ ⌐ ∆╢

●☻ ─ Cl/S│ ≢№╢⁹ ●☻ ─ Cl/S ╩ ↕∑╢ ⌂ ≤⇔≡│⁸

⁸ ┼─ SO2─ ⁸ ┼─ HCl ─ ⁸

─ ⅜ →╠╣╢⁹ 

●☻ ≢│ Cl │∕─╒≤╪≥⅜ HCl ≤⇔≡ ∆╢√╘⁸ ≢─ ≢

│ ⇔⌂™⅜⁸ │ SO2⅔╟┘ H 2S─ ≢ ─ ⅜ ⅝╢⁹↓─ │

⁸╕√│ ≢ ⌐ ∆╢⁹ ─ ≢│ ●☻─ Cl/S ⅜ ∆

╢↓≤│⌂™⅜⁸↓─ ─ ⌐╟╡ ●☻ ─ H 2S/SO2 ⅜ ∆╢↓≤⌐╟╡⁸

⌐ ═╢ SO2─ ⌐╟╢ ─ ⌐ ⅝⌂ ⅜ ∏╢⁹ 

H 2S + 2H 2O = 3H 2 + SO2                                                  (3-3-1) 

+ 0                                             (3-3-2) 

╕√⁸ ↕╣√ ●☻─ ⅜ (3-3-1)─ ─ ≢№╢≤─ ≤⁸

╩ ∆╢≤⁸ ⁸└™≡│ ╩ ∆╢↓≤⅜≢⅝╢⁹↓─ ╩ ⅛

↑─ ≤ ┬⁹500ϴ╩ ⅎ╢ ─ ●☻≢│⁸ ≢ ↕╣√ ⅛↑
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─ │ ≤ ∆╢ ⅜ ™⁹∕╣⌐ ⇔⁸╟╡ ≢ ↕╣╢ ●

☻─ ⌐│⁸ ⅛↑─ │ ─ ╕╡⌂≥≢─ ╩ ∆╢≤ ⅎ╠╣

╢√╘⁸ ╩ ≤ ⇔≡ ╘╢ ⅜ ™⁹ 

●☻─ H 2S/SO2 │ 0.1 ≤ ↕™⅜⁸ ●☻≢│ SO2 ⅜ ⇔

H 2S ⅜ ∆╢⁹↓╣│ ─ SO2─ ⌐╟╢≤ ⅎ╠╣⁸™∏╣╙

⌐ ╩ ∆╢(Iwasak i and Ozawa, 1960; Kusakabe et al., 2000) ⁹ 

2H 2O + 3SO2 = Se + 2H 2SO4                                              (3-3-3) 

4H 2O + 4SO2 = H 2S + 3H 2SO4                                             (3-3-4) 

●☻ ─ Cl ─ │⁸ ⅜ ∂√ ⌐ HCl ⅜ ⌐ ∆╢√╘≢№

╢⁹HCl ─ │⁸100ϴ ≢│ 100 ≢№╢

⅜⁸300ϴ ≢│╒╓ ≤⌂╢ Simonson and Palmer, 1993 ⁹∕─√╘⁸ ╩

∏╢ ─ ⅜ 200ϴ ⌂≥─ ≢№╢ ⌐⁸ ⌂ ●☻ HCl

─ ⅜ ∂╢⁹ 

─ ⌐│ ─ ⅜ ╠╣╢ ⅜ ™⁹↓─╟℮⌂ │⁸ ─ ⌐

╟╡ ⅛╠ ⇔√╙─≢№╢(Giggenbach, 1987; Mizutani and Sugiura, 1966) ⁹ 

2H 2S + SO2 = 3Se + 2H 2O                                                 (3-3-5) 

+ Ⱦ0                                               (3-3-6) 

●☻ ╩ (3-3-6)─ ⌐ ⇔√ ⁸200ϴ ─ ≢│ ⌐

≢№╢ ⅜ ≢№╢⅜⁸150ϴ ─ ≢│ ⌐ ╙⇔ↄ│ ≢№

╢ ⅜ ≢№╡⁸ ●☻≢│ ⅛╣ ⌂⅛╣ ─ │ ∂≡⅔╡ Cl/S ⅜

⇔≡™╢≤ ⅎ╠╣╢⁹↓╣╠─ ╩ ╕ⅎ⁸ ⁸ ⁸

ﬞ ⁸ ⁸ ⁸ ⁸ ⁸ ⌐⅔™≡ ●☻⅔

╟┘ ─ ╩ ∫√⁹ 

 

(2)  

⁸ ⁸ ⁸ ⌂≥⌐⅔™≡⁸ ⅛╠ ╩ ↑≡™╢ ●☻─ Cl/S

│ ⌡ 0.05₩0.5≢№╡⁸ ●☻≤ ─ ─ ⅜ ↕╣≡™╢⁹ ●☻

│ ≢─ ─ ⌐ ℮ ─ ⌐╟╡ Cl ⅜ ⌐ ↕╣╢√╘⁸ ─

≤≤╙⌐ ●☻─ Cl/S ─ ∆╢ ⅜№╢ 3-3-1 ⁹ ─

─ Cl/S │⁸ ─ ╩ ↄ≤ ⌡ 1₩10 ≢№╡⁸ ⅛╠ ↕

╣≡™╢ ●☻ ─ ╟╡ ╒≥ ⅝ↄ⁸Cl ⅜ ╟╡ ⌐ ⌐ ∆╢

√╘≤ ⅎ╠╣╢⁹ ⁸ ─ ⅛╠ ╠╣√ ─Cl/S │ 10₩1,000≤

╟╡│╢⅛⌐ ⅝™⁹ 

╩ ℮ ≢│⁸Cl ⅜ ≢ ⇔≡™╢ ⌐ ⇔≡™╢≤ ⅎ╠╣

╢⌐╙ ╦╠∏⁸ ●☻≤ ─ Cl/S ⅜ ╠╣≡™╢⁹ ≢─ ≤ ─
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⅜ ≢№╢√╘⁸ ⌂ │ ≢№╢⅜⁸ ⌐ ↕╣≡™╢ ●☻

─ Cl/S│ ●☻─ Cl/S ╟╡ ⅝™≤ ↕╣╢⁹ ⌐⁸ ╩ ℮

─ ●☻─ H 2S/SO2 │ 1 ╟╡ ⅝ↄ⁸0.1 ≢№╢ ●☻≤│ ╠⅛⌐ ⌂

╢⁹ ≢─ ─ ●☻ ─ S ⅜ ●☻≤ ⇔≡ ≢№╢

⅜ ™↓≤╩ ∆╢≤⁸ ⌐ ↕╣≡™╢ ●☻─ H 2S/SO2 ⅜ ●

☻╟╡ ⅝™ ⅜ ≢⅝╢⁹↓╣╠─ │⁸ ⌐ ↕╣≡™╢

●☻⅜⁸ ●☻≤ ⇔≡╟╡ ─ ™ ≢ⱴ◓ⱴ─ ⌐╟∫≡ⱴ◓ⱴ⅛

╠ ↕╣≡™╢ ╩ ⇔≡™╢⁹ 

─╟℮⌐⁸ ●☻│ ≢─ⱴ◓ⱴ─ ⌐╟╡ ↕╣√ ╩ ≈─

⌐ ⇔⁸ │ ≢ⱴ◓ⱴ─ ⌐╟╡ ↕╣√ⱴ◓ⱴ ─ ╩

↑≡™╢≤ ⅎ╠╣⁸ ─ ╩ ℮ ⌐│∕─ ⌂ ╩ ≈ⱴ

◓ⱴ ⅜ ↕╣≡™╢≤ ⅎ╠╣╢⁹ 

 

 

3-3-1  ─ ●☻ Cl/S≤ ─  

 

3-3-2 Ɫ꜡◕fi  

(1) Br/Cl -I/Cl ⌐╟╢ Cl ─ ─  

╛ ─ Cl ⅔╟┘ ─Ɫ꜡◕fi Br⁸I │⁸ ▬○fi≤ ⌂╡ ʄ

⌐╟╢ ─ ⁸S─╟℮⌂ ⁸C─╟℮⌂ ─ ה ⌐╟

╢ ─ │ ⌂™⁹ ⌐ ∆╢ ─ Cl─ │⁸ⱴ◓ⱴ ⱴ

◓ⱴ⅛╠ ↕╣√ ╛ ●☻⌐╟╢ ⌐ ⅛╠⌂╢ ●☻ ⁸

⁸ ─ ⌂≥⌐╟╡ ╡ ↕╣√ ⁸ ─ Cl⌂≥⅜ ╕╣╢⁹

0.001

0.01

0.1

1

90 110 130 150 170

C
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↓─℮∟ ─ Cl │ mg/L ≢ Cl ─ ™ ≢│⁸ Cl─

│ ⌂ↄ ≢⅝╢ ─╙─≢№╢⁹ │ ─ ≢ ─ ⅜

⇔≡™╢ ╛ Tosaki et al., 2017; ╒⅛, 2020 ⁸ ⌐⅔™≡╙

⌐ ╡↓╕╣√™╦╝╢ ╩ ≤⇔√ ⅜ ╕╣╢↓≤╙№╢⁹ 

ⱴfi♩ꜟ╛ ●☻⁸ ╛∕─ ⁸ ─ I/Cl ⁸Br/Cl │∕╣∙╣ ⌂╢

╩ ∟⁸ ⌐ ╕╣╢ Cl ─ ⌐ ≢⅝╢ ⅜№╢ 3-3-2 ⁹

●☻─Ɫ꜡◕fi │ Br/Cl ⅜ ™ ⅜№╢⁹↓╣│⁸ ╖ ╖─ ≢ ↓╢ ─

─ ≢⁸Br ⅜╟╡ ┼ ↕╣╛∆™√╘⁸ ⌐ ↕╣√ │ Br/Cl

⅜ ↄ⁸ ╩ ╡ ⇔√ ⌐ ↕╣╢ │ Br/Cl ⅜ ↄ⌂╢↓≤≤ ⅜№╢

John et al., 2011; , 2012 ⁹ ⁸I │ ⌐ ─ ╛ ─

⌐ ╕╣╢≤ ↕╣≡⅔╡ Muramatsu and Wedepohl, 1998 ⁸∕─ ⌐│

ה ⅜ ⅝ↄ ╦∫≡™╢⁹╕√⁸I │ ╛ ⌐ ⌐ ↕╣╛∆™↓≤⅜

≢№╢ Amach i, 2008; Schlegel et al., 2006; Shimamoto et al., 2011 ⁹∕─√╘⁸

ה ⅜ ∆ ™ Br/Cl ╛ I/Cl │⁸ ⌐ ⌐ ╡ ╕╣√ ⅜⁸

─ ⌐ ∫≡ I⁸Br ⅜ ┼ ∆╢↓≤≢⁸I⁸Br ⅜ ⇔√ ⌐ ∆╢↓≤╩

⇔≡™╢⁹ 

 

 

(Sumino et al., 2010 ╩ ) 

3-3-2  ●☻⁸ⱴfi♩ꜟ⁸ ה ─I/Cl⅔╟┘Br/Cl─  

 

(2) ─Ɫ꜡◕fi ─  

1)  

↓↓≢│⁸ ⅔╟┘ ─ ≤⁸ ⌐≈™≡│∕─ ⌐ ∆╢ ⁸

⌐≈™≡Ɫ꜡◕fi ⅛╠∕─ Cl ─ ⌐≈™≡ ∆╢⁹∕╣∙╣─ ─

│ I/Cl -Br/Cl ⌐⅔™≡ ⌂╢ ⌐ⱪ꜡♇♩↕╣╢ 3-3-3 ⁹ │⁸Br/Cl

⅜ ↄ⁸ 3-3-2 ⌐⅔™≡⁸ ●☻─ ⌐ ╢ ≢⁸ ─ │⁸

Br/Cl ⅜ ≤ ∂ ≢№╡⁸I /Cl │ ⁸ ⁸ ≢ ⌂╢⁹
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│ I/Cl ⅜ ↄ⁸ ⌐ ™ ≤⌂∫≡™╢⁹ ה ⌂≥─ ⅔╟┘

─ │ ⌐ ═≡⁸Br/Cl │ ≢№╢⅜ I /Cl ⅜ ↄ⁸ ≤│ ⌂╢

╛ ─Ɫ꜡◕fi╩ ╗≤ ╦╣╢⁹⌂⅔⁸ ⅔╟┘ ─╖ ≤

─ ─ ⅜ ≢№∫√⅜⁸Br/Cl ⅔╟┘ I/Cl │ ⌐ ™ ╩ ╡⁸ │

↕╣⌂⅛∫√⁹ 

─ ⅔╟┘ ≤ ─ Br/Cl ⅔╟┘ I/Cl ─ ≢│⁸I/Cl │

─ ⅜╦∏⅛⌐ ™ ⅜ ⅎ╢⅜⁸ ⁸ ≤╙⁸Cl ─ ≤⇔≡│

™∏╣╙ ●☻⅜ ≢№╢⁹ │⁸ ≤ ─ I/Cl ╩ ∆ ≢ Br/Cl

│ ╟╡╙ ↄ⌂∫≡™╢⁹╟╡ⱴ◓ⱴ ─ ⅜ ™ ⅜№╢⁹ 

 

2) Ɫ꜡◕fi ⌐╟╢ⱴ◓ⱴ Cl ─  

╒⅛ 2019 ⌐╟╡⁸ ─ Br/Cl ⅔╟┘ I/Cl ╩ ™√ ─

⅜ ↕╣≡™╢⁹∕↓≢│⁸4 ≈─ ₈ⱴ◓ⱴ ₉₈ ₉₈ ₉

₈ ₉─ ה ►ꜜה ╩ ⇔⁸ⱴ◓ⱴ ─ Cl ─ ╩ ⇔≡™╢⁹ 

─ ⁸ ≢ ↕╣√ ⌐ ╕╣╢ Cl ─ │⁸ⱴ◓ⱴ ⅜ 73 82%⁸

⅜ 14 24%⁸ ⅜ 1 4%⁸ ⅜ 0 2%≢№∫√⁹ⱴ◓ⱴ ─

⌐ ™╠╣≡™╢Ɫ꜡◕fi ─ │ ─ ≢№╢⅜⁸ ⌐ ⇔≡

™╢ Cl ─ │ⱴ◓ⱴ ─ ⅜ ™≤ ⅎ╠╣╢⁹ ─ ⌐≈™≡│ Cl

─ │ ⅜ 64 73%⁸ⱴ◓ⱴ │ 22 31%⁸ │ 3 4%⁸ │ 1%

≤ⱴ◓ⱴ ╟╡╙ ─ ─ ⅜ ⅝™≤ ⅎ╠╣╢⁹ 

 

 

3-3-3  ≤ ⌐⅔™≡ ⇔√ ─ Br/ClI/Cl─  

─ ─ │ ה 1999 ⁸ 1991 ⁸ ה ─ │ NEDO( 1988, 2003)─

╩♃כ♦ ⇔√⁹ 
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(3) ─ ─Ɫ꜡◕fi ─  

─ ⅔╟┘ ─ ↄ│⁸ⱴ◓ⱴ ⁸ ⁸ ≤

∕╣╠─ ≢ ⅎ╠╣╢ ⌐ ⌡ ™ ╩≤∫√ 3-3-4 ⁹3≈─ ─

ꜝ▬fi⌐ ═≡ Br/Cl ⁸I /Cl ⅜ ↄ│∏╣╢ │⁸╒≤╪≥∆═≡ pH ⅜ 3 ─

ה ⅛ ●☻⌐ ╠╣╢⁹╕√⁸↓╣≤│ ⌐ ≤ ─ ꜝ▬fi╟

╡╙ Br/Cl ⅜ ™ ⌐∏╣╢ ⌐≈™≡╙ pH ⅜ 3 ─ ⅜ ™⁹ 

pH ⅜ 5 ─ ⌐ ⇔≡│⁸ ⌐│ 3 ─ ╙ ╣╢≤ 4 ╩

⌐ ╣√ ⅜ ≢№╢≤ ╦╣╢⁹pH ⅜ 3 ─ ─ ⌐ ⇔≡

│⁸ ─ ⌂╢ Cl ─ ⌐ ⅎ≡⁸ ╠⅛─ ⌂ ╩ ↓⇔≡™╢ ⅜

№╢⁹↓─ ─ ╩ ╠⅛⌐∆╢↓≤│⁸ ⌐≈™≡─ ╩ ⅎ╢

⅜№╢⁹ 

 

3-3-4  ⅔╟┘ ●☻ ─I/Cl̈́Br/Cl ≤pH─  

Cl ⅜ 100 mg/L ─ │ ⇔≡™╢⁹ ─ │♃כ♦─ ╒⅛ 2019

╩ ⇔√⁹  
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3-3-3 ȃ37Cl⁸36Cl/Cl  

(1)  (ȃ37Cl) 

─ȃ37Cl ─ │ ↕ↄ⁸-2 +2Ą─ ⌐ ╢╙─⅜ ™⁹

╛ ⌂≥─ⱴfi♩ꜟ │ -0.2 ± 0.5Ą ─ ⌐ ╢

Barnes and Sharp, 2017 ⁹ ─ȃ37Cl │-1.4 +1.8Ą Barnes and Cisneros, 

2012 ⁸-1.6 -0.9Ą Boinifac ie et al., 2007 ─ ⌐ ╢⁹ ●☻╩ ↄ ⁸

⁸♥ⱨꜝ⌂≥ ─ ⌐╟∫≡ ↕╣╢ ─ȃ37Cl │⁸ ╖ ╪∞

⁸ ─ ≢╦∏⅛⌐ⱴ▬♫☻─ ╩≤╢⅜⁸ ─ ≤ MORB│

 ,.ⱪ∆╢(Straub and Layne, 2003; Sun et al., 2007; Bonifacie et al♇ꜝכⱣכ○╡⌂⅛

2008; Pyle and Mather, 2009; John et al. , 2010; Rodríguez et al., 2016)⁹↓╣⌐ ⇔⁸

╛ ─ Cl ─ │ⱴ▬♫☻─ ╩ ╢ ⅜№╢ 3-3-5  

↓─╟℮⌐⁸ ⌐⁸ ȃ37Cl ─ │ⱴ◓ⱴ ≤ ─ │

≈⅝⌐ↄ™⅜⁸ ה ≤│ ≢⅝╢ ⅜№╢⁹╕√⁸ כ♦─☻●

♃│↓╣╠─ ≤│ ⌂╡⁸ⱪꜝ☻─ ⌐ ⅝ↄ ∆╢ ⅜№╡⁸ ≢─ ʄ

─ ╩ ⇔≡™╢╙─≤ ⅎ╠╣≡™╢⁹ 

 

 

Barnes and Sharp, 2017  

3-3-5  ⅔╟┘ ─ ŭ37Cl 

 

1) ─ ─  

3-3-6 ⌐ ─ ȃ37Cl ≤ Cl ─ ╩ ⇔√⁹ ⁸ ⁸ ⁸

⌂≥─ │∆═≡+0.01Ą +0.50Ą─ ─ ™ ⌐ ─♃כ♦⁹╢ │ ⌂™╙

──⁸ ⌡+0.37 +0.41Ą≤ ⌡+0.01 +0.24Ą≢│ȃ37Cl ⌐

─ ™⅜№╢ ⅜№╢⁹╕√⁸Cl ╛ pH ⌐╟╢ ȃ37Cl ─ ™│ ℮↑╠╣⌂

™⁹ ─ ȃ37Cl │♃כ♦─ ⇔™√╘⁸ ╟╡∕─ ⁸ ─

╩ ∆╢↓≤│ ≢│ ⇔ↄ⁸╟╡ ↄ─♦כ♃⅛╠ ∆═⅝≢№╢⁹ 
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3-3-6  ─ŭ37Cl≤ Cl ─  

 

2) ─ ─ ─  

3-3-7 ⌐ ⁸ ●☻─ ȃ37Cl ╩ ⇔√⁹↓╣╠─ ȃ37Cl │-1.0 +9.6Ą╕

≢─ ⌐ ╡⁸ +0.01 +0.50Ą ⌐ ═≡ ⅜ ™⁹ ⅜ⱪꜝ☻─

⌐ ⅝ↄ∏╣╢ │⁸ ●☻≤ pH ⅜ 3 ─ ⌐ ╠╣⁸ ⌐ ●☻⌐⅔

™≡∕─∏╣│ ⅝™⁹↓╣╠│⁸ ⌐ⱴ◓ⱴ ─╙≤≤⌂╢ ─ⱴfi♩ꜟ ─

-1.6 +1.8Ą ╩ ⇔≡™╢╦↑≢│⌂ↄ⁸ ╠⅛─ ╩ ↑≡™╢╙─≤ ╦

╣╢⁹ⱪꜝ☻─ ⌐∏╣╢ │ ─ ה☻● ⌐⅔™≡╙ ╠╣╢ Rodríguez 

et al., 2016; Barnes and Sharp, 201 7 ⁹ 

●☻≤ pH ⅜ 3 ─ ⌐≈™≡│⁸Ɫ꜡◕fi ⌐⅔™≡╙ ⅜╖╠

╣⁸≥∟╠╙ ─ ™≢│ ≢⅝⌂™ ╩ ╢⁹ ─ ≤⇔≡

ȃ 37Cl ≤Ɫ꜡◕fi ─ ╩ ⅎ╢↓≤│ ≢№╢≤ ╦╣╢√╘⁸3-3-3 (3)

⌐⅔™≡ ∆╢⁹ 
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3-3-7  ⅔╟┘ ●☻ ─ŭ37Cl≤ Cl ─ ≤pH─  

 

(2) 36Cl/Cl  

─ ─ 36Cl/Cl │⁸ ⅛╠ ⌐ ⅛∫≡ ∆╢╙── ⌡ 10-13 ≢

№╢⁹ ─ 36Cl/Cl │ ⌐ ↄ⁸ ≢ ∆╢ ─ ⌐ ™

╩ ∆ 7.1 ± 0.8 × 10-16 ⁹ ─ ●☻ ⅔╟┘ ≢│ ⁸

╛ ⌂≥─ ╛ ≢ 1 2.8 × 10-15 ─ 36Cl/Cl ⅜ ↕╣≡™╢ Snyder 

et al. , 2002⁸Tomaru et al. , 2007⁸AIST, 2012)⁹ ─ ●☻⁸☻ꜝⱩ ─

─ 36Cl/Cl │ ─ ≤ ⌐ ⌐ ™≤ ↕╣╢⁹ 

╛ ⌐ ╕╣╢ 36Cl │⁸ ≢ ⌐╟∫≡ ↕╣╢ ⁸1950

1960 ─ ⌐╟╡ ⌐ ↕╣√ ⁸⅔╟┘ ╛ⱴfi♩ꜟ⌂≥ ►ꜝ
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fi ♩ꜞ►ⱶ ─ ─ ⌐╟∫≡ ↕╣╢ ⌐ ≢⅝╢⁹ 

╛ ─ 36Cl│⁸ ⌐╟∫≡ ∆╢≤≤╙⌐ ≢ ↕╣╢ 36Cl

─ ⅜№╢√╘ 36Cl/Cl │ ─꜠ⱬꜟ⌐ ≠ↄ⁹ │⁸ ─ ─

⌐ ∆╢⅜⁸1.2 3.2 × 10ĭ14≤™℮ ⅜ ╠╣≡™╢ ה , 2013 ⁹

≈╕╡⁸36Cl/Cl │ ─ ≤≤╙⌐ ∆╢⁹ ⌐ ∆╢ │ 100

™│ 200 ≤™╦╣≡™╢ ╒⅛, 2006 ⁹ ∫≡⁸36Cl/Cl │ ⌐

∆╢ Cl ╩ ╗ ─ ≢─ ╩ ∆ ≤⌂╢⁹ 

 

1) ─ 36Cl/Cl ─  

3-3-8 ⌐ ─ 36Cl/Cl ≤ Cl ─ ╩ ⇔√⁹ ─ │∆═≡

≢№╡⁸Ɫ꜡◕fi ─ ╩№╦∑≡ ⅎ╢≤⁸ ─ ╩ ⌐

⇔≡™╢≤ ╦╣╢⁹∕─ ─ │ 0.55 8.2 x 10-15≤ ⅝ↄ ⇔≡™╢⅜⁸

Cl ≤ ⌂ ─ ⅜╖╠╣╢⁹ ─ Cl ─ │ mg/L ≤ ↄ 36Cl/Cl

│ 10-13≤ ™ ╩ ∆√╘⁸∕─ ⌐╟╢╙─≤ ╦╣╢⁹ ─ ╩ ╡ ↄ≤

─ 36Cl/Cl │ⱴ◓ⱴ ╛ ≤ ⌐ ™╙─≤ ╦╣╢⁹ 

3-3-8 ≢│ pH ─ ™ <3, 3-5, >5 ⌐╟╡ ╩ ↑≡ⱪ꜡♇♩⇔≡™╢⅜⁸pH⌐

╟╢ ⌂ ™│ ↑╠╣⌂™⁹ 

 

 

3-3-8  ─ 36Cl/Cl≤Cl ─  

─ │♩ꜞ♅►ⱶ TU ╩ ∆⁹ ─ 36Cl/Cl │ ⁹ 

 

2) ─ ─ 36Cl/Cl ─  

3-3-9 ⌐ ⁸ ●☻─ 36Cl/Cl ╩ ⇔√⁹ ●☻ │ ⌐ ™ 36Cl/Cl
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╩ ∆ ╩ ⇔√ < 2 × 10-15 ⁹ ⁸ ─ │⁸ ●☻⌐ ═╢≤ ⌐

™ ╩ ∆ 0.6  7.1 × 10-15 ⁹ 

ה ●☻─Ɫ꜡◕fi ╛ ȃ37Cl ⌐ ╠╣√ ≤ ─ ⌐⅔↑╢⁸

⌂ ™│ 36Cl/Cl ≢│ ╠╣⌂™⁹36Cl/Cl ─ ⁸ ─ 36Cl ─ ⌐

╟╢ 36Cl/Cl ─ ╛ ─ ⌐ ℮ ⅜ ⅎ╠╣╢√╘⁸Cl─ ≤⌂╢ ●☻

№╢™│ ─ ╩ ⇔≡™⌂™⁹ 36Cl ─ ╩ ╡ ⅝⁸

─ ⅜ ╠╣≡™╢ │⁸ ─ ╩ ∆ ≤⌂╢⁹ 

 

 

3-3-9  ⅔╟┘ ●☻ ─ 36Cl/Cl≤Cl ─ ≤pH─  

 

(3) Ɫ꜡◕fi ⅔╟┘ ╩ ™√ ─ ─  

ȃ37Cl ≤ Br/Cl ─ ↄ╙──⁸Br/Cl≈╠┌│♃כ♦⁸│≢ ─ ™ │ȃ37Cl

⅜ ™ ─ ╩ ≈ ⅜№╢ 3-3-10 ⁹↓╣│⁸Br /Cl ⅜ 3≈─

●☻⁸ ⁸ ─ ⌐ ╢ ⌐⅔™≡╙ ╠╣╢ ≢№╢ 3-3-10

─ ⁹ 

─ ─Ɫ꜡◕fi ─ ╩ ⅎ╢℮ⅎ≢ ∆═⅝ ≤⇔≡ⱴ◓ⱴ

ⱪ꜡☿☻ ╛ ⌂≥ ⁸ ●☻ ─ ⁸ ─ ה ⌂

≥⅜ ⅎ╠╣╢⁹↓─℮∟⁸ ●☻╛ ⌐ ╠╣√ Br/Cl ΅I/Cl ⁸ȃ37Cl ─

⌐≈™≡⁸ HCl(g) HCl ─ ≢ ≢⅝╢ ⅜№╢⁹

∆⌂╦∟⁸ Br/Cl ΅ ȃ37Cl ─ ⁸⅔╟┘ Br/Cl ȃ37Cl ─ │⁸ⱴ◓

ⱴ⅛╠ ●☻⇔√ ●☻⅜ ⌐ ⇔⁸∕─ ─ ─ ↕╣╢

≤ ⅎ╠╣╢⁹ 

Ɫ꜡◕fi ⌐╟╢ Cl ─ ≤↓─ ─ ╩ ℮ Br -Cl─
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╩╕≤╘╢≤ ╛ ─ Cl ╛ ─ ⌐≈™≡─Ɫ꜡◕fi

⅔╟┘ ─ ⌐≈™≡ 3-3-11 ─╟℮⌐╕≤╘╠╣╢⁹ ╛

─ ⌐╟╢ ≤ⱴ◓ⱴ ─ Cl ╩ ╗ │Ɫ꜡◕fi ⌐╟╡ ≢⅝╢⁹

●☻─ ╖⌐╟╢ ─ │ Br/Cl ≤ ─ ╩ ∫≡™╢⁹↓

─ ⅜≥─ ─ ≢⅔↓╢⅛⁸ ⅛╠≥─ ─ ╕≢ ↓╡℮╢⅛│

⁸ ≈─ ⌐≈™≡ ⌂Ɫ꜡◕fi ה ≤⁸ ╩ ↓∆

⅜ ╠⅛⌐⌂╢ ⅜№╢⁹ ─ ⌐≈™≡│⁸ ─ ≤─

╩ ╢⌐│ 36Cl ⅜ ─ ≈≤⌂╡℮╢⁹ 

 

 

3-3-10  ⁸ ●☻⁸ ─ ŭ37Cl≤ Br/Cl─  
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3-3-11  Ɫ꜡◕fi ⅔╟┘ ⌐╟╢ ─ ╕≤╘  

 

3-3-4 ꜞ♅►ⱶ ȃ7Li  

Li │⁸ ≢ ⅛╠ ⇔╛∆ↄ⁸ ∆╢≤ ⅜ ⇔≡╙ ⌐ ╕╢

⅜№╢↓≤⅛╠⁸ ─ ╩ ∆╢─⌐ ™╠╣≡™╢⁹╕√⁸ ⅜

≢ ↕╣√ ⁸Li ─ ™ ─ȃ7Li ╩ ⇔╛∆™≤™℮ ⅜№╢

⁸2013 ⁹ȃ7Li ─ ≢─ │ ⌡-20 40Ą≤ ⅝ↄ⁸ ─ ≢ 31Ą ⁸

≢│ 1 8Ą ─ ╩ ∆ 3-3-12 ⁹ ─ Li ─ ⅜ ∆╢ ─ Li

╟╡ ™ 7Li ⌐ ╗ ⅜№╢ ⁸2013 ⁹ 

⇔√ ╛ ─ ȃ7Li ╩♃כ♦─ ≥♃כ♦ ⌐ 3-3-13 ⌐ ∆⁹

∕─ ⁸Li/Cl ─ ≤ ∑≡ ⌡ ─ ⌐ⱪכꜟ◓─≈3 ∆╢↓≤⅜≢⅝╢⁹ 

─ Li/Cl ⁸ȃ7Li  

HCl ╩ ╗ ─ ●☻ ─ Li/Cl ⁸ȃ7Li  

Li/Cl ⁸ȃ7Li  

≢ ╠╣√ ─ │⁸Li/Cl ⅜ ⅝ↄȃ7Li ⅜ ↕™╙─≤ Li/Cl

⅜ ↕ↄȃ7Li ⅜╛╛ ⅝™╙── 2≈⌐ ↕╣√⁹ │ ●☻╛ ─

⅜№╢≤ ⅎ╠╣≡™╢ ≢№╢√╘⁸∕╣╠─ ╩ ↑≡™╢ ⅜№╢⁹Cl

≤ ȃ7Li ─ ≢│⁸Cl ⅜ ↄ⌂╢≤ ⌐ ȃ7Li ⅜ ⅝ↄ⌂╢╙─⅜№╡⁸↓╣╠

│ ╙⇔ↄ│ ─ ╩ ⇔≡™╢ ⅜№╢⁹ ╛ ─ȃ7Li

│ ⅜ ⌂™⅜⁸ ─╟℮⌐ ●☻╛ ─ ╩ ⇔≡™╢⁹ ⁸

─ ╙ ╘≡ ∆╢↓≤⌐╟╡⁸╟╡ ⌂ ⅜ ⌐⌂╢≤ ⅎ╠╣╢⁹ 
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3-3-12  Li ≤ ŭ7Li─  

 

 

│♃כ♦ ⁸1995⁸Bernal  et al., 2014 ╟╡  

3-3-13  Li/Cl ≤ ŭ7Li─  

 

3-3-5 ⱱ► ȃ11B  

─ȃ11B│⁸ ⌡-30 40Ą─ ⌐ ⇔≡⅔╡⁸ ≢│ 39 41Ą≤ ╙

⅝™ ╩ ∆ 3-3-14 ⁹ 2001 ⌐╟╣┌⁸ ─ ─ȃ11B⌐│

⅜№╡⁸ ╛ ⁸ ≢│ ȃ11B 0 5Ą ╡╩Ⱨכ◒≤⇔√ ╩ ⇔≡⅔╡⁸

╛ ȃ11B 5 11Ą ╡╩Ⱨכ◒≤⇔√ ⌐ ═≡ ↕™⁹↓─ ─ȃ11B─

│⁸ ●☻ ─ ȃ11B ─ ≤ ™ ╩ ⇔≡™╢⁹ ─ ≢

│⁸ ⱪ꜠כ♩─ ╖ ╖⌐ ∫≡ ↄ─ ⅜ ╡ ╕╣≡™╢√╘⁸ⱴ◓ⱴ

№╢™│ⱴ◓ⱴ ─ ⅜ ∆╢ ╛ ●☻│ȃ11B⅜ ⅝™≤ ═╠╣≡™╢⁹

╕√⁸ ™ 11B⅜ B(OH )3⌐⁸ ™ 10B⅜ B(OH) 4-⌐ ∆╢√╘⁸ ●☻╟╡∕─

-10

-5

0

5

10

15

20

25

30

35

0.0000010.00001 0.0001 0.001 0.01 0.1

7
L
i

Li/Cl

NZ

NZ

pH<5

⁸2013  
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─ │ ȃ11B⅜ ↕™ ⅜№╢⁹ 

⇔√ ╛ ─ ȃ11B ╩♃כ♦─ ≥♃כ♦ ⌐ 3-3-15 ⌐ ∆⁹

≢ ↕╣√ ─ ⁸B/Cl│♃כ♦ ⅜ ⌐ ↕ↄȃ11B=7 35Ą─

™ ╩ ⇔⁸ ─ ≤ ⌐ ─ ╩ ⇔≡™╢⁹∕╣╠╩ ↄ≤⁸

─ ─ȃ11B│ 6 9Ą⁸ ─ ─ȃ11B│-3 0Ą ≢№╡⁸ ●☻╛

─ ȃ11B ≤ ─ ╩ ⇔≡™╢⁹↓─ ≢│ ─ ╩ ∆ B/Cl ≤─

╩ ⇔≡™╢⅜⁸ ≤╙ ⌐╟╢ ȃ11B ─ │ ╘╠╣⌂™⁹ ⁸↓╣╠─

─ ─ȃ11B ≤─ ⅜ ≢№╢⁹ 

3-3-14  ₁─ ─ⱱ►  

 

3-3-15  B/Cl ≤ ŭ11B─  

-10

0

10

20

30

40

0.0001 0.001 0.01 0.1 1

1
1 B

B/Cl

pH<5

ҧ

⁸2001  

 ⁸Kakihana│♃כ♦

et al.,  1987⁸Musashi  et 

al., 1988⁸ , 1979, 

, 1991⁸Oi et al.,  1996

╟╡  
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3-3-6  

(1) ⅔╟┘  

⅔╟┘ ╩ ⇔√ ╩ ⌐⁸ ─ ≤ ─

╩ ⇔⁸ ⌐╟╢ ה ⌂ ™╩ ⇔√⁹↓╣╠─ ⌐ ≠

⅝⁸ ─ ╛ ◄ꜞ▪╩ ∆╢√╘─⁸ ה ─

╩ ⇔√⁹ ≢│⁸ ─ ╩ ⱨ▫⁹√⇔≥♪ꜟכ 

 

(2) ⅔╟┘  

1)  

─ ◄ꜞ▪⅔╟┘ ╩ ∆╢√╘⌐⁸ ─ ─ ╩ ∫

√⁹ ─ ╩ ⅔╟┘ ≢ ⇔√

─ ╡╕≤╘╠╣╢⁹ 

ᵑ ⅔╟┘ ≢│ⱨ▫כ♪ⱳ▬fi♩ ≢⁸

│ ╘╠╣⌂™ 3-3-16 ⁹ 

ᵒ ≢│⁸acid alteration zone ≢ ╛ ≤™∫√

⅜ ⌐ ╘╠╣╢─⌐ ⇔⁸ ≢│ ╘╠╣⌂™ 3-

3-17 ⁹╕√⁸ ≢│ⱨ▫כ♪ⱳ▬fi♩ ⌐⅔™≡ ╛

│ ╘╠╣⌂™⁹ 

ᵓ ─ ≢│⁸ⱨ▫כ♪ⱳ▬fi♩ ≢ ⅜ ⌐ ╠╣

╢╙──⁸ⱨ▫כ♪ⱳ▬fi♩ ≢│ ⅜ ╘╠╣∏⁸ │ ≤─

⌐╟╡ ⇔√ ╙ ⅎ╠╣╢⁹ 

≢│⁸ ─ ─ ╛ ─ ∑─╖≢│

─ ה ◄ꜞ▪─ │ ≢№╢≤ ⅎ╠╣╢⁹√∞⇔⁸ ≢│

⌂ ≢№╢⁸ ╛ ≤™∫√ ⌐ ∆╢≤⁸ ≤

≢ ─ ─ ⅜ ⌂╢↓≤⅜ ↕╣⁸ⱨ▫כꜟ♪╛

─ ⌐╟∫≡│⁸ ─ ╛ ⅛╠ ─ ╛ ─ ╩

╠╣╢ ╙№╢≤ ⅎ╠╣╢⁹ 
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3-3-16  ─  

 

 

 

Acid  alteration  zone 

Feedpoint  
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3-3-17  ⅔╟┘ ─
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2) ┘ ─  

─ ─ ╩ ≤⇔≡ ─ ─ ╩ ∫√⁹

≤ ─ ─ ⱪ꜡ⱨ□▬ꜟ⅜ ⌂╢ ╩

⇔√ 3-3-18 ⁹ ≢ ↕╣√⁸ ≤ ─

─ ⅜≥─╟℮⌂ⱪ꜡☿☻⌐╟∫≡ ∂√─⅛⁸ ╩ ╘≡™ↄ ⅜№

╢⁹ 

 

 

3-3-18  ┘ ─ ─ ⱪ꜡ⱨ□▬ꜟ 

 

3) ─ ⅔╟┘  

─ ה ◄ꜞ▪─ ╩ ≤⇔≡⁸ ─ ⅔╟┘

─ ╩ ∫√⁹∕─ ⁸ ─ ⅔╟┘ ─ ─╖⅛╠

─ ה ◄ꜞ▪─ ≤⇔≡ ⌂ ╩ ╢↓≤│ ≢№╢≤ ⅎ

╠╣╢⁹ │ ─ ╛⁸ ⅛╠ ⌐⅛↑≡ ─№∫√ ─ ⌐

∆╢ ─ ⌐ ≢№╢≤ ⅎ╠╣╢⁹ 

 

3-4 ⱷ◌♬☼ⱶ ┼─  

─ ⅜ ↕╣√ ≢ ─ ⌐ ↕╣≡™╢ ╩

─ ה ⅜ ↕╣≡™╢ ─ ⌐ ⇔⁸ ⅎ╠╣≡™╢

─ ≤─ ╩ ∫√ Akak u et al.(1991)⁸ ה (1992)⁸ (1995)⁸

Hayashi(1973)⁸ (2002)⁸ (1977)⁸ (1999)⁸ (2009)⁸Matsuda 

et al.(2005)⁸Mizutani(1972) ⁸ (1999)⁸ (1995)⁸ (2000)⁸Okada et al.(2000)⁸
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(1993)⁸Seki(1991)⁸ (1996)⁸ (1985)⁸NEDO(1994,1999,2001,2003,2010)⁸

Takenaka et  al.(1991)⁸ ה (1999)⁸ ה (2002)⁸TruesdellהNakanishi(2005) ⁸

Ueda et al.(1991)⁸ (1996)⁸Yamada et al.(2000)⁸ (1990)⁸Yoshida(1991)⌂≥ ⁹

∕─ ⁸Cl ≤ SO4 ─ ╛ Na-K-Cl ─ ⁸ȃ18O(H 2O)≤ ȃD(H2O)─ ⁸

Li/Cl ≤ B/Cl ⁸Br/Cl ≤ I/Cl ⁸ȃ34S⁸Cl ╛ SO4 ≤ ◄fi♃ꜟⱧכ─ ⁸

≤─ ⌂≥│ ─ ╛ ╩ ∆╢ ≢ ⌂ ≤ ↕╣

╢ 3-4-1 3-4-4 ⁸ 3-4-1 ⁹ 

─Na-K-Clה Na▬○fi≤ K▬○fi─ ⌐ ⇔≡ ⌂Cl▬○fi⅜ ╕╣≡™╢

│⁸HCl≤⇔≡ ⌐ ╡ ╕╣√↓≤╩ ∆⁹ 

─ŭD(H2O)-ŭ18O(H2O)ה ⱴ◓ⱴ ╛ ─ ╩ ∆⁹ 

─ŭ34Sה ↕™ ─ │ ─ ⌐╟╡ ⅜ ⇔√↓≤╩ ∆⁹ 

Li/Cl⁸B/Clה ╛ ●☻─ ╩ ∆⁹ 

Clה ╛ SO4 ≤ ◄fi♃ꜟⱧכ─ ⌐╟╡ ⅜ ⇔≡™╢

│ ╟╡ ╩ ∆⁹ 

3-4-1 ⌐ ∆ ╡⁸ ─ ─╖≢│⁸ ⌐╟╢ ≢№╢─⅛∕─

─ ⌐╟╢╙─≢№╢─⅛╩ ⌐ ≢⅝⌂™ ╙№╢√╘⁸↕╠⌐ ⌂

╩ ∆↓≤⅜ ╕╣╢⁹↓╣╕≢⁸ ȃ37Cl⁸36Cl/Cl ⁸ꜞ♅►ⱶ

ȃ7Li ⁸ⱱ► ȃ11B ⌂≥─ ╩ ∫≡™╢╙──⁸ ≢│∕╣∙╣

─ ≢≥─ ⌐╙ ∆╢╟℮⌂ ≤ ≤─ │ ╘╠╣≡™⌂™⁹

√∞⇔⁸∕╣∙╣ ╛ ⌐ ∂√ ╩ ∆↓≤⅛╠⁸↓╣╠╩ ╖ ╦∑╢↓≤

⌐╟∫≡ ─ ⌐ ≢⅝╢ ⅜№╢⁹↓─ ⁸ ⌐ ⇔√ ≢│

⌂™⅜⁸ ─ ╩ ∆╢√╘─ ≤⇔≡⁸ ≤ ─ 87Sr/86Sr ╛ ȃ34S⁸

REE Ɽ♃כfi⌂≥─ ⅜ ╦╣≡⅔╡⁸ ⁸↓╣╠─ ⌐≈™≡ ∆

╢↓≤⅜ ╕╣╢⁹ 
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3-4-1  Na-K-Cl─  

 

 

3-4-2  ŭ18O(H2O)≤ ŭD(H2O)─  
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3-4-3  Li/Cl≤ B/Cl─  

 

3-4-4  Li/Cl≤ B/Cl─  

 

0.0001

0.001

0.01

0.1

1

0.000001 0.00001 0.0001 0.001 0.01

B
/C

l
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Ҧ
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1.E-04 1.E-03 1.E-02

I/
C

l

Br/Cl

A B C
D F I
L M N
P Q S
T pH<5



33 
 

3-4-1  ─ ⌂ ─ ≤ ─  

 

 

  

pH Cl-SO4
excess

Cl D-
18

O Li/Cl-B/Cl Br/Cl-I/Cl
SO4-H

34S

Cl-SO4

SO4 SO4

Li/Cl<0.001

8.5 SO4

Li/Cl<0.001
-

Cl-HCO3 5.5-7
SO4

Li/Cl>0.001 -

4.3
Li/Cl<0.001

2.5-5

7-8.5

SO4 2.6

Cl-SO4 Li/Cl>0.001

Cl-SO4

Cl-SO4 2.4-4

Cl-SO4

Cl-SO4

Cl-SO4 3.4

Cl-SO4

7-8
Li/Cl<0.001

-

Li/Cl<0.001

Cl-HCO3 8.3 Li/Cl>0.001

3 9-10

L 9 Li/Cl>0.001

N Li/Cl>0.001

Cl-SO4 Li/Cl>0.001

C

2S,CO2

Li/Cl>0.001

Li/Cl>0.001

Li/Cl<0.001

SO4

Li/Cl<0.001

Li/Cl>0.001

Li/Cl>0.001

B

T

E

Q

F

K

D

I

S

SO4

SO4

G

M

P

A



 

34 
 

4  

╩ ╗ ⌂ ╩ ∆╢ ⌐⅔™≡⁸MT ⁸AMT ⁸

SP ⌂≥╩ ⇔⁸ ─ ⅛╠ ⌐ ∆╢ ⌐ ╢╕≢─

─ ╩ ╠⅛⌐∆╢≤≤╙⌐⁸ ─ ─ ╩ ∆╢⁹ ⸗♦ꜟ╩

⇔≈≈⁸ ╩▬ⱷכ☺fi◓∆╢↓≤⌐╟╡⁸ ⌐⅔↑╢ ─

⌐≈™≡ ╠⅛⌐∆╢⁹№╦∑≡ ⅛╠╖√ ─ ╩ ∆

╢↓≤╩ ⌐⁸ ≤ ─ ⅜ ⇔⁸MT ⅜♃כ♦ ⌐ ∆╢

⌐≡⁸ ╩ ⇔√▬fiⱣכ☺ꜛfi╩ ⇔⁸ ⌂ 3 ╩ ╘╢⁹ 

 

4-1 ─3  

4-1-1  

─ CA ╛ⱪכꜟ◓ ◄Ⱡꜟ◑הכ NEDO ⁸

GSJ ⁸ ⌐╟∫≡ ↕╣√ 140 ╩ ≤⇔≡⁸3 ─

╩ ⇔√ 4-1-1 ⁹ ⁸≡™≈⌐♃כ♦─ ╩ ⇔√ 3 ▬

fiⱣכ☺ꜛfi Siripunvaraporn and Egbert, 2009 ╩ ∫√⁹ 

│ 600 km⁸ 600 km⁸ 400 km ╟╡ ─ 1,700m╩

╗ ≢№╢⁹▬fiⱣכ☺ꜛfi≢│ ⅔╟┘ ─ ╩∕╣∙╣ ≤⇔⁸ ─Ⱪ

꜡♇◒─ ╩ ↕∑ ⌂ ⸗♦ꜟ╩ ╘≡™╢⁹ 

 

4-1-1  ⌐ ⇔√ ─ ◒꜡☻  

│ ─ │▬fiⱣכ☺ꜛfi─◓ꜞ♇♪ ╩ ∆⁹ 
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4-1-2  

(1) ◘►fi♦▫fi◓◌כⱩ 

≤ ⸗♦ꜟ─ ╩ ⇔√ ⁸▬fiⱧכ♄fi☻─ Zxx ≤ Zyy

⅛╠ ╠╣╢ ⅛↑ ≤ ⅔╟┘♥▫♇Ɽכ Tx ≤ Ty ⌐≈™≡│⁸ⱨ▫♇♥▫fi

◓⌐┌╠≈⅝⅜№╢╙──⁸▬fiⱧכ♄fi☻─ Zxy ≤ Zyx ⅛╠ ╠╣╢ ⅛

↑ ≤ ⌐≈™≡│⁸ ™ ╩ ⇔√⁹ 

 

(2)  

▬fiⱣכ☺ꜛfi─♦כ♃⌐ ⇔√ 16 ⌐≈™≡ Phase tensor Caldwell et 

al.,2004 ⁸⅔╟┘ Induction arrow Parkinson ,1962 ─ ╩ ≤ ⸗♦ꜟ─

꜠☻ⱳfi☻≢ ⇔√⁹∕─ ⁸Phase tensor⁸Induction arrow ≤╙ ≤

™ ╩ ⇔⁸ ⸗♦ꜟ─ ╩ ≢⅝╢⁹ 

 

(3) ⸗♦ꜟ 

╠╣√ │ ⅛╠ 500 m ╕≢ 1 ɎΙm ─ ╘≡ ™ ╩

∆ ⅜ ⌐ ⇔⁸ 500 2,000 m ╕≢─ ≢⁸ ≤∕─

⌐⅔™≡ ⌐ 1,000 ɎΙm ─ ⅜№╢ 4-1-2 a,b ⁹ 4-1-3

⌐ ∆ ─℮∟ c ⌐⅔↑╢ ╩ 4-1-3 ⌐ ∆⁹ ⌐ ╠╣╢

╟℮⌐⁸ 1 km ⌐ H1⁸H2 ⅜ ╣≡™╢⅜⁸↓─◖fi♩ꜝ☻♩⌐

≈™≡ ♥☻♩╩ ∫√⁹ 

 

 

4-1-2  600-700m⌐⅔↑╢ ─  (a) 
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4-1-2  1300-1400m⌐⅔↑╢ ─  (b) 

 

 

 

 

4-1-3  c ⌐⅔↑╢  

 

4-1-3 ♥☻♩ 

H1 ⅔╟┘ H2 ─◖fi♩ꜝ☻♩─ ╩ ╢√╘⌐⁸ ─100 ǸÅm╟╡ ™

─ ╩ 100 ǸÅm⌐ ⅝ ⅎ√⸗♦ꜟ≢∕╣∙╣ⱨ◊꞉כ♪ ╩ ™⁸⸗♦ꜟ─꜠☻ⱳ

fi☻╩ ═√⁹∕─ ⁸ ─ ⌐ ∆╢ ⌐⅔↑╢◘►fi♦▫fi◓◌כⱩ⌐│

™∏╣╙╒≤╪≥ ⅜⌂⅛∫√⁹↓─↓≤│⁸ ⌐⅔™≡ H1 ⅔╟┘ H2─◖fi♩ꜝ☻

♩─ │№╕╡⌂™↓≤╩ ⇔≡™╢⁹↓─ │⁸ ⌐ ⅜ ↄ ⇔≡™

╢√╘⁸╟╡ ╕≢ ⅜ ⇔⌐ↄↄ⌂∫≡™╢√╘≤ ↕╣╢⁹ ⁸™ↄ≈⅛─

Ɽꜝⱷכ♃כ╩ ⅎ√ ╩ ™⁸H1⁸H2 ─ ⌐≈™≡↕╠⌐ ╩ ⅎ√™⁹ 

(c) 

(a) 
(b) 
(c) 

(d) 

N1 

N2 

H1 

H2 
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4-1-4  

NEDO 2003 ⌐⅔↑╢ ─ ≤ ╩ ⌡ ╦∑√╙─╩ 4-1-

4 ⁸ 4-1-5 ⌐ ∆⁹ ≤╙⌐⁸ ⅛╠∕─ 750 m ←╠™╕≢⁸1 10 ɎΙm

─ ⅜ ↄ ⇔≡⅔╡⁸☻ⱷ◒♃▬♩╛ ⌂≥─ ╩ ╗ ⌐

⇔≡™╢⁹∕─ │ ⌐ ⅛∫≡ ⅜ ↄ⌂╡≈≈ ≤⌂∫≡ ─◐

ꜗ♇ⱪ꜡♇◒─ ╩│√⇔≡™╢↓≤⅜ NEDO 2003 ⌐╟∫≡ ↕╣≡™╢⁹

⅛╠ e ⌐⅛↑≡│◌○ꜞ♫▬♩⁸ ┌╪ ⁸ ⌂≥─ ⅜

⅛╠ 500 m ─ ╕≢ ∆╢⁹ ⁸ ≤─ ⌂≥─ ⌂ ╩ ™⁸

─ ≤ ≤─ ╩ ™√™⁹ 1,500 m ←╠™⅛╠ ∆

╢ ≤⌂╢ ─ │ 1,000 ɎΙm ≤ ™ ╩ ⇔≡™╢⁹ ⌐ ⌂

⅜ ⇔√≤⇔≡╙ ⅛╠ ∆╢↓≤│ ⇔™⅛╙⇔╣⌂™⁹ 4-1-4

⌐ ╠╣╢╟℮⌐⁸ ⅜ ∆╢ 500 1,000 m≢│ ⌐ ═ ⌐

⌐⌂∫≡™╢⁹↓─ ≢ ─ ╡ ⅜╡╛└╪ ─ ⌐ │ ↕

╣≡™⌂™─≢⁸╟╡ ⌐ ∆╢ ⅛╠─ ⌐╟∫≡↓─ ⅜ ⇔√

⌐⌂╡⁸ ⌐⌂∫≡™╢─⅛╙⇔╣⌂™⁹∕℮⇔√ ─ ≢⁸ ─ ⌐

∫≡⁸ ⅛╠ ⇔≡⅝√ ●☻≤ ⅛╠ ⇔√ ─ ⌐╟∫≡

⅜ ↕╣≡™╢≤ ∆╢↓≤⅜≢⅝╢⁹ 

 

 

 

4-1-4  N1; NEDO,2003≤ a ─ ⌡ ╦∑ 
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4-1-5  N2; NEDO,2003≤ c ─ ⌡ ╦∑ 

 

4-2 ⅎ┘─ ─ 3  

4-2-1 │∂╘⌐ 

ⅎ┘─ ≢│⁸2015 ╟╡ ⅜ ⇔⁸2018 4 ⌐

⅜ ⇔√⁹↓─ ⌐ ↕╣√ ⅛╠⁸ ─ ⅜ ⇔⁸ ╩ ≤⌂∫≡

╣ ╢ ⅜ ↕╣√⁹↓─╟℮⌂ ≤ ⇔≡⁸ ⱷכ♩ꜟ─ ╩

≤⇔√ ╙ ↕╣≡⅔╡⁸ ─ ⅜ ↕╣╢⁹∕↓≢⁸

─ ⅛╠ 2 km ╕≢─ ╩ ╠⅛⌐∆╢√╘⌐⁸AMT ⅔╟┘MT ⌐╟╢

╩ ∫√⁹ │⁸ ─ ─ ●☻⁸ ⁸ ⌂≥─ ╩

╠⅛⌐∆╢↓≤⌐╟╡⁸ ─ ─ ⌐ ∆╢ ╩ ∆╢≤≤╙⌐⁸

─ ╩╙√╠⇔≡™╢ ╩ ∆╢↓≤╩ ≤⇔≡™╢⁹ 

 

4-2-2  

│ ⅎ┘─ ─ ╩ ╗⁸⅔╟∕ 9 km⁸ 6km ─

≢№╢⁹AMT ─ 50 ⅔╟┘ MT ─ 30 ─ ╩ 4-2-1 ⌐

⇔√⁹ │ ⁸ ≢⁸AMT ─ │ 10,000 Hz ⅛╠ 1 

Hz ╩⁸MT ─ │ 300 Hz 0.0003 Hz ╩ ╗ ≢№╢⁹ 

 

? 

? ? 
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4-2-1  ⌐⅔↑╢MT ─ ṑ ⅔╟┘AMT─ ṑ  

 

4-2-3  

⁸AMT≡™≈⌐♃כ♦─ ⅔╟┘ MT ∕╣∙╣─ ≢ 16 ╩

┘ ⇔⁸ ≤ ⌐ 3 ▬fiⱣכ☺ꜛfi ╩ ∫√⁹ 

│ ⅔╟┘ ≤╙⌐ 321 km⁸ 75 km ≢№╢⁹▬fiⱣכ☺ꜛ

fi≢│ ⅔╟┘ ╩∕╣∙╣ ≤⇔⁸ ─Ⱪ꜡♇◒─ ╩ ↕∑ ⌂

⸗♦ꜟ╩ ╘≡™╢⁹ 

 

4-2-4  

(1) ◘►fi♦▫fi◓◌כⱩ 

≤ ⸗♦ꜟ─ ─ⱨ▫♇♥▫fi◓≤⇔≡⁸◘►fi♦▫fi◓◌כⱩ╩ ⇔

√ ⁸ ™ ╩ ⇔√⁹ 

 

(2)  

▬fiⱣכ☺ꜛfi─♦כ♃⌐ ⇔√ 16 ⌐≈™≡ Phase tensor ⅔╟┘ Induction 

arrow ╩ ≤ ⸗♦ꜟ─꜠☻ⱳfi☻≢ ⇔√⁹Phase tensor⁸Induction arrow ≤

╙ ≤ ™ ╩ ⇔⁸ ⸗♦ꜟ─ ╩ ≢⅝╢⁹ 

 

(3) ⸗♦ꜟ 

⌐│ ⅛╠ 500 m ╕≢ 1 ɎΙm ─ ╘≡ ™ ╩ ∆ ⅜

─ ⌐ ∆╢↓≤⅜ ⅛╢ 4-2-2 ⁹╕√⁸ 500 550 m ⅔╟┘

750 800 m ─ 2≈─ ⌐⅔↑╢ ≢│⁸ ─ ≢│ ⌐ ⇔≡

⅜ ↄ⌂∫≡™⌂™↓≤⅜ ≢№╢ 4-2-3 ⁹ ⌐│⁸ ─ ⌐

040 037 

049 
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∆╢ pH6.6 ⅔╟┘ ⌐ ∆╢ pH2.7 ─ ╩ ∑≡ ∆⁹ 4-2-2

─ ╩ ╢≤⁸pH6.6 ─ │ ─ ⌐ ⅜∫≡™╢ ─ ─

⌐ ⇔≡™╢╟℮⌐ ⅎ╢⁹╕√ pH2.7 ─ │⁸ ─ ≢ 1,200m ←

╠™─≤↓╤⌐⁸1 ɎΙm ╟╡ ™ ⅜ ™ ⌐ ⅜∫≡⅔╡⁸∕─ ⌐

⇔≡™╢╟℮≢№╢⁹ 

 

 

4-2-2  ╩ ∫≡ ∆╢ ⅔╟┘  

a─ ─ ╩ ⇔√╙─⁹  
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4-2-3  500-550 m⅔╟┘ 750-800 m─  

 

4-2-5 ♥☻♩ 

⌐ ╠╣╢ ⅜ ⅎ≡™╢ 4-2-4 ─ H1 ⁸ ─

─ 1,000m №√╡⌐ ╣╢☻ⱳ♇♩ ─ H2 ⅔╟┘ ─ ≢

1,000m ←╠™⅛╠ ⌐ ⌐ ┘╢ ⌂ H3 ─ ─ ⅛╠⇔

↕╩ ∆╢√╘⌐ ♥☻♩╩ ∫√⁹H1 ≢│ 0.8 ɎΙm ╟╡ ™ ─ ╩ 0.8 

ɎΙm ⌐ ⅝ ⅎ√⸗♦ꜟ≢⁸H2 ⅔╟┘ H3 ≢│ ─ ⌐ ™ 100 ɎΙm ⌐ ⅝

ⅎ≡◖fi♩ꜝ☻♩╩⌂ↄ⇔√⸗♦ꜟ≢⁸∕╣∙╣ⱨ◊꞉כ♪ ╩ ™⁸⸗♦ꜟ─꜠☻ⱳfi

☻╩ ═√⁹∕─ ⁸H1 ⌐≈™≡│⸗♦ꜟ─꜠☻ⱳfi☻⅜ ⸗♦ꜟ≤ ⌂╢↓≤⅜

↕╣⁸↓─ │ ⅜№╢≤ ⌂∆↓≤⅜≢⅝╢⁹ ⁸H2 ⅔╟┘ H3 ⌐≈™≡│⁸

◖fi♩ꜝ☻♩─ │№╕╡⌂⅛∫√⁹↓─ │⁸ ⌐ ⅜ ↄ ⇔≡™╢

√╘⁸╟╡ ╕≢ ⅜ ⇔⌐ↄↄ⌂∫≡™╢√╘≤ ↕╣╢⁹ 

 

 

4-2-4  ─ ─ ⁸ ♅▼♇◒╩ ∫√  

⅔╟┘ ─  
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4-2-6  

500m ⌐ ∆╢ ─ │ ⌐╟∫≡ 1 ɎΙm ─ ╘

≡ ™ ╩ ∆⁹↓─ ⌐≈™≡ ∆╢⁹ 

4-2-5 │ ─ ⌂ ─ ⅛╠⁸Byrdina e t al.(2018)⌐⌂╠™

╩ ⇔ pH ⌐ ⇔ⱪ꜡♇♩⇔√╙─≢№╢⁹ │ ─ ⌐ ∆╢─≢⁸

pH ─╖─ ≤⌂╢╦↑≢│⌂™⅜⁸pH ⅜ 4 5╟╡ ™ ≢│ pH⌐ ⇔≡ ─

≤⌂╢⁹↓─ ⅛╠⁸pH2 ╟╡ ™ ─ │ 1 ɎΙm ╟╡ ↕ↄ⌂╡⁸pH1

⌐⌂╢≤ │ 0.1 ɎΙm ⌐⌂╢↓≤⅜╦⅛╢⁹ ≢ ↕╣╢ pH│

⌐ ∆╢ ─ pH ─ ≤ ⅎ╠╣╢─≢⁸ ─ ─ │ 0.1 ɎΙ

m ⌂™⇔│∕╣ ≢№╢≤ ↕╣╢⁹ 

─ │⁸ ⌡ 1 100ɎΙm ─ ⌐№╢≤ ⅎ╠╣╢↓≤⅛╠⁸↓─

⌐⅔™≡ ⅜ 100 ≢ √↕╣≡™╢ ─ ─ ⌐ ∆╢ ─Ᵽ

ꜟ◒─ ╩ ⇔√ 4-2-6 ⁹∕─ ⁸ ─Ᵽꜟ◒─ ⅜ 0.9ɎΙm

⌐⌂╢─│⁸ ╩ √∆ ─ ⅜ 1ɎΙm ⌐⌂╢ ⌐ ╠╣╢↓≤⅜╦⅛╢

─ ─ ⁹≈╕╡ ╒≥─ ─ ╩ ∆╢≤⁸∕─╟℮⌂ ™

─ ⌐│⁸ ─ ⌐⅛⅛╦╠∏⁸ ⌐ pH2╟╡ ↕™ ⅜ ∆

╢↓≤⌐⌂╢⁹ 

≤⇔≡⁸Tsukamoto et al.(2018) │ 2015 2017 ⌐⅛↑≡ ⌐≡

⌐╟╢ ╩ ™⁸ ╩ ≡™╢─≢∕─ ≤ ⇔√ 4-2-7 a,b ⁹

─ ≢│ ≢ ─ ⅜ ⌐ ⇔≡⅔╡⁸ 500m №

√╡≢│⁸ ─ ╘≡ ™ ⌐ ⇔ ≢│ 100 ɎΙm ≤⌂∫≡™

╢⅜⁸∕─╟℮⌂◖fi♩ꜝ☻♩│ Tsukamoto et al. (2018) ≢│ ╘╠╣⌂™⁹╕√⁸∕╣

╟╡ ⌐⅔™≡╙ Tsukamoto et al. (2018) ≢│ 10 ɎΙm ─ ⅜ ⌐ ⅛

∫≡ ┘≡⅔╡⁸ ⅛╠ ↕╣╢ ─ ≤ ↕╣≡™╢⅜⁸ │∕─╟℮⌂◖

fi♩ꜝ☻♩│ ╘╠╣⌂⅛∫√⁹™∏╣╙ │ ↄ⌂∫≡™╢⅜⁸↓─╟℮⌂ ╩

╙√╠∆ ≤⇔≡⁸ ─ ⁸ ╩ √∆ ─ pH─ ⅜ ⅎ╠╣╢⁹⇔⅛⇔↓

╣╠─ │⁸2018 ─ ╩ ╪≢ ⅜ ⇔≡™√ ≢№╢↓≤≤ ≢│

⌂™⁹ ●☻ ─ ⌐╟╢ ─ ≤ ⅎ╢─⅜╙∫≤╙╠⇔™⁹ 

4-2-8 │ ─ ╩ ╘╢ ─ ⌐ ∆╢ ─Ᵽꜟ◒─ ╩

⇔√╙─≢№╢⁹ ─ 500m ─ ─ │ 1 ɎΙm ⅛╠ 100 ɎΙm 

≢№╡⁸ ⅜╒╓ ≢ √↕╣≡™√ ⅛╠╒╓ ≢ √↕╣√ ⌐⌂∫√↓

≤⌐ ∆╢ 4-2-8 ⁹╕√⁸∕╣╟╡ ─ ┼ ┘╢ ⌐≈™≡│⁸

⅜ 10 ɎΙm ⅛╠ 100 ɎΙm ┼ ⇔≡⅔╡⁸╙≤╙≤ ─ ⅜ 10% ≢№

∫√╙─⅜⁸ ⌐ ─ ⌐⌂∫√↓≤⌐ ∆╢⁹↓─↓≤⅛╠⁸ ⌐│●☻

⌐ ╪∞ 2 ⅜ ╟╡ ⇔⁸ 500m ≢ ╠⅛─ ⌐╟╡ ⌐ ╗

≤⌂╡⁸ ╩ ↓⇔√ ⅜ ┼ ⅜∫≡™√≤ ⅎ╠╣╢⁹∕⇔≡
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─ ⌐╟╡⁸ ●☻ ⅜ ⇔⁸ ─ ─ ╩ ⅝ ⅎ╢↓≤⌐╟

∫≡ ─ ⅜ ∂√≤ ↕╣╢⁹ ⅝ ⅎ╠╣√ │ ⌐ ╟╡

⇔√ ⌐ ∆╢─⅛╙⇔╣⌂™⁹ 

●☻─ ⌐╟╢≤⁸ │ ⅜ 250ϴ ≢№∫√⅜ ⌐ ™ 350ϴ

⌐ ⇔≡⅔╡⁸ ●☻─ ─ ╩ ⇔≡™╢⁹↓╣│ ≢ ═√⸗♦ꜟ≤

≢№╢⁹√∞⇔⁸ ●☻─ │ ⅜ ≢ ↓∫≡™╢↓≤╩ ⇔

≡⅔╡⁸ 500 ─ ─ ⌐ ⇔≡│↕╠⌂╢ ⅜ ≤⌂╢⁹ 

⅛╠ ⌐ 4km ─ ⌐№╢ ─ ⌐ ─ ⅜™ↄ≈⅛ ⇔⁸

∕╣⌐ ≠™≡ ─ ⅜ ↕╣≡™╢ NEDO⁸1996 ⁹ ─ ╩ 4-2-

-9 ⌐ ∆⁹ ∂ ⌐⅔↑╢ ╩ ╩ꜟכ◔☻⇔ ∑≡ ⌡ ╦∑╩ ∫√

4-2-10 ⁹ ─⸗♦ꜟ≤⇔≡⁸ ≤ ─ ≤⌂╢☻ⱷ◒♃▬♩╩ ↄ

╗ ─ ≢ ╕╣√ ⁸ ⌐╟∫≡ ∂√◦ꜞ◌ ⌐╟╢

─ ≢ ╕╣√ ⁸∕─ ⌐ ⅜╢ ⌂⇔─ ⅜ ⅛╣

≡⅔╡⁸∕╣∙╣ 1 ɎΙm⁸10 ɎΙm ─ ⌐ ⌐ ∆╢↓≤⅜╦⅛╢⁹

↓─ ≤ ─ ≤─ ╩ ∆╢√╘⌐⁸ ≤ ╩ ┬ ⌐

⅔↑╢ ╩ ⇔√ 4-2-11 ⁹ ≢ ≤ ╘╠╣√ 10 ɎΙm

─ │ ⅛╠ ⇔≡™╢╟℮⌐ ⅎ╢⁹ ─ ⸗♦ꜟ⌐│≤↓

╤⌐╟∫≡ ─ ╩ ∆ ⅜№╡⁸ ─ ≤─ ╩ ∆╢═

⅝≢№╢⁹ 

 

 

4-2-5  ─ ⌂ ⌐⅔↑╢ ─ ≤pH─  
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4-2-6  ─Ᵽꜟ◒─ ≤ ╩ ╘╢ ─ ─  

 

 

4-2-7 a Tsukamoto et al.(2018)≤─  

─ ⌐⅔↑╢ ─ ⁹ ╩╙√╠⇔√ ─ ╩ ≢ ∆⁹ 
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4-2-7 b Tsukamoto et al.(2018)≤─  

─ ⌐⅔↑╢ ─ ⁹ ╩╙√╠⇔√ ─ ╩ ≢ ∆⁹ 

 

 

4-2-8  ─ ≤ ⌐ ∆╢ ─ ≤─  
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4-2-9  ⸗♦ꜟ A-Aô⅔╟┘B-Bô─  

 

 

4-2-10  ⸗♦ꜟ A-Aô⅔╟┘ B-Bô≤ ─ ⌡ ╦∑ 

 

 

4-2-11  ≤ ╩ ┬ ─ ⌐⅔↑╢  
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4-3 ╩ ⌐⇔≡ ─ ╩ ™√  

4-3-1 │∂╘⌐ 

│⁸⌂⅛┌ ⌐ ⌐ ╣╢ ≢⁸↓↓≢│∕─ ≤⇔≡

╩ ⅎ╢⁹ ─ ─ ⌐ ⅜ ♃כ♀≡∫╟⌐≥↓╢╣↕ ≤

┌╣╢ ⅜ ∂√ ≢⁸ ⅜ ∆╢↓≤⌐╟∫≡ ∆╢ ╩ ≤

┬⁹ ╩ ∆╢╟℮⌐ ⌐ ⅜ ∂⁸∕╣╩ ≢ ⇔√╙─⅜

≢№╢⁹ ↄ─ ♃כ♀⁸ │ ≢ ─ ╣≤≤╙⌐ ─ ⅜ ┌╣⁸ ─

─ ≢│ ⅜ ∆╢⁹∕─√╘⁸ ↄ─ ╛ ⌐⅔™≡

─ ⅜ ↕╣⁸ ─ ≢№╢≤ ↕╣≡™╢ Zlotnicki and Nishida, 

2003 ♃כ♀⇔∞√⁹ │ pH ⌐ ⇔⁸ ≢│ ↕ↄ⌂╢↓≤⅜ ╠╣≡™╢

Ishido and Mizutani,1981 ⁹≈╕╡⁸ ─ ≢╙⁸ ≢№╣┌ ─

│ ⇔⌂™↓≤⌐⌂╢⁹↓─↓≤╩ ⇔⁸ ─ ≤⇔≡

⅜ ≢⅝⌂™⅛ ∆╢↓≤⌐∆╢⁹ 

⁸ ⌐╟∫≡╙ │ ⇔⁸∕─ ⁸ ⅛╠ ┼ ↑≡ │ ↄ⌂

╢⁹∕─√╘⁸ ⁸ ⅜ ∆⌐≈╣≡ │ ↄ⌂╢⁹ ⌐ ⅜№╢

─ ⁸ ─ ⌐╟╡⁸ ≢│ ⅛╠ ⌐ ⅛∫≡W ─ ╩ ∆

↓≤⅜ ╠╣≡™╢ Ishido, 2004 ⁹ ⅜ ⌂≤↓╤≢│ ⅜ ∆╢⅜⁸

│ ⌂ ╩ ∆↓≤⅜№╢⁹ ∫≡⁸ ⅛╠ ╩ ⌐

∆╢√╘⌐│⁸ ─ ╩ ∆╢↓≤⅜ ⌐⌂╢⁹ 4-3-1 │↓─ ╩

⌐ ⇔√╙─≢№╢⁹ │ ⅜ ⌂ ─ ⌐ ⇔√ ─ ─

╩ ⇔⁸ │ ─ ⅜ ⌂ ─ ╩ ∆⁹ ─ ⌐⁸

⌐╟╢ ╩ ⅎ√╙─⅜ ⌐ ↕╣╢ ≤⌂╢⁹⇔√

⅜∫≡⁸ ⌐╟╢ ╩ ╢√╘⌐│⁸ ⌐ ↕╣╢

⅛╠ ⌂ ╩ ⅜ ∆╢ ─ ╩ ⇔ ↄ↓≤⅜ ≤⌂╢⁹

≢│⁸ ─ ⅛╠ ─ ╩ ∆╢√╘⌐⁸↓─╟℮⌂ ⌐

╟∫≡ ─ ╩ ╡ ↄ↓≤╩ ∆⁹∕↓≢ ⌐ 3 ─ ╩ ╘

≡™╢⁸ ⅔╟┘ⅎ┘─ ╩ ≤⇔≡⁸ ─ ⌂

╩ ╖√⁹ 
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4-3-1  ─  

a) ⌂ ┼─ ─ ⌐╟╢╙─⁸b) ⌂ ┼─ ─ ⌐╟╢╙─⁸c) ⌐╟╢╙

─⁸d b c ╩∕╣∙╣ ∆⁹ 

 

4-3-2  

╕∏ ─ ╩ ℮⅜⁸∕─ ⌐│▬fiⱣכ☺ꜛfi ≢ ™√◓ꜞ♇♪─

╩ ™≡™╢⁹∆⌂╦∟ 3 ╩ ╘√ ≤ ∂◓ꜞ♇♪⅛╠⁸ 10km

⁸ 5km ╩ ╡ ⅝⁸ ≢ ∆╢ ─◦Ⱶꜙ꜠

╩₈STAR₉♃כ ™≡ ─ ◦Ⱶꜙ꜠כ◦ꜛfi╩ ∫√⁹100 ⁸ ╩

↕∑⁸∕─ ─ ─ ⅛╠⁸STAR─ⱳ☻♩ⱪ꜡☿♇◘╩ ™≡ ╩

⇔√⁹∕─ ⌐⁸ ◓ꜞ♇♪┼ 3 ▬fiⱣכ☺ꜛfi ⅛╠ ⌐ ╠╣≡™╢

╩ ⅎ≡™╢⁹∕─ ─ ─ │⁸Matsushima et al.(2017) ─ ⌐⌂╠∫√⁹

─ ≢│ ─ ╩ ∆╢√╘ ╟╡ ╩ ⅝ↄ⇔≡™╢⁹

∕─√╘ ─ ≢ ╣≡™╢ ─ ™ │ ─ ⌐ ⇔≡™⌂™⁹ 

 

4-3-3 ⅎ┘─ ─  

ⅎ┘─ ≢ 2021 7 ⅛╠ 9 ─ ⌐ 100⌂⇔ 200m ≢ ╩

⇔⁸ 144 ─ ╩ ⇔√⁹ │ ─ ≢⁸

≤ ╦╣╢ ⅜ ╠╣√╒⅛⁸ ≢ ⌂ ⅜ ≢№╢╙──⁸

─ ⌐ ℮╟℮⌂ │ √╠⌂™⁹↓─ ⅛╠ ─ ⌐╟

╡ ∂╢ ─ ◦Ⱶꜙ꜠כ◦ꜛfi ╩ ⇔ ↄ↓≤⌐╟∫≡⁸ ⌐

╟╡ ⇔≡™╢≤ ⅎ╠╣╢ ╩ ⇔√ 4-3-2 ⁹ ─ ╩≤

d) 

a) 

c) 

b) 
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╡ ™√ ╩ ≡╙⁸ ⌐│ ─ ╩ ∆╢╟℮⌂ │

√╠⌂™⁹ ─ ⌐ ╠╣╢ ⌂ │ ⌂ ⌐⅔™≡ ╣≡⅔╡⁸

⌐│ ⅜ ╩ ╣≡⇔╕™ ⌐ ⇔≡™⌂™√╘⅛╙⇔╣⌂™⁹╕√ ─

⌐╖╠╣╢ ⌂ │ ╩ ⌐ ≢⅝≡™⌂™√╘⅛╙⇔

╣⌂™⁹ ─ ≢ ⇔√╟℮⌐⁸ ≢│ ⌂ ⅜ ╠╣ ●☻

─ ╩ ⇔≡™╢⁹ ●☻∕─╙── ≢│ │ ⇔⌂™↓≤⌐╙ ⇔

⌂↑╣┌⌂╠⌂™⁹ ≢ ─ ⅜ ╠╣⌂™─│⁸∕─ ╙№╢─⅛╙⇔

╣⌂™⁹ ≢⁸ ─ ≤⁸∕─ ⌐⅔™≡ ─ ╩ ⇔≡╙ ╡

↑⌂™ ⌂ ⅜ ⌐ ⇔≡™╢⁹ ─ │ ⅛≢│⌂™⅜⁸ ●

☻─ ⌐╟╡ ∂√ ⅜ ⇔≡™╢≤ ⅎ╠╣╢ ─ ≤

⌐ ⇔≡™╢↓≤⅜╦⅛╢ 4-2-8 ⁹ ─ pH ⅜ ╘≡ ↄ♀כ♃ ⅜ ⅛

╠ ⌐ ∂⁸ ─ ⌐╟∫≡ ⅜ ╣≡™╢─⅛╙⇔╣⌂™⁹™∏╣⌐⇔╤ ─

⅛╠⁸ ╩╙√╠∆╟℮⌂ ╩⇔≡™╢ ⌐⅔™≡│⁸ ⅜

≢№∫≡╙ ─ ╩ ↕⌂™↓≤⅜ ╠⅛⌐⌂∫√⁹ ╩ ╛∆≤≤╙⌐⁸

≤ ╩ ╖ ╦∑⌂⅜╠ ─ ⱷ◌♬☼ⱶ╩╟╡

∆╢↓≤⌐╟∫≡⁸ ╩ ⇔ ╢ ≤⌂╡ ╢ ⅜№╢⁹ 

 

 

4-3-2  ─ ⅛╠ ╩ ⇔ ™√  
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4-4 ◦Ⱶꜙ꜠כ◦ꜛfi 

4-4-1 │∂╘⌐ 

─ 2018 4 ─ ⌐ ™ ╩ ⌐⇔√ ─ ⅜ ∂

≡™╢⁹2015 ⅛╠ 2019 ╕≢─ ⌐♃כ♦─ ⇔≡⁸ ⸗♦ꜟ╩ ™≡⁸

⅜☻כ♁─ ─ 600 680 m ─ ⌐ ∫≡™╢ 4-2-6 ; 

☿fi♃⁸2019כ ⁹↓─ ╩╟╡ ⌐ ∆╢√╘⌐⁸

─ ⌐╟∫≡ ╩ ∆╢ ⸗♦ꜟ╩ ⇔⁸

≤ ─ ╩▫♦♃☻☻כ◔≡™≈⌐ ⇔√⁹ 

╕∏ ╩ ≤⇔√ 3km ×3km ×2km ↕ ─ 3 ╩

≤⇔≡⁸ ⌐ ∆╢√╘⌐◘▬☼ 50m×50m×50m ─ⱷ♇◦ꜙ⌐ ⇔√⁹ ⌐ ⇔

√ⱷ♇◦ꜙ⌐ ⇔≡⁸ ⅔╟┘ ╩ ≢⅝╢ ⱪ꜡◓ꜝⱶ╩ ™⁸

─ ⌐ ℮ ╩ ⇔√⁹ ≢│⁸ ≤ ╩ ⇔

√◦Ⱶꜙ꜠כ♃≢№╢ FLAC3D ╩ ™√⁹ 

 

4-4-2 ⸗♦ꜟ 

│☻כ♁─ Tsukamotoet al.(2018) ⌐╟∫≡ ⅎ╠╣√ ╘≡ ™ ─

⌐ ∆╢√╘⁸ ⅜ ≤⌂∫≡ ↕╣√⁸ ⌂™⇔│ ╡⅜

─ ≤ ⅎ╠╣≡™╢ ☿fi♃⁸2019כ ⁹∕↓

≢ 500 800m ⌐ ╩ ⇔⁸∕─ ⁸ ─ ⌐ ∆╢ ⌐≡

─ ─ ⅝ ⇔╩ ⅎ╢↓≤⌐╟∫≡ ⌂™⇔│ ╡╩ ⇔√⁹∕─ ⌐⁸

⅝ ⇔ ─ ─☿ꜟ─╖ ╩ ⅝ↄ⇔⁸ ⌂™⇔│ ─ ≤⇔√⁹↓─ 3

◌ ─ ╩ ⇔⌂⅜╠◦Ⱶꜙ꜠כ◦ꜛfi╩ ∫√⁹⌂⅔⁸ ─

≢│ ⅜ ⌐ ™↓≤⅛╠⁸ ─ ⅝ ⇔╩ ⅎ⁸ ╩ ∆╢─│ ≢№

╢≤ ⌂⇔√⁹

 

4-4-3  

⅝ ⇔╩ ⇔≡⅛╠ 14ﬞ ╕≢ ╩ ™⁸ ⌐⅔↑╢ ≤⁸

⌐╟∫≡ ↕╣≡™╢ 2019 3 ─ ⅛╠ ⇔√ ≢─

╩ ⇔√⁹ 

⅜ ⌂⸗♦ꜟ Run05 ≢│⁸ │ ↄ ≢⅝≡™⌂™⁹ ⸗♦ꜟ╩

™√ ─☻כ♁ ─ ⌐│⁸ ⁸ ⌂ ╩ ⇔≡™╢⅜⁸

╩ ℮╟℮⌂ ─ ⌐│⁸ ⌂ ≢ ↕╣√╟℮⌂ ⅛╠─

⌐ ™ ⅜ ∆╢Ɽ♃כfi╩ ∆╢↓≤│ ≢№╢⁹ ⇔√╟℮⌂ ─

™ ╩●☻ ╡ ⌐ ⇔⁸⅛≈ ≤ ─ ⌐ ⌂ ─◖fi♩ꜝ☻♩

╩ ⅎ⌂↑╣┌⁸ ↕╣√╟℮⌂ ─≢ꜟכ◔☻ ─ ╩ ∆╢↓≤⅜

≢⅝⌂™↓≤⅜◦Ⱶꜙ꜠כ◦ꜛfi⅛╠ ╠⅛⌐⌂∫√⁹↓─↓≤│⁸ ⅛╠
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⌐ ●☻─ ⅜ ↕╣╢↓≤≤ ≢№╢⁹ ≢⁸ │

─ ⌐ ∆╢√╘⁸ ⅜╟╡ ⅝ↄ⌂╣┌⁸ ⅝ ⇔ │╟╡ ↕ↄ⌂╠⌂™

≤ │ ≢⅝⌂ↄ⌂╢⁹↓─↓≤│⁸ ⅛╠─ ─ ⅛╠ ⅝ ⇔ ╩

≢⅝╣┌⁸ ╩ ≢⅝╢ ╩ ⇔≡™╢⁹ ╘╠╣√ ╛

⅝ ⇔ │⁸Ɽ♃כfiⱴ♇♅fi◓⅛╠ ╠╣√╙─≢⁸ ≈─ ╩ ⇔≡™╢⌐ ⅞

⌂™⁹⇔⅛⇔⌂⅜╠⁸≥─╟℮⌂ ╖ ╦∑≢№∫≡╙ ─ │╒╓ ≢№╡⁸

─ ⌐ ⇔√ ╡≢─∕╣│⅔╟∕ 10 MPa ( + 2 MPa)≤⌂∫√⁹

↓─≤⅝─ ─ │ 310ϴ⌂─≢∕╣╟╡ ─ ⅜ ⅛╠ ↕╣

≡™╢≤ ↕╣╢⁹ 

 

4-4-4 ╕≤╘ 

─ ⌐ ⇔≡⁸ ⌐ ℮ ─ ╩ ∫√⁹∕─

⁸310ϴ╟╡ ─ ●☻⅜●☻ ╡⌐ ↕╣⁸↕╠⌐ ⌐ ⅛∫≡ ┘╢

─ ™ ╩●☻⅜ ∆╢↓≤⌐╟∫≡ ⅜╙√╠↕╣≡™╢↓≤⅜ ↕

╣√⁹ ⁸ ─ ╩ ╢√╘↓─ ╩ ╘√⅜⁸∕─ ╩ ╘╢√╘⌐

│⁸ ⅛╠─ ─ ⅛╠⁸●☻ ╡┼─ ⅛╠─ ●☻ ╩

∆╢ ⅜№╢⁹ ⁸╟╡ ─ ™ ╩ ╘╢√╘⌐│⁸ ⅝ ⇔─ ╛ ⌂

≥⅜≥─ ─ ╩ ⇔≡™╢⅛ ─⁸⸗♦ꜟ─ ⌐≈™≡╙⁸ ₁⌂

╩ ⇔≈≈ ∆╢ ⅜№╢⁹ 
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5 ◦Ⱶꜙ꜠כ◦ꜛfi  

5-1 ─ ⱷ◌♬☼ⱶ⌐ ╢◦Ⱶꜙ꜠כ◦ꜛfi  

⌐ ∆╢ ≤⇔≡⁸ŋ ⁸o ⁸ɔ

⁸ᵔ ─ ≤ ─ 4 ⅜№╡⁸↓─℮∟ ⅔╟┘

⌐≈™≡◦Ⱶꜙ꜠כ◦ꜛfi ╩ ∫√⁹◦Ⱶꜙ꜠כ◦ꜛfi ⌐

⇔√⸗♦ꜟ ≤⇔≡⁸ ─ ⅔╟┘ ─ ⌐≈™≡

╩ ∫√⁹ 

 

5-1-1 ─ ⸗♦ꜟ 

(1)  

─ ─ ⸗♦ꜟ─ │ ─≤⅔╡≢№╢⁹ │⁸

◌ꜟ♦ꜝ─ ⌐ ⇔⁸ ⌐ ─ ⅜ ⇔≡™╢⁹ ⅔

╟┘∕─ ⌐│ ─ ⅜№╡⁸ ⅔╟┘ SO4 ⅜

⇔≡™╢ ─ ⌂ ≢№╢⁹ 

─ │⁸ ⅛╠ ─ ⌐ ⁸ ─

fi♃ⱨכꜞ◓ ⅔╟┘ ─ ⌂≥⅛╠ ↕╣≡™╢⁹ ─

≢№╢ │⁸0.24 0.35Ma ─ ⅜ ↕╣≡™╢ ה , 

1986 ╒⅛, 1978 ⁹ 

─ ╩ ∆╢ ⌂ ≤⇔≡⁸ ⅛╠ ╩ ≡ ⌐

⅛∫≡ NW -SE ─ ⱱꜟ☻♩ ⅜ →╠╣╢⁹ ─ │⁸

ⱱꜟ☻♩ ─ ⌐ ∆╢ F4 5-1-1 ⌐ ⇔≡™╢ⱨꜝ◒♅ꜗכ♂כfi

⁸≡⇔≥♩♇◕כ♃╩ ⅛╠ ⌐ ⅛∫≡ ↕╣≡™╢⅜⁸ⱱꜟ☻♩ ⌐ ⇔

√ GO-10 1,350 m ⅔╟┘GO-11 1,300 m ⅜ pH  2.6 3.3─ ≢№

∫√ , 2000 ⁹ 1970 ⌐╟╢≤⁸GO-11│ ─

≢ 1,292 1,300 m ⌐№√╡⁸∕↓⅜ ⌂ fi⌐⌂∫≡™╢⁹כ♂ │

≤⇔≡│ ─ 288ϴ 1,282 m⁸☻♃fi♦▫fi◓♃▬ⱶ 368 ≢№∫√⁹ 

─ -500 m , 1987 ≢│⁸GO-11 ╩

⌐ 250ϴ ─ ⅜ ⅜∫≡™╢⁹↕╠⌐ ─ⱴ◓ⱴ ⌐ ≠ↄ≤⁸

-4,500m 5,000 m ≢ 650ϴ╩ ⅎ╢≤ ↕╣ ◖fi◘ꜟ♃fi♩, 2019 ⁸

MT ≢ 2Ɏm ⅜ ⅎ╠╣≡™╢↓≤ , 1987 ⅛╠

⌐⌂∫≡™╢ ⅜№╢⁹ 

Todaka et al. (2003) │ X ─ ╩╕≤╘⁸ ─ⱨ▫כ♂♪כfi≢│ ⁸

⁸Ɽ▬꜡ⱨ▫ꜝ▬♩№╢™│◌○ꜞ♫▬♩⅔╟┘ ⅜ ⇔≡™╢↓≤╩ ⇔

√ 5-1-2 ⁹ ─ⱨ▫כ♂♪כfi─ │⁸ ─ ⅜ ≢⅝⌂™ↄ╠™

⌐ ╩ ↑≡™╢↓≤⅜╒≤╪≥≢№╢⁹ ─ ╩ ∆╢√╘⁸

1985 ⌐Ɽ▬꜡ⱨ▫ꜝ▬♩─ 3 5-1-3 ⅜ ≡∫╟⌐פֿ ↕

╣≡™╢⁹Ɽ▬꜡ⱨ▫ꜝ▬♩│ ⌐ ⅛╠ ⌐ ⅛∫≡ ┘√ ╩ ⇔⁸ ⅛

╠ ⅜ ⇔≡⅝≡™╢≤ ⅎ╠╣≡⅔╡⁸ ─ ─↓╙♃כ♦ ⅎ╩ ⇔

≡™╢⁹ 

⅛╠ ⇔√☿Ɽ꜠כ♃ ─ ─ ╩ 5-1-1 ⌐
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∆⁹GO-11│ ≢ ╙ ⅜ ↄ pH2.6 ⁸Cl ╙ ─ 2 ─ 9,750 

mg/L ≢№╢⁹ ⁸ │ pH7 ≢№╡⁸Cl │ ╟╡ ∂⅛╛╛

─ 2,160 4,840 mg/L ≢№╢⁹ ╙ ╙ SO4 │ ↄ⁸GO-11 201 mg/L

╩ ↄ≤ ≢ 10 mg/L ≢№╢⁹ 

─ │⁸Excess Cl ╩ ∆ ≢№╡ 5-1-4 ⁸∕─

│ SO4/Cl ⅜ ↕ↄ⁸Cl ⅜ ╟╡ ™↓≤⌂≥⅛╠ⱴ◓ⱴ⅛╠ ↕╣√

HCl ●☻⅜ ≢№╢≤ ⅎ╠╣≡™╢ Truesdell and Nakanishi, 2005 ⁹ ה

≢╙⁸ ─ │⁸ ⇔≡ ─ ⅜ ╟╡ ↄ⁸∕─

⅛╠ ╙ ╙ ≤ J-HTVG Japan -High Temperature Volcanic Gases

─ ⌐╟∫≡ ⇔√↓≤╩ ⇔≡™╢ 5-1-5 ⁹ ◄fi♃ꜟⱧכ≤ Cl

─ ≢ ╙ ╙ │ 250ϴ≢⁸ ≤╒╓ ⌂ ╩ ⇔⁸

∂ ╩ ≤⇔√ ╩ ≤⇔≡™╢≤ ⅎ╠╣╢⁹ 

─ ⅛╠⁸ 2019 ⌐ ↕╣≡™╢╟℮⌐ ─ ⱷ◌♬☼ⱶ│

─╟℮⌂ ⸗♦ꜟ 5-1-6 ⅜ ⅎ╠╣⁸ ∆╢◦Ⱶꜙ꜠כ◦ꜛfi ─⸗♦ꜟ

≤⌂╢⁹ 

 ̧ ⱴ◓ⱴ⅜ ∆╢↓≤⌐╟╡ ↕╣√ ─ H 2O, HCl, SO 2, H 2S⌂≥

│⁸ ╩ ∫≡ ⇔⁸ ─ ≤ ∆╢⁹ │ ≤ ⇔⁸Cl-

SO4 ⅜ ∆╢⁹500ϴ⁸70MPa ─ ≢│⁸⅔∕╠ↄ pH │ 5.5 ≢№

╢≤ ↕╣╢⁹ 

 ̧ ↓─ │↕╠⌐ ∆╢↓≤⌐╟∫≡ ⅜ ⇔⁸ ≤⌂∫√ ⅜

∆╢↓≤⌐╟∫≡ ─ SO4 │ ∆╢⁹╕√⁸ ─ ⌐╟∫≡

▬○fi─ ⅜ ╖⁸pH │ ∆╢⁹ ≤ HS ▬○fi⅜ ⇔⁸

⁸ ⁸ ⌂≥─ ⅜ ∆╢↓≤⌐╟∫≡⁸pH─ ⅜ ↕

╣⁸ ∆╢⁹ 

 ̧ ⇔≡⅝√ │⁸∕╣╕≢ ⇔≡™√ ⅜ ≤⌂╡⁸ ─

⅜ ∆╢⁹ ≢│ ⅜ ∆╢ │⁸2,000 m ≢№╢≤

↕╣⁸ ⌐ ∆╢ ≢ ─ ⅜ ∆╢≤ ⅎ╠╣╢⁹ 

 ̧ ⌐ ∆╢≤⁸ │ SO4 ⅜ 10 ppm ─ ≤⌂╡⁸

250 300ϴ≢ pH │ 3.4 ≤⌂╢⁹ ≢│⁸ ⌐ ⇔≡™√

≤ ∆╢≤ ⅎ╠╣╢⁹ 

 ̧ ≢│ ⅜ ⌐ ∫≡ ⇔⁸ │≢fi♃ⱨכꜞ◓─ ⌐ ⇔

≡ ₁⌐ ∆╢⁹⇔⅛⇔⁸ ≢│⁸0.3 Ma ─ ─

Ɽ▬꜡ⱨ▫ꜝ▬♩ ◌○ꜞ♫▬♩ ─ ╖ ∑ ⅜ ╪∞≤↓╤≢

│⁸ ─ ⅜╒≤╪≥⌂ↄ⁸ ⅜ ↕╣≡ ⅜ ∆╢≤

ⅎ╠╣╢⁹ 
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5-1-1  ─ ≤ ─  

 

 

─  

5-1-2  ⌐⅔↑╢ ─  

quartz*

smectite

chlorite

illite

kaolinite

pyrophyllite

epidote

prehnite

pyrite

laumontite

wairakaite

calcite

plagioclase*

       *: primary mineral is included.        modified from Todaka et al. (2003)

100 150 200 250Temperature (ϴ)
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5-1-3  ⌐⅔↑╢Ɽ▬꜡ⱨ▫ꜝ▬♩ ─  

 

 

Ợ: Onikobe  Ợ: Tatun  Ợ: Kakkonda  : Kakkonda (#14)  Ợ: Kakkonda (WD1-a) 

ừ: Mindanao-2  ừ: Sumikawa-Ohnuma  ừ: Miravalles  ừ: Shiramizugoe 

ừ: Hatchobaru  ×: HCl dissolved rock 

5-1-4  ─ Na-K-Cl  

 

129127130
128

128
127

130
129

GO-10

CS

CS

Pp

Mx

Mx

0m

-500m

-800m

ᾛᵫ זּ Ɫ (1985)

Cl/210K

Na

KCl

NaCl

granite averagecrustal rock basalt

"ExcessCl"
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─ , a , n  

5-1-5  ─ ה  

 

 

5-1-6  ─ ─ ⸗♦ꜟ  

-80

-70

-60

-50

-40

-30

-20

-10

0
-15 -10 -5 0 5 10

ʵ
5
 ҉

1ɻ8O ҉

127-n
128-n
128-a
131-a
133-a
134-n
135-n
136-n
138-a
OP-1-n
OP-2-n

J-HTVG

Magma

Volcano

Impermeable zone

Basement rocks

H2O, HCl, SO2, H2S, CO2 gases

Water

Gases + water + rock interaction

Anhydrite precipitation Ą SO4 reduction

Undersaturation of anhydrite 

due to temp. decrease

(pH3.5, 250ºC, 15MPa)

Cl-SO4 type (pH5-6, 500ºC, 70MPa)

Acid Cl type
Neutral reservoir
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5-1-1  ─ ─  

 

 

(2)  

│ ─ ⌐ ⇔≡⅔╡⁸ ─ ─ ╛

╩ ≤⇔√ ⅜ ⇔≡™╢ ─ ╪⌂ ≢№╢⁹ ╛

⅛╠ ↕╣╢ ⅜⁸NW -SE ≤∕╣⌐ ∆╢ ENE -WSW ─ 2 ⌐

⇔≡⅔╡⁸ ╛ ╩ ╗ ─ ─ ╩ ⇔≡™╢ ≤ ⅎ

╠╣╢ 5-1-7 ⁹ -300 m ─ ╟╡⁸ ─ ™ EN E-WSW ─

╛ ™⌐ ⅜ ⇔ ⅜ ↕╣≡™╢≤ ↕╣╢ 5-

1-8 ⁹╕√⁸Aizawa  et al . 2013 ⌐╟╢≤⁸ ⌂ ⅜╖╠╣╢ ╛ⅎ┘

─ ─ ⌐ⱴ◓ⱴ ╕╡⅜ ⇔⁸ ┼ ⅛∫≡ ⌐ⱴ◓ⱴ⅜ ⇔≡

™╢≤ ↕╣≡⅔╡⁸↓─ ⌐ ∆╢ ─ⱴ◓ⱴ⅛╠ ⅜ ↕╣⁸ENE-

WSW ─ ⅔╟┘ ─ ⌐ ⅜ ⇔≡™╢≤ ⅎ╠╣╢⁹ 

⅔╟┘ ─ ⌐ pH8.3-8.7 5-1-2

  

 

 
GO-11  

pH at ambient 

temperature  
-  2.6 2.8 -  3.8 6.7 -  7.8 

pH at 250 ̆ -  3.2 3.4 -  3.5 4.8** -  6.3 

H2S mg/l   <0.5  <0.5 -  2.1 

T-CO2 mg/l   <10  <10  

Cl mg/l  9570 4300 ² 5650 2160 -  4840 

SO4 mg/l  201 22.2 -  50.0 14.7 -  23.9 

Na mg/l  3120 1850 ² 2130 1100 -  2170 

K mg/l  810 345 ² 435 198 -  355 

Ca mg/l  1460 474 ² 721 179 -  650 

Mg  mg/l  270 25.1 -  58.3 0.31 -  5.51 

Fe mg/l  648 97.8 ² 371 0.05 -  0.32 

Al mg/l   0.04 -  0.43 0.15 -  0.21 

SiO2 mg/l  1090*  527 ² 725 613 -  695 

B mg/l   62.4 -  80.9 43.5 -  78.2 

As mg/l  
 

0.58 -  1.77 0.47 -  0.58 

 (2002) Todaka et al. (2004)  

*  

**  
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⅜⁸ pH<3 5-1-2 │ ─ ⌐ ⇔≡

™╢⁹ ≢ ↕╣╢ 5-1-3 ─ ⌐│⁸ ≢№╢⅜⁸◌○ꜞ♫

▬♩⅜ ╘╠╣≡™╢ ⁹ │⁸ENE -WSW ─ ─ ™

1╛ (e) ⌐ ∫≡ ⇔≡™╢ 5-1-9 ⁹ ─ⱨ▫כ♪ⱳ▬

fi♩─ ≤ ─ ≢│⁸ ≤ ⌐ ⇔≡™╢ ─ 2 ⌐ ⅛

╣⁸∕╣∙╣⅜ ⌐№╢⁹ ⌐│ 1.5 MPa ─ ⅜№╡⁸ ⌐ ⌂

⅜╡│⌂™≤ ⅎ╠╣╢⁹ 

│⁸ ⅛╠ ─ ╩ ≤⇔⁸∕─ ⌐

⅛╠ ⌐ ⇔√ ⅔╟┘ ⅜ ∆╢⁹ ─ ∆╢

◄ꜞ▪≢│⁸ ⌐ ⌐ ╗ ⅜№╡⁸ N56-KT-8≢│ ⌐└╪ ─

⅜ ↕╣≡™╢ 5-1-9 ⁹ ─ ה 5-1-10 │⁸™∏

╣─ ╙ oxgen shift ⅜╖╠╣⁸ ≢№╢↓≤⅜ ↕╣╢⁹ ╙

≤ ⇔ ↄ⌂∫≡⅔╡⁸ ●☻─ ╙ ⧵│╠⅛♃כ♦─╠╣↓⁸⅜™⌂⅝≢

─ ⅜ ⅝™≤│ ⅎ⌂™⁹↓╣╠─ ╛♃כ♦ ⌂≥⌐╟╡⁸

─ │ ⅜ ╕≢ ⇔⁸ ╩ ╣⁸ENE -WSW ─

⅔╟┘ ™⌐ ⇔≡⁸ -300m ⌐№╢ ╛

⌐ ↕╣≡™╢≤ ↕╣╢⁹ 

↓─╟℮⌐ ≤⇔≡│ ⁸ ≤╙⌐ ⅝⌂ ™│⌂™⅜⁸∕╣∙╣─

─ SO4 ≤ Cl ⁸pH ≤ Cl SO4 ⸗ꜟ ─ ≢│⁸ ⌐

═≡ │ SO4 ─╖ ↄ⁸ │ ≤╙⌐ ™⁹ ─

╩╖╢≤⁸ ה ─ ≢│ ⅜ ↄ ↕╣╢⅜⁸

─ ≢│⁸ ─ │ ⌂™⁹ 

│⁸ ≤ ⅜ ↕╣╢◄ꜞ▪⌐ ⇔≡™╢↓≤⅛╠⁸∕╣

╠⅜ ─™∏╣⅛─ⱷ◌♬☼ⱶ≢ ─ ⌐ ╦∫≡™╢≤ ⅎ╠╣≡™╢

NEDO , 2003 ╒⅛, 1995 ⁹ 

ᵑ ─ ⌐ ⇔√ ─  

   4S(s) + 4H2O ќ SO42- + 2H + + 3H 2S(aq) 

ᵒ ╩╙√╠⇔√ⱴ◓ⱴ⅛╠ ⇔√ HCl ╛ SO2╩ ╗ ●☻  

   4SO2(g) + 4H 2O ќ 3SO42- + 6H + + H 2S(aq) 

≢│ ה ≤╙⌐ SO4─ ȃ34S⌐│ ⅝⌂ ™│ ↄ⁸+17Ą⅛╠+20Ą─

⌐№╡⁸ ─ ȃ34S≤ ⌂ ╩ ∆⁹∆⌂╦∟⁸ ─ȃ34S ≢

╛ ●☻─ ╩ ⌐ │♃כ♦∆ ╠╣≡™⌂™⁹ 

─╟℮⌐ ─ ⅔╟┘ ─ ⸗♦ꜟ │ ⌐ ↕

╣√ │⌂™╙──⁸ ─╟℮⌐ ⅎ╠╣╢ 5-1-11  

 

  ⸗♦ꜟ 

    ₒ ─ ₓ 

 ̧ ╩ ∆╢ ⅜ ™╩ ∆╢⁹ 

 ̧ ╕≢ ⇔√ ⅜ ─ ≢ ⇔√ ╩ ⇔⁸

≤ ∆╢↓≤⌐╟∫≡ pH4.0 ⅛╠ 4.5 ⅜ ↕╣╢⁹ 
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 ̧ ─ ⅜ ─ ≢╖╠╣╢⅜ 5-1-9 ⁸ │ ─

≢ ↕╣≡™╢↓≤⅛╠ ─ ─ ⌐╟∫≡ ⇔√ ⅜

◐ꜗ♇ⱪ꜡♇◒╩ ∫≡ -300m ⌐ ∆╢≤™℮⸗♦ꜟ│ ⅎ

⌐ↄ™⁹ 

    ₒ ●☻─ ₓ 

 ̧ ╕≢ ⇔√ ⌐ ⅛╠ ↕╣╢ ●☻⅜ ⅝ ╖⁸ ⅜

↕╣⁸ ╩ ∆╢⁹↓─≤⅝─ │ ⅜

↕╣≡™╢ N56-KT-8 ─ ה ⱪ꜡ⱨ□▬ꜟ⅛╠ ⇔≡ ⇔√⁹ 

 ̧ │ ה ╩ ™⌂⅜╠ ╩ ⇔⁸ 250ϴ10הMPa

╕≢ ∆╢⁹ ╕≢ ⇔√ ⅜ ≤ ∆╢↓≤⌐╟∫≡

pH4.0 ⅛╠ 4.5 ⅜ ↕╣╢⁹ 

 

⸗♦ꜟ 

 ̧ ⅜ ╩ WSW ⌐ ≤ ⇔⌂⅜╠⁸ ה ╩ ∫

≡ ∆╢ ≢ ⌂≥ ⅜ ⇔⁸SO4 ─ ™ ⅜

↕╣╢⁹ 

 

 

 

5-1-7  ─ ה  

⌐  
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5-1-8  ─ -300m ◖fi♃כ  

 

 

5-1-9  ─ ⸗♦ꜟ NW-SE  

NEDO 2003 ⌐  
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5-1-10  ─ ─ ─ ה  

 

 

 

ₐ ─ ₑ               ₐ ●☻─ ₑ 

 

5-1-11  ─ ─ ⸗♦ꜟ  
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5-1-2  ─ ─  

 

 

5-1-3  ─ ≢ ↕╣≡™╢ ─  

 

 

 




















































































































































































