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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 ─ │ ─ ─ ≤⌂
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╡ ╢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
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╕╣≡™╢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↑



12 
 

─ │ ≤ ∆╢ 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
l/
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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─






































































































































































































































































