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Summary of Ph. D thesis 

 

1. The d13C and d2H values as indicators of matulity level of thermogenic 

hydrocarbon gases 

Stable carbon and hydrogen isotopic compositions (d13C and d2H) of 

thermogenic hydrocarbon gases (C1, C2, and C3) are related to the organic matter 

types and their maturity levels. The d13C and d2H values of thermogenic 

hydrocarbon gases are only a few indicators for evaluating the maturity level of 

natural gas. The enrichment of 13C in thermogenic hydrocarbon gases with 

increasing maturation has been well studied in the laboratory and applied to 

evaluation of the maturity level of natural gas. The maturity level of natural gas 

provides clues for understanding the timing of gas expulsion from the source rocks. 

In the case of coal-derived hydrocarbon gases accumulated in the reservoir, the d13C 

values of hydrocarbon gases suggest the timing of natural gas expulsion from coal 

seam in many cases if there is no alteration after accumulation. The burial depth 

and temperature of coal seam at the time of gas expulsion in a deep sedimentary 

basin can be estimated by the maturity level of natural gas based on d13C values of 

hydrocarbon gases. 

 

2. The d13C value of Cenozoic coal-derived hydrocarbon gases 

Cenozoic coals and coaly sediments have the potential to generate oil and 

gas, which is related to the abundant aliphatic structures in Cenozoic coals 

compared with pre-Cenozoic coals. For example, The Yufutsu oil and gas deposit 

in south-central Hokkaido is one of the largest petroleum deposits in Japan, 

producing oil and gas derived mainly from the coal-bearing strata in the middle to 

late Eocene Ishikari Group. However, the evolution paths of d13C values with 

increasing maturity levels of Cenozoic coal-derived hydrocarbon gases are not 

consistent with the relationship between d13C values and vitrinite reflectance 

(VRr %) (e.g., Berner and Faber, 1996). The previous relationship between the d13C 

values of coal-derived hydrocarbon gases and vitrinite reflectance of source coal 

has been determined based on the open system pyrolysis of woody fragments (VRr 

= 0.2%) (Berner and Faber, 1996). The generation and expulsion of hydrocarbon 

gases in the sedimentary basin proceed under the condition between open- and 
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and 0.14, respectively. The atomic H/C ratio at the same atomic O/C ratio is higher 

than that of pre-Cenozoic coals.  

Anhydrous closed and semi-open system pyrolysis experiments were 

conducted using the 30ml reactor made of stainless-steel 316 (NITTO KOATSU, 

Co., Ltd, Japan). The 5.0g coal fragments in size of ca. 5 to 7mm were placed in 

the stainless-steel reactor. The reactor was evacuated for several minutes and then 

purged with helium. The closed system pyrolysis was performed using the same 

reactor. The reactor was rapidly heated to reaction temperatures of 325 to 390 ºC 

and held for 24 to 168 hrs. The gaseous products generated from the coal sample 

pyrolyzed at 330, 340, 350, 370, and 390 ºC each for 72 hrs were sequentially 

collected by aluminum bags. These gases were defined as gases from semi-open 

system pyrolysis. All the gas samples were analyzed by GC (Agilent 7980A) with 

pulsed discharge helium ionization detector (PDHID). Stable carbon and hydrogen 

isotope compositions (d13C and d2H values) of each gas component were measured 

by using GC-C-IRMS and GC-TC-IRMS and expressed in VPDB and VSMOW 

scales, respectively. Vitrinite reflectance (VRr) was measured by using a reflecting 

microscope (ECLIPSE LV100ND, Nikon, Co., Ltd., Japan) equipped with 

stabilized halogen light source and photonic multichannel analyzer (PMA12, 

Hamamatsu Photonics Co., Ltd., Japan). Total organic carbon (TC), Total nitrogen 

(TN) and total hydrogen (TH) contents were determined by J-Science Micro Corder 

JM10 at the Center for Instrumental Analysis, Hokkaido University. Total Organic 

carbon (TOC) and total sulfer (TS) contents were determined using EA 3000 

elemental analyzer (Euro Vector Co., Milan, Italy). 

 

5. Compositional and isotopic characteristics of expelled and residual gases 

VRr values of artificially matured coals (AMCs) are in the range from 0.53 

to 1.8%. Hydrocarbon and non-hydrocarbon gases of CH4 to C4H10 (C1 to C4), C2H4, 

C3H6, i-C4, H2, CO, and CO2 were detected in all the gas fractions from initial coal 

and AMCs. The expelled gas is generally characterized by higher relative 

abundance of C1 (>C2) and H2. The relative gas composition of desorbed gas is 

nearly similar to that of the expelled gas except for comparatively low abundance 

of H2, C3 and C4. The residual free gas obtained after the pulverization of coal 

fragments showed lower relative abundance of C1 (<C2). The residual adsorbed gas 
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is characterized by very low concentration of C1 and higher relative abundances of 

CO2, C3 and C4. These results show that compositional fractionation during gas 

expulsion from coal. The d13C and d2H values of C1 in the residual free gas were 

significantly higher than those of methane in the expelled and desorbed gases, 

demonstrating a large isotopic fractionation associated with the expulsion of C1 

from the coal fragments. In the sedimentary basin, carbon and hydrogen isotopic 

fractionation during migration of C1 in thick coal seams (cm to m) could be one of 

the important processes controlling the isotopic composition of C1. The carbon and 

hydrogen isotopic fractionations of C2, C3, and CO2 during their expulsion were 

almost negligible.  

 

6. Geochemical characteristics of hydrocarbon gases from closed and semi-

open system pyrolysis  

The comparison of the d13C values of hydrocarbon gases from closed and 

semi-open system pyrolysis experiments showed that the later is generally larger 

than the former at the same VRr of the source coal. The difference in d13C value 

between these pyrolysis experiments increased with increasing VRr. This is due to 

that hydrocarbon gases depleted in 13C were removed from the reaction system in 

the case of semi-open system pyrolysis. On the other hand, the d2H values of 

hydrocarbon gases from closed system increased drastically in the later stage of 

maturation (VRr < 1.2%). Generally, the d2H values of organic hydrogen tends to 

be lighter than that of inorganic hydrogen (water-derived hydrogen). Water vapor 

is removed from the reaction system during gas sampling in thecase of semi-open 

pyrolysis, while water derived from H2O moisture during closed system pyrolysis 

of coal accumulates in the reactor. This result suggested that water might contribute 

hydrogen to hydrocarbon gas formation in the late maturation stage. However, the 

d2H of thermogenic hydrocarbon gas can also be controlled by various factor, such 

as the paleohydrology and hydrogen exchange during maturation in sedimentary 

basin. The estimation of maturity level of thermogenic hydrocarbon gas based on 

hydrogen isotope composition requires caution.  

In the sedimentary basin, the expulsion of hydrocarbon gases in the early 

stage of diagenesis is thought to take place under the condition close to open system 

because of the comparatively high porosity and high permeability of coalbed and 
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the significant water expulsion with increasing compaction. The hydrocarbon gas 

expulsion proceeds gradually under the condition closer to closed system with 

reducing porosity and decreasing permeability of coalbed in the later stage of 

diagenesis. The evolution path of d13C values of hydrocarbon gases expelled from 

coal seams in the sedimentary basin must be located between those of differential 

hydrocarbon gases from semi-open system pyrolysis and from closed system 

pyrolysis in the present study.  

 

7. The evolution paths of d13C values of Cenozoic coal-derived hydrocarbon 

gases 

In the present study, the diagrams showing the relationship between d13C 

values of hydrocarbon gases expelled from the Cenozoic coal and VRr of the source 

coal at the time of gas expulsion is proposed based on the results of closed and 

semi-open system pyrolysis of Cenozoic coal. The diagrams were consistent with 

the trends of d13C values of hydrocarbon gases in natural gas from Cenozoic coal. 

The evolution paths of d13C values of hydrocarbon gases from hydrogen-rich 

Cenozoic coal were close to those of Type-II kerogen in early stage of maturation 

(VRr < 1.2%). At the higher maturity level (VRr > 1.6%), the paths shifted closer to 

those of Type-III kerogen. These could be due to that Cenozoic coals are richer in 

hydrogen compared to pre-Cenozoic coals. 

 

8. Evaluation of the maturity levels of Cenozoic coal-derived gas by d13C values 

The VRr value of coal seam at the time of gas expulsion in Yufutsu oil and 

gas deposit was estimated to be approximately 1.3-1.4% based on the diagram 

proposed in the present study. The heating rates of Ishikari Group was estimated to 

be 6.6-9.9 ºC/my based on the burial history of Ishikari Group in south-central 

Hokkaido. The expulsion temperature of hydrocarbon gas in Yufutsu oil and gas 

was estimated to be approximately 165-175 ºC. 

In the diagram of d13C2 vs. d13C3, the d13C values of hydrocarbon gases in 

natural gas from Cenozoic coal were consistent with the evolution paths of d13C 

values of Cenozoic coal-derived hydrocarbon gases. The d13C value of C1 is related 

not only to the maturity level but also to mixing microbial C1 and possible isotopic 

fractionation during expulsion and migration from coal. Moreover, the increasing 
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1.1. ⌐ ∆╢ ●☻  

│ ⌐ ≤ ⅜ ⇔ ≤ ™ ╩

↑√ ↕╣╢ ─ ≢№╢ │ ●☻⌐ ═≡

⌂ ╡⅜ ⌂ↄ ⌐ ↄ ⇔≡™╢√╘ ( 1.1) ╙

◄Ⱡꜟ◑כ─ ה ⅜⌂↕╣╢╕≢─ ⌂ ◄Ⱡꜟ◑כ

≤⇔≡ ⅜ ↕╣≡™╢ ╕√ ⌐ ╗ ≢№╢ │

⌐ ∆╢≤ ה ●☻─ ⌐⌂╢≤™℮ ╩

∑ ≈ ─ ⅜ ╪∞ ≤⇔≡ Ɑꜟⱶ ☺

ꜙꜝ ∕⇔≡ ⅜ →╠╣╢ (e.g., Bestougeff, 1980; 

Bouska, 1981) Zachos et al. (2001) ⌐╟╣┌ ⌐

│ ╟╡╙ ⌐ ⌂ ≢№∫√↓≤⅜ ↕╣≡™

╢ ( 1.2) ⌐⅔↑╢ ─ │ ⌐ ≤ ⌐

∆╢ ∕─√╘ │ ⌐⅔↑╢ ⅜ ⌐

≢№∫√ ⅜ ™ ╕√ │ ─ ⅜ ↓╡ ▪ꜟ

ⱪ☻הⱥⱴꜝꜘ ─ ⅜ ╕∫√ ≢№╢ ( ≤ 2005) ↓─

─ ⌐ ℮ ה ⌐╟∫≡ ↕╣╢ ─ ≤

⌐ ⌐ ∆╢ ─ ⅜ ⇔√≤ ⅎ╠╣╢

⌐ ↕╣√ ─ ╛ ⌂ ⅜ ⌐

ↄ ∆╢  

│ ⌐ ▪☺▪╩ ⌐ ⌐ ↄ ⇔≡⅔╡ 

( 1.1) ↓╣╠─ ⅜ ≤⌂∫≡ ⌐ ⌂ ●

☻ ⅜ ↕╣≡™╢ ( ⅎ┌ Niger delta in Nigeria, Mahakam delta in 

Indnesia, Taranaki basin in New Zealand, and Ishikari basin in Japan) ⌐
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⌐ ℮ ⌂ ●☻ ⅜ ↕╣≡™╢ ≤⇔≡

⅜ ─ ⌐ ═≡ ╛ ⌐ ╗↓≤ 

(MacGregor, 1994; Petersen and Nytoft, 2006; Petersen et al., 2009) ⅜ ⇔≡

™╢≤ ⅎ╠╣╢ ╛ ●☻─ ≤⌂╢◔꜡☺▼fi│ ∕─

H/C O/C ⌐╟∫≡ Type-I ~ III⌐ ↕╣≡™╢ ⌐

ⱳ♥fi◦ꜗꜟ│ H/C ─ ™◔꜡☺▼fi≢№╢╒≥ ™ (e.g., Takeda 

and Asakawa, 1988) ≤ ─ ╛ ─

™│ ⌐⅔↑╢ ╩ ↄ ≈ ─ ⅜ ⇔≡™╢

≤ ⅎ╠╣≡™╢ (Knoll, 1986) ⌐ ═≡ ⅜

⌐ ╗↓≤│ ─ ≢№╢ ─ ⌐⅔™≡

─ ╛wax⌐ ╕╣╢▪ꜟ◐ꜟ ⌐ ╪∞ ⅜ ─

⌐ ╡ ╕╣╢√╘≢№╢≤ ↕╣≡™╢ (Collinson et al., 

1994)  

⌐ ∆╢ ─ ╙

─ ─ ≤ ⌐ ™ ╩ ∆↓≤⅜ ╠╣≡™╢ (

1979; ≤ 1999; Takahashi and Aihara, 1989) ╒⅛ (1999) ⌐╟

╣┌ ─ ⅜ ™ hydrogen Index (HI = 228 ~ 476mg HC/g TOC) 

╩ ∆↓≤⅜ ↕╣≡™╢ ─ │ ─

●☻ ≢№╢₈ ●☻ ₉( 1.3) ─ ≢№╢≤ ⅎ╠╣≡™

╢ (e.g., Waseda and Nishita, 1998; Yessalina et al., 2006) ●☻ ─ oil

⅜ ↕╣√ ─ ─ ⌂ │ ≢

№╢ⱦ♩ꜞ♫▬♩  (VRr %) ⌐  (Rc) ⇔≡ Rc = 0.9 ~ 1.2%≤

↕╣≡™╢ (Yessalina et al., 2006) ⇔⅛⇔⌂⅜╠ ●☻ ─ ●☻

⅜ ↕╣√≤⅝─ ─ ⌂ ╛ ה ⌐

⇔≡│ ↕╣≡™⌂™  
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1.3. ( ) ●☻  (Yessalina et al., 2006) ( ) 

≤  (Takano and Waseda, 2003). 
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1.2. ●☻ ─ ●☻─ ≤  

≢ ↕╣╢ ה ●☻│ ─ ⌂◄Ⱡ

כ◑ꜟ ≢№╢ ה ●☻─ ─ ≢│ ≢

⅜ ⇔ ⌐ ╩ ⇔√≤ ⅎ╠╣╢ó ó─ ╩

∆╢↓≤⅜ ╘≡ ≢№╢ ╕√ ⱳ♥fi◦ꜗꜟ│

─◔꜡☺▼fi Type ≤╙ ∆╢√╘ (e.g., Takeda and Asakawa, 

1988) ─◔꜡☺▼fi Type ─ ╙ ≢№╢ ₁⌂

⅜ ╕╣≡™╢ oil ─ ⅎ┌☻♥ꜝfi─ ╛♫ⱨ♃꜠fi ⌂

≥─ ₁⌂ ─ ╩ ™≡ ─ ♃▬ⱪ╛ oil ─

⌐⅔↑╢ ─ ⌂ ╩ ∆╢↓≤⅜ ≢№╢ 

(e.g., Kvalheim et al., 1987; Radke et al., 1982, 1984; Radke and Vriend, 1994)  

●☻─ │ 1 ~ 4─ ≢№╢ⱷ♃fi 

~ Ⱪ♃fi (C1 ~ C4)  (CO2) ⅜╒≤╪≥≢№╡ ∕─ ⅛

╠ ╠╣╢ │ ╠╣╢ ⇔⅛⇔⌂⅜╠ ●☻─ ה

 (d13Cהd2H) ─ ⅜ ⌐⌂∫≡⅛╠ ●☻─

d13Cהd2H │ ●☻─ ה ╩ ∆╢√╘─ ≤⇔≡

∞↕╣ ●☻─ ⅜ ⌐ ⇔√  

⌐ ⌐╟∫≡ ↕╣╢ ●☻─╒≤╪≥│

C1≢№╢ ─ ⌐ ℮ ●☻│ C2 ─

●☻╙ ↕╣╢ Bernard et al. (1976) ≢│ C1⅜

C1 ⌐ ═≡ ⌐ ™d13C  (< -45ă) ╩ ∆↓≤ (Deuser et al., 

1973) ⅛╠ C1/ (C2 + C3) ≤ C1─d13C ─◒꜡☻ⱪ꜡♇♩╩ ⇔√.↓

╣⌐╟╡ ●☻ ─ ●☻─⅔⅔╟∕─  (  or

) ⅜ ⌐⌂∫√ ∕─ Schoell (1980, 1988) ╛Whiticar et al. (1986) 

⅜ ₁⌂ ─ C1─d13Cהd2H ─ ╩╕≤╘ C1─d13Cה
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d2H ⅜ ∕─ ╩ ∆╢↓≤╩ ⇔√ ╕√ ●☻─

⌐ ℮d13Cהd2H ─  (e.g., Tsunogai et al., 2000; Whiticar and 

Faber, 1986) ─ ⅜ ╖ ∕╣╠─ ╙ ╦∑√òBernand plotò╩ ⌐

●☻─ ∕⇔≡ ─ ⌐ ⇔≡╟╡ ⌂

⅜ ⌐⌂∫√ ( 1.4)  

●☻ ─ ≢│ ╛ ⸗♦ꜟ╩ ™√

⅛╠ ●☻─d13Cהd2H ╩ ─ Type╛∕─

≤⇔≡ ∆╢ ╖⅜ ╪∞ ●☻─ ∕

─d13C │ ─ ⌐ ∫≡ ⌐ ∆╢↓≤⅜ ╠╣

≡™╢ ↓╣│ ─ ⌐ ℮ 12C-12C ≤ 13C-12C ─

◄Ⱡꜟ◑כ─ ™⌐╟∫≡ ∂╢ ⌐ ∆╢╙─≤

ⅎ╠╣≡™╢ (e.g., Clayton, 1991; Galimov, 1988; Tang et al., 2000) ↓─

╩ ⇔ ●☻─d13C ≤ ─ ─ ╩ ╠⅛⌐

∆╢ ╖⅜ ╘╠╣√ ⅎ┌ ─ ⌐ ∆╢ ⱴ☿ꜝ

ꜟ≢№╢ⱦ♩ꜞ♫▬♩│  ( ) ─ ≤ ⌐ ─

⅜ ∆╢ ⱦ♩ꜞ♫▬♩  (VRr %) │ ─ ≤

⇔≡ ↄ ↕╣≡™╢ VRr (%) ╙ ⌐ ℮ C-C ─◒ꜝ♇◐fi

◓⌐ ∆╢≤ ⅎ╠╣≡™╢ (Burnham and Sweeney, 1989; Sweeney and 

Burnham, 1990) ∕↓≢ ●☻ ─ ●☻─d13C ⅛╠

─ Type ╛ ●☻ ⌐⅔↑╢ VRr (%) ─ ╩ ⌐

∆╢√╘⌐ ↄ─ ⅜ ╦╣≡⅝√ (e.g., Andresen et al., 

1993, 1995; Berner and Faber, 1996; Berner et al., 1992, 1995; Clayton, 1991; 

Michels et al., 2002) Berner et al. (1995) ≤ Berner and Faber (1996) ≢│

⌂  (Type-II ◔꜡☺▼fi) ≤  (Type-III ◔꜡☺

▼fi) ─ ≤ ⌐ ≠ↄ ─ ⅛
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╠ ∕╣∙╣─ ⌐ ∫≡ ↕╣╢ ●☻─d13C ─ ≤

VRr (%) ─ ╩ ⌐ ╘╢ ╩ ⇔√ ( 1.4) ╠│

╩ ≢◓Ⱪⱨ▫♇♥▫fiכ◌⌂ ∆╢↓≤⌐╟∫≡ Type-II◔

꜡☺▼fi─ ⌐ ∫≡ ↕╣╢ C1 C2 C3─d13C ≤ VRr (%) ─

╩ ─ ⌐⸗♦ꜟ ⇔≡™╢  

d13C (C1) = -4.0613VRr
5 + 34.924VRr

4 - 113VRr
3 + 171.26 VRr

2 

-111.86 VRr - 20.735 + [30 - |d13Csource|]       

(R2 = 0.9997)  

d13C (C2) = 7.4991 VRr
6 - 81.906VRr

5 + 354.73VRr
4 - 772.76VRr

3  

+ 881.75 VRr
2 - 482.97VRr + 60.083 + [30 - |d13Csource|]       

(R2 = 0.9997)  

d13C (C3) = -2.0174VRr
6 + 8.294VRr

5 + 14.76VRr
4 - 126.8VRr

3 

+ 236.04VRr
2 - 165.11VRr + 3.875 + [30 - |d13Csource|]       

(R2 = 0.9947)  

↓↓≢ |d13Csource|│ ─d13C ≢№╢ ╕√ Type-III◔꜡☺▼

fi─ ╙ ⌐ ─ ≢⸗♦ꜟ ⇔≡™╢  

d13C (C1) = 3.6848VRr - 31.292 + [22.0 - |d13Csource|] 

      (R2 = 0.9707) 

d13C (C2) = 3.1987VRr - 26.901 + [22.4 - |d13Csource|] 

(R2 = 0.9837) 

d13C (C3) = 4.903VRr
3 - 21.033VRr

2 + 36.164VRr  

- 36.164 + [22.0 - |d13Csource|] 

(R2 = 0.9782) 

Clayton (1991) ⌐╟╣┌ ─d13C ≤d13Csource ─ │ 1 ~ 2ă ≢

№╢≤ ↕╣≡™╢ ─d13C ⅛╠d13Csource ╩ ⇔ Berner and 
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Faber (1996) ─⸗♦ꜟ╩ ∆╢↓≤⌐╟∫≡ ↓╣╕≢ ●☻─

d13C ⅛╠ ─◔꜡☺▼fi Type ≤∕─ ─ ⅜ ╦╣

≡⅝√ (e.g., Gürgey et al., 2005; Waseda and Iwano, 2008; Kotarba et al., 2014)  

╕√ ●☻─d2H ╙ ─ ⅜ ∆╢≤ ⌐

∆╢ ╩ ∆ (e.g., Berner et al., 1995; Duan et al., 2012). Schoell (1980) 

⌐╟╣┌ ─ ⌐ ∫≡ ●☻─d2H ⅜ ∆╢

│ C-CH3 ⌐ ⇔ C-CH2D ─ ◄Ⱡꜟ◑כ⅜ ⅝ↄ C-C

─◒ꜝ♇◐fi◓⌐ ∫≡ ⅜ ∂╢√╘≤ ⅎ╠╣≡™╢

√∞⇔ ●☻─ ȃ2H │ ≤─

 (Shimmmelman et al., 1999, 2001, 2006; Lis et al., 2006; Shimmelmann et al,. 

2006; Kikuchi et al., 2010) ╛ ─  (e.g., Tipple et al., 2010; Duan et 

al., 2011; Yang et al., 2011) ⌂≥─ ╩ ↑╢√╘ d13C ╒≥ ●☻

─ ≤⇔≡ ⌂ ⅜ ╪≢™⌂™ ⇔⅛⇔⌂⅜╠

 (Type-II) ─ ●☻─d2H ⅜  (Type-III) 

─ ●☻⌐ ═≡ ⌐ ™ ╩ ∆ ⅜ ↕╣≡⅔╡ 

(e.g., Berner et al., 1995; Dai et al., 2012) Type─ ⌐ ≢⅝

╢ ╙ ↕╣≡™╢  

⇔⅛⇔⌂⅜╠ Berner and Faber (1996) ─⸗♦ꜟ⌐ ∆╢

╙ ↕╣≡™╢ ⅎ┌ VRr < 1.5%≢│ C1─d13C ≤ VRr (%) 

─ ⅜ ≤ ⅜ ∑∏ VRr > 1.5%≢ ╠╣√ ╩ VRr = 

0.5%╕≢ ⇔≡™╢ ∕─√╘ ╒⅛ (2002) │ Type-III◔꜡☺

▼fi⌐⅔↑╢ C1─d13C ≤ VRr (%) ─ ⌐≈™≡│ ⅜ ™↓≤

╩ ⇔≡™╢ ╕√ Berner and Faber (1996) ─ ⇔√ Type-III◔꜡☺▼

fi─ VRr (%) ≤ ●☻─d13C ─ │ ≤⇔≡ ⅜

╪≢™⌂™ ╘≡ ⌂ ╩ ™≡⅔╡ ●☻
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⌐≥↓╕≢ ╢⅛ ≢№╢ ⌐ ⌐ ∆╢

●☻─d13C │ Berner and Faber (1996) ─ ⇔√ Type-III◔꜡☺▼fi─⸗

♦ꜟ─╒≤╪≥ ⇔⌂™ ( 1.5) ─d13C │ ↄ─ -27 ~ 

-22ă─ ╩ ∆↓≤⅛╠ (e.g., Deines, 1980; Whiticar, 1996; Mastalerz and 

Schimmelmann, 2002; Kotarba et al., 2004) 1.5⌐⅔↑╢ Berner and Faber 

(1996) ─⸗♦ꜟ≤ ─♃כ♦☻● │ ●

☻─ ≤⌂╢ ─d13C ─ ™∞↑≢│ ⌂™ ╕√

Type-II Type-III ◔꜡☺▼fi─ ⌐ ∫≡ ↕╣╢ ●☻─

d13C ≤ VRr (%) ─ │ ⅝ↄ ⌂╢ ╩ ∆ ( 1.4) ↓─↓≤

│ ●☻─d13C ≤ ─ ⅜ ⌐

⇔≡™╢↓≤╩ ⇔≡™╢ 1.5⌐⅔↑╢ Berner and Faber (1996) ─

⸗♦ꜟ≤ ●☻─d13C ─ │ ⅜

╛ ⌐ ╗↓≤╙ ⇔≡™╢ ⅜№╢ ↕╠⌐

Berner and Faber (1996) ─ ⇔√⸗♦ꜟ│ ─ ⌐ ≠

ↄ╙─≢№╢⅜ ⌐ │ ╛ ⅜ ↄ ╙ ™

∫≡ ─ ⅛╠─ ●☻─ ≤ │ ≤

─ ≢ ⅝≡™╢≤ ⅎ╠╣╢ ─↓≤⅛╠ Berner and Faber 

(1996) ─ ⌐ ≠ↄ⸗♦ꜟ⌐ ●☻♦

≢╕↓≤⅜♃כ ╢─⅛ ╘≡ ∆╢ ⅜№╢≤ ⅎ╠╣╢

⇔⅛⇔⌂⅜╠ ●☻─d13C ≤ ─  (VRr) ─

╩ ⇔√ │ ╘≡ ⌂™ ╕√ ╩ ™√ ה

≢ ╠╣╢ ●☻─d13C ≤ ─  (VRr) 

─ ╩ ⇔√ ╙ ╘≡ ⌂ↄ ●☻ ╩ ╘

⌐ ⇔√ ●☻─ ⌐ ∫≡™⌂™  

●☻⅜ ─ ≢ ⇔ ⌐ ∆╢╕
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≢⌐│ ⅛╠ ●☻⅜ ∆╢ò  ( ) ñ≤ ↕╣

√ ●☻⅜ ⌐ ∆╢ò  ( )ò≤™℮ ╩ ╢ ↓╣

╕≢ ⅛╠─ ╛ ─╖⌂╠∏ ⌐⅔↑╢ ●

☻─ ⌐ ℮ ⌐ ∆╢ ⅜ ╘╠╣≡⅝√ Fuex (1980) │

≢│ CH4⅜ ⌐ ⇔≡ ∆╢≤ ⅎ 12CH4≤ 13CH4─ ┼─

⌐ ℮ ⅜ ╘≡ ↕™↓≤⅛╠ C1─ ⌐ ℮

│ ╢╙─≤⇔≡™╢ 2nm ─ ⌂  

(micropore) ╩ ≈ ≢│ C1 ⅜ ≤⇔≡ ⇔ d13C ⅜

5ă ∆╢ ⅜ ↕╣≡™╢  (Prinzhofer and Huc 1995; 

Prinzhofer and Pernaton 1997) ╛ ⌂▪ⱪ꜡כ♅⅛╠

╛ ⌐ ╗ ⌐⅔↑╢ C1 ─ ⌐ ℮ ─

⅜ ↕╣≡™╢ (e.g., Zhang and Krooss, 2001; StrŃpoĺ et al., 2007; Xia and 

Tang, 2012) ⇔⅛⇔⌂⅜╠ ↓╣╠─ │ C1─ ╛ ⌐ ℮

⌐ ∆╢ ─╖≢№╡ ⌐ ∆╢ │ ╦

╣≡™⌂™ ╕√ C1 ─ ●☻─ ╛ ⌐ ℮

⌐ ∆╢ ╙ ╘≡ ⌂™ ↓─ ⌐ ●☻─ ╛ ≤™∫

√ ⌂ ⌐ ℮ ⌐ ∆╢ │ ●☻─

╛ ⌂≥─ ⌂ ⌐ ℮ ⌐ ∆╢ ⌐ ═≡ ⌂™

∕─√╘ ●☻─ ╛ ⌐ ℮ ה ⅜

↕╣≡™╢≤│ ™ ™ ≢│ ⅛╠ ↕╣√

●☻ ─ ●☻─d13Cהd2H ⅛╠ ─◔꜡☺▼fi Type

╛ ∕─ ╩ ∆╢ ╛ ⌐⅔↑╢ │ ↕╣

≡™⌂™  
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1.4. C1/ (C2 + C3) ≤ C1─d13C ╩ ™√òBernard plotò ( ╒⅛

2002╩ )  
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1.5. ( )  (Type-II ◔꜡☺▼fi) ┘ ( )  

(Type-III ◔꜡☺▼fi) ─ VRr (%) ≤ ●☻─d13C ─  (Berner 

and Faber, 1996)  
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1.6. ⌐ ℮ Type-III◔꜡☺▼fi ─ ●☻─d13C ─  

(Berner and Faber, 1996) ≤ ●☻─d13C ─

( ) ⱷ♃fiה◄♃fi─ (b) ◄♃fiהⱪ꜡Ɽfi─  
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1.3. ─  

≢│ ─ ⌐╟∫≡

●☻─ ה ⌐ ℮ ה ╩ ∆╢↓≤╩

╖√ 2 ≢│ ≢ ™√ ╛ ∕⇔≡

⌐ ⇔≡╕≤╘√ 3 ≢│ ─ ≢ ⅛╠

↕╣╢ ●☻≤ ⌐ ∆╢ ●☻─d13Cהd2H ╩

∆╢↓≤⌐╟╡ ⅛╠─ ●☻ ⌐ ℮

╩ ⇔√ 4 ≢│ ⌐⅔↑╢ ⅛╠─ ●☻ ≤

╩ ⇔ ─ ה ⌐╟∫≡

●☻─d13Cהd2H ≤ ─ VRr (%) ─ ╩ ╠⅛⌐∆╢

↓≤╩ ╖√ 5 ≢│ 4 ≢ ╠╣√ ─ VRr (%) ≤

●☻─d13C ─ ⅛╠ ●☻ ─ ●☻ ⌐⅔↑╢

─ ⌂ ╩ ╖√ ╕√ ⌐⅔↑

╢ ─ ⅛╠ ●☻ ─ ●☻ ⌐⅔↑╢

─ ⌂ ─ ╩ ╖√ 6 ≢│ ─ VRr (%) ≤

●☻─d13C ─ ╩ ●☻─d13C ♃כ♦

≤ ⇔ ∕─ ≤d13C ⅛╠ ╩ ℮ ─ ╩ ⇔

√ ∕⇔≡ ─ VRr (%) ≤ ●☻─d13C ─ ⅛╠

⌐ ∆╢ Surma basin≤ Taranaki basin─ ●☻─

╩ ╖√  
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2 .  

 

2.1.   

⌐ ⅜╢ │ ⌐ ↄ ─ ⅜

⇔≡™╢ ⌐ ⅜╢ ─ │

≢№╢≤↕╣≡™╢ (Takano and Waseda, 2003) 2.1 ⌐ ─

≤ ≤ ╩ ∆ │ ⌐

─ ≢ ↕╣≡⅔╡ ─ ⅜ ∆╢√╘ 19 ⅛╠

≤⇔≡ ─ ⅜ ╘╠╣≡⅝√ ╕√ │

─ ●☻ ≢№╢₈ ●☻ ₑ─ ≤ ⅎ╠╣

≡™╢ (Waseda and Nishita.,1998; Yessalina et al., 2006) │ 9 ≈─

⌐ ↕╣≡™╢ ( , 1924) 9 ≈⌐ ↕╣√ ─ ─

≈≢№╢ │ ⅜ ⇔ ∕─ │

≢№╢≤ ⅎ╠╣≡™╢ (Takano and Waseda, 2003)  

│ ─ ⌐№╢ ─ 24

─ ⌐ ⇔√ ─ ⅛╠ ⇔√ 2.1

⌐ ─ ≤ VRr (%) ╩ ∆ ⌐ ∆╢

│ ∆╢ ─ VRr = 0.46%≢№╡ oil ─

⌂ ⌐ ↕╣╢ ≢ ™√ │ ∕─╒≤╪≥

⅜ⱦ♩ꜞ♫▬♩≢ ↕╣≡™╢ ( 2.2) ╕√ ∕─ │

⌐ ╪≢⅔╡ ( 2.1) ─ ≤ ─ ╩ ⇔√ ( , 

1979; Takahashi and Aihara, 1989, ≤ , 1999) ─

─ │ d13C = -24.0 ±0.1ă≢№∫√  (SI Science Co. 

⌐ ╩ )  
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2.1. ( ) ≤ ( ) ─ ≤   

(Takano and Waseda, 2003) 
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2.2. ─  (10 × 50  ꜠fi☼ )  
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2.2.  

2.2.1.  

─ │ 30-mL ─ SUS316 ─ 400 ºC

50MPa ─Ⱶ♬ꜞ▪◒♃כ╩ ™√ 2.3 ─כ♃◒▪ꜞ⌐ 2.4 ⌐

─כ♃◒▪ꜞ ╩ ⇔√  

│ 5 ~ 7mm ⌐ ⅝⇔ ╩ ℮ ⌐ 60 ºC ─

≢Ⱪfiכ○ 24 ↕∑√╙─╩ 5.0g ™√ ─

│ ⌐כ♃◒▪ꜞ╩ כ♃◒▪ꜞ ╩ ⇔√

כ♃◒▪ꜞ ╩ He ≢ ⇔ He ≢ ∫√ │כ♃◒▪ꜞ GC-

14A (Shimadzu, Co. ) ─○כⱩfi╩ ™≡ ⌐ ⇔ ─  (±1 ºC) 

≢ ╩ ↕∑√ 2.5 ⌐ GC ╩כ♃◒▪ꜞ≥Ⱪfiכ○ ╦∑√

─ ╩ ⇔√ ≢│ ꜞ▪

כ♃◒ ─ ╩ → 1.0-L ▪ꜟⱵ♬►ⱶⱣ♇◓ (GL Science, Co. ) ╩

™≡◘fiⱪꜞfi◓ⱣꜟⱩ⅛╠ ●☻╩ ⇔√ ⇔√●☻─

│ 27 ºC1הatm ⌐⅔™≡ 100-mL ●☻♃▬♩◦ꜞfi☺ (GL Science, Co. ) 

≢ ⇔√  
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2.3. Ⱶ♬ꜞ▪◒♃כ─   
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2.4. Ⱶ♬ꜞ▪◒♃כ─ ( )  ( )  
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2.5. ─ Ⱶ♬ꜞ▪◒♃כ⌐ GC Ⱪכ○

fi╩ ╖ ╦∑≡ ⇔√  
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2.2.2. ●☻  

●☻ │ Ɽꜟ☻ Ⱬꜞ►ⱶ▬○fi  (PDHID) 

≤ micropacked column SHINCARBON-ST 80/100 (2.0m × 1.0mm i.d., Shinwa 

Co. ) ╩ ⇔√●☻◒꜡ⱴ♩◓ꜝⱨ (GC) Agilent 7890A ╩ ™≡ ⇔

√ GC ⱪ꜡◓ꜝⱶ│ 40 ºC ╩ 3 ⇔√ 15 ºC/min

≢ 300 ºC ╕≢ ⇔ 300 ºC ╩ 15 ⇔√ ◐ꜗꜞ▪●☻⌐│

He ╩ ™√ │ 10µL ◘fiⱪꜟꜟכⱪ╩ ™≡ GC ┼

⇔√ ─ ⌐│ 99.5% ─ CH4, C2H6, C3H8, H2, CO, CO2

●☻ (GL Science, Co. ) ≤ ∕╣∙╣ 1%─ N2 ⱬכ☻ C2H4 C2H6 C3H6

C3H8 i-C4H10 n-C4H10 ─ 6 ●☻ (GL Science, Co. ) ┘∕╣∙╣

500ppm─Heⱬכ☻CH4 C2H6 C3H8 CO2─4 ●☻ (Japan Fine Products, 

Co. ) ╩ ™√ ─ │ Saito et al. (2013) ⌐ ∂√ ( 2.6)  
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2.6. STD ●☻─ PDHID ◒꜡ⱴ♩◓ꜝⱶ (Saito et al., 2012) 1. H2 2. O2

≤ N2 3. CO 4.CH4 5. CO2 6. C2H4 7. C2H6 8. C3H6 9. C3H8 10. i-C4H10

11. n-C4H10  
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2.2.3.  

 (d13C) │ GC-  (GC-C-IRMS, 

Agilent 6890A ≤ Finnigan MAT 252) ╩ ™≡ ∫√ ◌ꜝⱶ│ micropacked 

column SHINCARBON-ST 80/100 (2.0m × 1.0mm i.d., Shinwa Co. ) ╩ ⇔

◐ꜗꜞ▪●☻⌐│ He ╩ ™√ GC ─ ⱪ꜡◓ꜝⱶ│ 40 ºC

╩ 3 ⇔√ 15 ºC /min ≢ 300 ºC ╕≢ ⇔ 300 ºC ╩ 20

⇔√ │ CuO, NiO, Pt ╩ ⇔√ 900 ºC ─ⱴ▬◒꜡☿ꜝⱵ

╩Ⱪכꜙ♅◒♇ ⇔√ 2.7 ⌐ GC-C-IRMS ≢ ⇔√ ─ ─

⌂ⱴ☻◒꜡ⱴ♩◓ꜝⱶ╩ ⇔√  (d2H) │ GC-

 (GC-HTC-IRMS, Finnigan Delta-V Advantage) ╩ ™

≡ ∫√ ◌ꜝⱶ│ micropacked column SHINCARBON-ST 80/100 (2.0m × 

1.0mm i.d., Shinwa Co. ) ╩ ⇔ ◐ꜗꜞ▪●☻⌐│ He ╩ ™√

─ │ 1450 ºC ≢№╢ 2.8 ⌐ GC-TC-IRMS ≢ ⇔√ ─

─ ⌂ⱴ☻◒꜡ⱴ♩◓ꜝⱶ╩ ⇔√  

≤ │ ∕╣∙╣ VPDB ≤

VSMOW ☻◔כꜟ⌐ ∆╢d13C d2H ≢ ⇔√ d13C ≤d2H │

∕╣∙╣ MZ3-01 CH4 (d13C = -31.1ă; SI Science Co.) ≤ Indiana CH4 #1 

standard (d13C = -38.25ă d2H = -160.8ă; Indiana Univ.) ╩ ™≡ ⇔√

MZ3-01 CH4 STD ─d13C │ NBS 19 ╩ ™≡ VPDB ≢ꜟכ◔☻ ↕╣

√╙─≢№╢ Indiana CH4 #1 standard ─d13C │ NBS 19 ≤ L-SVEC ╩

™√ 2-point calibrations ⌐╟╡ VPDB ≢ꜟכ◔☻ ↕╣√╙─≢№╡

d2H │ VSMOW ≤ SLAP ╩ ™√ 2-point calibrations ⌐╟╡ VSMOW ☻

≢ꜟכ◔ ↕╣√╙─≢№╢  

d2H ⌐ ⇔≡ ꞉כ◐fi◓ CH4 STD (d2H = -201.94) ─Ⱨכ◒

⅜ 30 ─ ─ Ⱨכ◒ ⅜ ∆╢⌐≈╣≡ ⅜

⌐ ↕ↄ⌂╢ ⅜ ↕╣√ ( 2.9) ≢│ ─ C1
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─ ⅜ ↄ ◒꜡ⱴ♩◓ꜝⱶ ─Ⱨכ◒  (AREA) ⅜ ↕™ ꞉

◓fi◐כ CH4 STD (d2HSTD = -201.94ă) ─ ≤ AREA ─ ⅛╠

≤ ─∏╣╩ ⇔ ─ ╩ ∫√ ⅎ┌ C1─ AREA

⅜ 10 ─ ≢ ⅜d2H  = -235ă─ ≤─∏╣ (Ⱥd2H ) │

2.6─ ≤꞉כ◐fi◓ CH4STD ─ ⅛╠ ─ ⌐ ↕╣╢  

Ⱥd2H = -0.0366 × AREA2 + 3.1769 × AREA - 269.2 - d2HSTD 

     = 31.8 

≤⌂╢ ∫≡ ─ C1 ─d2H ╩ 

d2H = -235 + 31.8 

       = -203.2 

≤ ⇔√ ⌐⅔↑╢ H3
+ⱨ□◒♃כ│ ꜞⱨ□꜠fi☻●☻╩

™≡ ⇔√ ⌐ < 10 ppm ∞∫√ d13C d2H ─

│ ─ ╩ ™≡∕╣∙╣ 4 ~ 5 ╡ ⇔≡ ╩ ∫√

 ∕╣∙╣ ≢±0.46ă ±7ă≢№∫√   
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2.9. d2H ≤Ⱨכ◒  (AREA) ─  
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2.2.4. ⱦ♩ꜞ♫▬♩  

 ( ) ─ ≢№╢ⱦ♩ꜞ♫▬♩  

(VRr %) │ ╩◄ⱳ◐◦ ≢ ה ⇔√ ╩ ⇔ photonic 

multichannel analyzer (PMA12, Hamamatsu Photonics Co.) ≤Ɫ꜡◕fiꜝfiⱪ

╩ ⇔√  ( 2.10 ECLIPSE LV100ND, Nikon Co., Ltd. ) ╩

™≡ ⇔√ t ♫▬♩ │ 543nm ─ ╩ 20 mm ─

⌐ ≡ 0.55 0.79 1.08 1.53%─ ●ꜝ☻╩ ⌐ ™

≡ ∫√ ─ │ ─ⱦ♩ꜞ♫▬♩ 30 ~ 50 ─

╩ ⇔≡ ⇔√ ⱦ♩ꜞ♫▬♩ ─ │ ±0.03%≢№

∫√  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 .  

 

33 

 

 

 

2.10. ( ) Nikon ECLIPSE LV100BD ≤ (PC ) ⱱ♩♬◒

☻ ⱴꜟ♅♅ꜗfiⱠꜟ PMA-12  
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2.2.5.  

│ ☿fi♃כ─ J-Science Micro Corder 

JM10 ⌐≡  (TC)  (TH)  (TN) ┘

 (TS) ╩ ⇔√ │ ⱲכꜟⱵꜟ≢ 200mesh  (

⅜ ↄ⌂╢ ) ⌐ ⇔√╙─╩ 120 ºC ≢ 24 ↕∑√╙─╩

™√ ╕√ EA3000 (Euro Vector Co., Milan, Italy) ╩ ™≡

 (TOC) ─ ╩ ∫√ ─  (TIC) ╩ ╡ ↄ√╘

1N ─ HCl ╩ ⇔ ─ ╩ ∫√ ╩ ⱱ♇♩

ⱪ꜠כ♩╩ ™≡ 120 ºC ≢ 2 ↕∑√ ╩ ™≡ TOC ╩ ⇔

√ TC ≤ TOC ─ ™│ ≢ 1.2%≢№╡ 3% ≢№╢↓≤

⅛╠ │╒≤╪≥ ╕╣≡™⌂™≤ ⅎ╠╣╢ ≢│

 (TC) ╩ ≤⇔√  
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3 . ●☻ ⌐ ℮  

 

3.1.  

 ●☻ ─ ●☻─ ה  (d13Cהd2H) 

│ ●☻─ ╩ ∆╢√╘─ ⌂™ ≢№╢

●☻─d13Cהd2H │ ─ ⌐ ∫≡ ⌐ ∆╢↓

≤⅜ ⌐⅔™≡ ↕╣≡⅔╡ ●☻─ ⌐ ↕╣

≡™╢ (e.g., Andresen et al., 1995; Berner and Faber, 1996; Berner et al., 1992, 

1995; Burnham and Braun, 1998; Clayton, 1991; Cramer et al., 1998)

●☻─ │ ─ ∞↑≢⌂ↄ ─

Type (◔꜡☺▼fi Type) ⌐╙ ⇔ ─ ╛ ●☻─ ≢

╙ ⅜ ∆╢ (e.g., Berner et al., 1995; Dai et al., 2012; Kinnaman 

et al., 2007).  

↓╣╕≢╙ ●☻─ ╕≢─ ╛ ⌐⅔↑╢

●☻─ ⌐ ∆╢ ⅜ ≈⅛ ╘╠╣≡⅝√ (Fuex, 

1980; Prinzhofer and Huc, 1995; Prinzhofer and Pernaton, 1997) ⇔⅛⇔⌂⅜╠

●☻─ ╛ ⌐⅔↑╢ ה ⅜≥─

∂╢─⅛ ⌂ │ ╠╣≡™⌂™ ∕─√╘ ●☻ ─

●☻─d13Cהd2H ⌐≈™≡ ╕≢─ ╛ ⌐⅔↑

╢ │ ∂⌂™╙─≤↕╣≡⅝√  

⌐ ⇔≡™╢ ●☻ ꜟכ◖₈╢№≢

ⱬ♇♪●☻₉─ ⌐ ⅜ ╕∫≡™╢ │☻●♪♇ⱬꜟכ◖

⌂ ⅛╠ ꜡☻♩●☻ ●☻ ●☻≤ ↕╣≡™╢ (Bertrard 

et al., 1970). ñ ●☻ò│ ⌐╟∫≡ ⇔√ ╩ ⌐

⇔ ⅛╠  ( ) ↕╣╢ ≤ ↕╣≡™╢ ñ꜡☻♩●

☻ò│ ⌐╟∫≡ ⇔√ ╩ ⌐ ⅛╪∆╢╕≢─ ⌐
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⅛╠  ( ) ↕╣╢ ≤ ↕╣≡™╢ ●☻─ ⅜

⌐⌂∫√ ≢╙ ─ ⌐ ∆╢ ⅜ ⇔ ↓─

│ ñ ●☻ò≤ ↕╣≡™╢ ●☻│ ─

micropore (<2nm), mesopore (2 ~ 50nm), macropore (50nm<) ⌂≥─

⌐ ╙⇔ↄ│ ≢ ⇔≡™╢≤ ⅎ╠╣≡™╢ 

(Bustin,1997; Qian et al., 1996). 

StrŃpoĺ et al. (2007) │ ●☻ ─ CH4 ─d13C ⅜ ─ ≤

⌐ ⅝ↄ⌂╢↓≤╩ ⇔√ ( 3.1) ╛ ─ │

⌂ ⅜ ↄ( 3.2) ↓─ ⌂ ╩ CH4 ⅜ ∆╢

⌐⅔™≡ ⅜ ∂╢ ⅜ ↕╣≡™╢ (e.g., Zhang and 

Krooss, 2001; Xia and Tang, 2012) ⇔⅛⇔⌂⅜╠ ●☻─ ╛

⌐ ℮ ─ │ CH4 ─ ⌐ ∆╢ ⇔⅛

⌂ↄ ⌐ ∆╢ │ ↕╣≡™⌂™ ╕√ CH4

─ ●☻─ ╛ ⌐ ℮ ה ⌐ ∆╢

│ ╒≤╪≥ ↕╣≡™⌂™  

─ ⌐ ∫≡ ↕╣╢ ●☻≤ ─ ⇔≡

™╢ ●☻─ ╩ ∆╢↓≤⅜ ╣┌ ⌐⅔

↑╢ ●☻─ ╛ ●☻─ ╛ ⌐ ℮

╩ ∆╢↓≤⅜ ╢≤ ⅎ╠╣╢ ⇔⅛⇔⌂⅜╠ ⌐

╕∫√ ●☻─ ╛ ●☻─ ⌐ ═≡ ─ ●☻─

│ ╒≤╪≥ ↕╣≡™⌂™ ∕↓≢ 3 ≢│ ⌐⅔™≡

⅛╠ ⇔√ ─

╩ ™ ╠╣√ ╩ (1) ●☻ ⌐ ⅛

╠ ↕╣╢ (2) ●☻ ⌐⅔™≡ ≢ ╠╣√

⅛╠ ↕╣╢ (3) ●☻ ●☻─

⅜ ⌐ ⇔√ ╩ ∆╢↓≤⌐╟∫≡ ╠╣╢ (4) 
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●☻ ≢ ╠╣√ ╩ 100 °C ≢ ∆╢↓≤≢ ╠╣

╢ ≤ ─ ⅛╠ 4 ≈─ ⌐ ⇔√ ∕⇔≡

─ ─ ╛ CH4, C2H6, C3H8, CO2 ─d13Cהd2H

╩ ∆╢↓≤⌐╟∫≡ ─ ⌐ ℮ ●☻ ⌐⅔↑

╢ ≤ ⌐≈™≡ ╩ ∫√  
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3.2.  

 ⌐ ™√ ⌐≈™≡│ 2 ≢ ⇔≡™╢  

 

3.3. ─  

 ≢│ 2 ≢ ⇔√ ╩ ™≡ 325 ~ 

390 °C 24 ~ 168 ─ ≢ ─ ╩ ∫

√ ↓↓≢│ ─ ≢ ⇔√ 4 ≈─ ─ ⌐≈™≡

∆╢  

[ ●☻ expelled gas] ─ ≢  (5 ~ 7mm) ⅛╠

↕╣√●☻│ 1.0-L ▪ꜟⱵⱣ♇◓ (GL Science Co. ) ╩ ™≡◘fiⱪ

ꜞfi◓ⱣꜟⱩ╟╡ ⇔√ ●☻─ │ ה  (27 °C1הatm) ⌐

⅔™≡ 100-mL ─●☻♃▬♩◦ꜞfi☺ (GL Science Co. ) ╩ ™≡ ⇔√

─┼◓♇ⱵⱣꜟ▪╠⅛כ♃◒▪ꜞ ●☻─ │ 30 ≢№╢

●☻─  ( ⅎ┌ ) ⌐⅔↑╢ ⅜ ∂⌂™╟

╩◓♇ⱵⱣꜟ▪≥כ♃◒▪ꜞ⌐℮ ↕∑√╕╕ 5 ⇔√ ╕√

●☻─ כ♃◒▪ꜞ│⌐ ≤ ─ ─ 28-mL╙

╘√ ≢│ ↓─ ≢ ╠╣√ ╩ ●☻≤

⇔√  

[ ●☻ Desorbed gas] ●☻│ ≢ ╠╣√ ⅛

╠ ─ ╣≢ ⇔√ │ 35 L ─Ᵽ▬▪ꜟ┼ ⌐

⇔ Ⱪ♅ꜟ◗ⱶ☿ⱪ♃ⱶ⌐╟∫≡Ᵽ▬▪ꜟ╩ ⅛╪⇔√ He ≢ 3

⇔√ ⅛╪⇔√Ᵽ▬▪ꜟ╩  (27 °C) ≢ ⇔

─ ⅜ ⌐ ⇔√╙─╩ ⇔√ ≢│ ↓─ ≢

╠╣√ ╩ ●☻≤ ⇔√  

[ ●☻ Residual free gas] ─ ●☻│ ⌐

╛ ≤⇔≡ ⇔≡™╢≤ ⅎ╠╣≡™╢ ≢│
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╩ ∆╢ ≢ ╠╣╢ ╩ ●☻≤ ⇔ ─

≢ ╩ ∫√ ─ │ כⱣꜟⱩ≤◘fiⱪꜞfi◓ⱳꜟ♪כ♬

♩─≈™√☻♥fi꜠☻ ─ ⱲכꜟⱵꜟ (P-6 planetary ball mill, Fritsch 

Co. [ 3.3]) ╩ ™≡ ∫√. ⱲכꜟⱵꜟ─ │ 100.98-mL ≢№╢

 (5 ~ 7mm) ─ │ He ⌐⅔™≡ 300 ≢ 7

∫√ ─ⱲכꜟⱵꜟ ─ │ ≢ 3 °C ≢№∫√

ⱲכꜟⱵꜟ≢ ─ ─ ◙כ꜠╩

Horiba LA-920 (HOLIBA, Ltd. )≢ ⇔√ ⅔⅔╟∕ 1 ~ 7µm ─ ⅝↕

⌐№∫√ ≢│ ─ ≢ ╩ⱲכꜟⱵꜟ≢ ⇔√ ◘

fiⱪꜞfi◓ⱳכ♩⅛╠●☻♃▬♩◦ꜞfi☺≢ ⇔√ ╩

●☻≤ ⇔√  

[ ●☻ Residual adsorbed gas] ☻♥fi꜠☻ⱲכꜟⱵꜟ≢ ╩

⇔≡ ╠╣√ │ ⌐ 35-mL ─Ᵽ▬▪ꜟ ⌐ ⇔√

╩ ⇔√Ᵽ▬▪ꜟ ╩Ⱪ♅ꜟ◗ⱶ☿ⱪ♃ⱶ≢ ⅛╪⇔√ He ≢ 3

╩ ⇔√ ≢│ ↓─Ᵽ▬▪ꜟ ╩ 100 °C ≢ 8 ⇔

√ ≢ ⅛╠ ↕╣╢ ╩ ●☻≤ ⇔√  
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3.3. ( ) P-6 ⱲכꜟⱵꜟ ≤ ( ) ⱲכꜟⱵꜟ 

( 100.98-mL) 
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3.4. ≤  

3.4.1. ⌐⅔↑╢ ─ ─  

 ─ ─ ─ │ ⌐ VRr = 0.5 ~ 0.9%─

⌐№╢ ( ╒⅛, 1999; ≤ , 1999). ∕↓≢ ≢│

─ ⌐ ℮ ●☻ ●☻ ●☻─ ≤

─ ╩ ∆╢√╘ ⌐⅔™≡ ─ ╩ ∫√

≢│ ╩₈artiýcially matured coals (AMCs)₉≤ ⇔√

3.4 ⌐ ≤ AMC#1 ~ 5 ─ⱦ♩ꜞ♫▬♩ 50 ─ VRr (%) 

─ⱥ☻♩◓ꜝⱶ╩ ∆ AMC#1 ~ 5 ─ VRr (%) ─ │ 0.53 ~ 1.46% 

─ ⌐№╢ ( 3.1) AMC#6 ≤ AMC#7 ─ VRr (%)│ ⌐

⌐ ⇔√ⱦ♅ꜙⱷfi─ ≢ ⌐ ∆╢↓≤⅜ ⌂⅛∫√ ∕

↓≢ ≢│ Huang (1996) ─ ⌐ ≠⅝ ≤ ─

⅛╠ AMC #6 ≤ AMC #7 ─ VRr (%) │∕╣∙╣ 1.7 ≤ 1.8%≤ ⇔√ 

( 3.1) ⌐⅔↑╢ ─ ─ │ ○▬ꜟ

●☻ ╕≢ ─ ⅜ ⇔√↓≤╩ ⇔≡™╢ ( 3.5)

3.1 ⌐ ─ ⌐ ℮ ─ ─ ╩ ⇔√ 3.6 ⌐

─ ⌐ ℮ atomic H/C ≤ atomic O/C ─ ╩ ⇔√ ⌐⅔

™≡ atomic O/C ⅜ ⇔≡™╢─│ ◌ꜟⱲ◐◦ꜟ ╛◌ꜟⱲ♬ꜟ ⌂≥

─ ╩ ╪∞ ─  ( ) ⅜ ∂√√╘≢№╢≤ ⅎ╠

╣╢ VRr = 1.0% ≢│ atomic H/C ─ ⅜ ↕╣√ ↓─↓≤│

─ⱳꜞⱷ♅꜠fi ╛ ⌐ ⇔√ ─▪ꜟ◐ꜟ ─ C-C

─◒ꜝ♇◐fi◓⌐╟∫≡○▬ꜟ╛ ●☻⅜ ↕╣√↓≤╩ ⇔≡

™╢  
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3.4. ┘ AMC ─ⱦ♩ꜞ♫▬♩ ─ ─ⱥ☻

♩◓ꜝⱶ  ( ) ─ ⌐ ™√ ╩ ╡≈┬⇔ ⇔√

│ ⅝≢ ⇔√  
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3.4. ( ⅝) ┘ AMCs ─ⱦ♩ꜞ♫▬♩ ─

─ⱥ☻♩◓ꜝⱶ  ( ) ─ ⌐ ™√ ╩ ╡≈┬⇔

⇔√ │ ⅝≢ ⇔√  
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 3.5. ⌐⅔↑╢ ─ ─ ≤ ♃▬Ⱶfi◓

─  (Moore, 2012) ⌐⅔↑╢ ≢│ oil ●

☻ ╕≢ ─ ⅜ ⇔√↓≤╩ ⇔≡™╢  
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 3.6. ⌐⅔↑╢ ─ ⌐ ℮ ─ 

 ( ≤ , 1999 ╩ )  
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3.4.2. ─●☻ ─  

 3.7 ⌐ ╩ ⇔≡ ╠╣√ ●☻ ●☻

●☻ ●☻─ ⌂◒꜡ⱴ♩◓ꜝⱶ╩ ⇔√ O2 ≤ N2

│ ⅛╠─ ⅜ ⅎ╠╣╢√╘ ⌐ ™⌂™ 3.2 ~ 3.5 ⌐

●☻ ●☻ ●☻ ●☻ ─ ─ ╩

⇔√ ●☻─ │ ⌐ CH4 (C1), C2H6 (C2), H2 ⌐ ╗

╩ ⇔√ ●☻─ │ ⅔⅔╟∕ ●☻≤ √ ╩ ⇔

√⅜ ●☻⌐ ═≡ H2 ⅜ ╘≡ ⇔ↄ C3H8 (C3) ≤ C4H10 (C4) ─

⅜ ⅛∫√ ( 3.7). ╩ ⇔≡ ╠╣√ ●☻│ ●

☻⌐ ═≡ C1 ─ ⅜ ™ ╩ ⇔√ ⌐ H2 │ ≢

∂╢↓≤⅜ ╠╣≡™╢ ●☻ ─ H2│ ⱲכꜟⱵꜟ≤ ─

☻♥fi꜠☻Ⱳכꜟ≤─ ⌐╟∫≡ ∂≡™╢≤ ⅎ╠╣╢√╘

●☻ ─ H2 │ ≢│ ⌐ ™⌂™ ●☻─ │

╘≡ C1 ⌐ ⇔ↄ ≢ CO2, C3, C4 ≤™∫√ ─ ⌐ ╗

╩ ⇔√ ( 3.7). ∂ ≢ ╠╣√ ●☻≤ ●☻─

C1/ (C2 + C3) │ ●☻≤ ●☻⌐ ═≡ ™ ╩ ⇔

√ ( 3.8) ●☻│ ⌐ ™ CO2/ (CO2 + C1) ╩ ⇔√ ( 3.8)

⅛╠ ╠╣√ ─ ─ ™│ ⌐⅔↑╢

─ ╛ ─ ™⌐ ∆╢╙─≤ ⅎ╠╣╢ C1╛ C2⌂

≥─ ●☻│ ╟╡ ⅜ ↄ ≤─ ⅜

™╙─≤ ⅎ╠╣╢ ─ C1 ⅜ ⌐⅔↑╢ ≢

⌐ ↕╣≡™╢ ( 3.2) ●☻ ⌐ CO2 ╛ C4 ⌂≥─ ─

⅜ ⌐ ™↓≤│ ⌐╟∫≡ ⌐ ⅜

⇔≡™╢≤™℮  (e.g., Fitzgerald et al., 2006; Harpalani et al., 2006; 

Mastalerz et al., 2004) ≤ ≢№╢. ⌐ ═≡ ⅜ ≢

№╢↓≤╩ ∆╢≤ CO2 ╛ C4 ⌂≥─ ⌐ ─ │
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≢ ●☻≤⇔≡ ⇔≡™╢≤ ⅎ╠╣╢ ─

─ ™│ ─ ™⌐╟╢ ┼─ ─ ⌐╟∫≡ ⅛╠

─ ⌐⅔↑╢ ⅜ ∂╢↓≤╩ ⇔≡™╢  

 

3.4.3. ⌐ ℮ ─●☻ ─  

─ ⌐ ∫≡ ∆╢ ─ │

─ Type ≤∕─ ⌐ ⇔≡™╢ (Andresen et al., 1995; 

Clayton, 1998; Galimov, 1988; Schoell, 1988). ⌐ ⅜ ↄ⌂╢╒≥

●☻⅜ ◒ꜝ♇◐fi◓╩ ↓⇔ ●☻─ │ C1 ⅜

↕╣╢√╘ C1/ (C2 + C3) ⅜ ↄ⌂╢  

●☻ ─ C1 ~ C4 ●☻ │ ∂ ⅛╠ ╠╣

√ ─ ─ ●☻⌐ ═≡ ⇔ↄ ↄ ─ ⌐ ∫

≡ ●☻ ⅜ ∆╢ ╩ ⇔√ ⇔⅛⇔⌂⅜╠ ●☻ ─

C1 ─ │ ⌐ ∫≡ ∆╢ ╩ ⇔√⅜ C2 ~ C4 ●☻│

⌂ ╩ ⇔ ⌐ ℮ ⌂ ╩ ↕╣⌂⅛∫√ ●☻

─ C1 ─ │ ●☻≤ ●☻╟╡╙ ⅝⌂ ╩ ∆

≢ ●☻ ─ C4 │ ●☻╟╡╙ ™ ╩ ⇔√  

●☻ ●☻ ●☻ ●☻─ C1/ (C2 + C3) │ VRr < 

1.0%╕≢ ∆╢ ╩ ⇔√ VRr > 1.0%≢│, ●☻ ─

│ C1/ (C2 + C3) ⅜ ∆╢ ╩ ⇔√ ●☻─ C1/ (C2 

+ C3) │ ─ ≤ ⌐ ⇔ ↑  (VRr > 1.0%) ≢│

╘≡ ™ ╩ ⇔√ (  3.8). 

⌐⅔↑╢ C1/ (C2 + C3) ─ │ ─ⱳꜞⱷ♅꜠fi

─ ◒ꜝ♇◐fi◓≢ C2 C3 ⅜ ⇔√√╘≤ ⅎ╠╣╢

⌐⅔↑╢ C1/ (C2 + C3) ─ │ ─ ⌐ ∫≡ ─ ─▪

ꜟ◐ꜟ ╛ ◒ꜝ♇◐fi◓≢ ∂√ ─ ◒ꜝ♇◐fi◓
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⌐╟∫≡ C1 ⅜ ↕╣√√╘≢№╢≤ ⅎ╠╣╢ ●☻ ─ C1

⅜ ╘≡ ⌂™↓≤│ C1 ⅜ C2 ╛ C3 ⌐ ═≡ ┼─ ⅜ ™

√╘ ⅛╠ ⌐ C1 ─ ⅜ ∂√↓≤╩ ⇔≡™╢ ↓─↓≤│

●☻ ─ C1 ─ ⅜ ●☻╛ ●☻⌐ ═≡ ⌂™↓≤≤╙

⇔⌂™ (  3.7). 

 ≢ ╒╓ ≡─ ⅛╠ C2H4 ╛ C3H6 ≤™∫√

●☻⅜ ⌐ ↕╣√ ( 3.7). ●☻ ⌐⅔™≡

─ ╩ ℮≤ ⌐ ⅜ ∆╢↓

≤⅜ ↕╣≡⅔╡ (e.g., Ishiwatari and Fukushima, 1979; Lewan, 1997), ↓

─↓≤│ ─ ⌐ ⌂ H2 ⅜ ⇔≡™╢√

╘≤ ⅎ╠╣╢ ⇔⅛⇔⌂⅜╠ ●☻⅛╠│ ─ H2 ⅜ ↕╣√ 

( 3.7). ●☻≤ ●☻ ─ H2 ⅜ ╘≡ ⌂™↓≤│ H2 ─

™ ≤ ™ ╩ ⇔≡™╢ ─ H2 ≤ ●☻⅜

⇔≡™╢↓≤│ ●☻─ ╩ ↕∑╢  

( ) ⅜ ⌐ ⌂™↓≤≤ ⇔≡™╢⅛╙⇔╣⌂™  

 ●☻ ─ CO2 │ ─ ⌐ ∫≡ ⇔

─ ≤ ═≡ ╙ ™ ╩ ⇔√ ⇔⅛⇔⌂⅜╠ ●☻

─ ─ CO2 ─ │ ─ ⌐ ∫≡ ⌐ ∆╢

╩ ⇔√ ( 3.8). ⌐ CO2 │ ─◌ꜟⱲ♬ꜟ ╛◌ꜟⱲ◐◦

ꜟ ⌂≥─ ╩ ╗ ⌐ ⇔≡™╢ ⌐⅔™≡ CO2/ (CO2 

+ CH4) ⅜ ™ ╩ ∆↓≤│  ( ) ─ ⌐ ℮ CO2

⅜ ⌐ ≢ ∂╢↓≤≤ ⇔≡™╢  
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 3.7. ─ ⌂ PDHID ◒꜡ⱴ♩◓ꜝⱶ ╩

370°C ≢ 72 ↕∑≡ ╠╣√ AMC#5 (VRr = 1.46%) ─ (a) 

●☻, (b) ●☻, (c) ●☻ (d) ●☻─◒꜡ⱴ♩◓ꜝⱶ  
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 3.8. ⌐ ℮ ●☻ ●☻ ●☻ ●☻

─ (a) ●☻≤ ●☻⌐⅔↑╢ CH4/ (C2H6 + C3H8) ≤ VRr (%) 

─ (b) ●☻≤ ●☻⌐⅔↑╢ CO2/ (CO2 + CH4) ≤ VRr (%) ─

(c) ●☻≤ ●☻⌐⅔↑╢ CH4/ (C2H6 + C3H8) ≤ VRr 

(%) ─ (d) ●☻≤ ●☻─⅔↑╢ CO2/ (CO2 + CH4) 

≤ VRr (%) ─ .  
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3.4.4. ─ ●☻≤ CO2─  

 ●☻ ●☻ ●☻ ─ C1, C2, C3 ─

 (ŭ13C1, ŭ
13C2, ŭ

13C3) │ -42 ~ -26ă─ ⌐№╡ ⌂ ╩ ⇔

√ ( 3.6 ~ 3.8 ≤ 3.9) ↓╣╠─ ŭ13C │ ↓╣╕≢ ↕╣≡™╢

●☻─ ∆ ─ ⌐№╢  (e.g., Jenden et al., 1993; 

Pohlman et al., 2005; Schoell, 1980; Whiticar, 1996). ╕√ ●☻ ●

☻ ●☻ ─ ●☻─ ŭ13C ⌐⅔™≡ ŭ13C1 < ŭ13C2 < ŭ13C3 

─ ⅜ ↕╣√⅜ ●☻ ─ ŭ13C1, ŭ
13C2, ŭ

13C3 │ -33 ~ -26ă

≢№╡ ─ ─ ●☻⌐ ═≡ ⌐ ⇔™ ╩

⇔√ ●☻ ●☻ ●☻ ─ CO2 ─ ŭ13C  (ŭ13CCO2) 

│ -28 ~ -20ă─ ╩ ⇔ ∂ ─ ●☻╟╡╙

⅝⌂ ╩ ⇔√ ●☻ ─ C1 ─ ŭ2H  (ŭ2HC1) │ ⅔╟∕-240 ~ 

-180ă─ ⌐№╡ ●☻╛ ●☻⌐ ═≡ ╠⅛⌐ ⅝⌂ ╩

⇔√. ●☻ ●☻ ●☻ ─ C2 ≤ C3 ─ ŭ2H  (ŭ2HC2

ŭ2HC3) │ ⅔╟∕-300 ~ -200ă ─ ⌐№╢ ( 3.6 ~ 3.8 ≤ 3.10).  

 ●☻─ ŭ13C1 │ ●☻─ ŭ13C1 ⌐ ═≡⅔╟∕ 2 ~ 

10ă ⅝™ ╩ ⇔√ ( 3.9).⇔⅛⇔⌂⅜╠ ●☻ ●☻

●☻ ─ ŭ13C2≤ ŭ13C3 │ ╒≤╪≥ ∂ ╩ ⇔√ ●☻

●☻ ●☻─ ŭ2HC1 ŭ
2HC2 ∕⇔≡ ŭ2HC3 ⌐⅔™≡╙ ─

⅜ ↕╣√ ●☻ ─ ŭ2HC1 │ ●☻─ ŭ2HC1 ⌐ ═≡⅔╟

∕ 20 ~ 140ă ⅝⌂ ╩ ⇔√⅜ ŭ2HC2 ≤ ŭ2HC3 │ ●☻ ●☻

●☻⌐⅔™≡╒≤╪≥ ™⅜ ╘╠╣⌂⅛∫√ ( 3.8). AMC#7

8 ─ ─ ⌐⅔↑╢ ●☻≤ ●☻─ ŭ13C1 ≤

ŭ2HC1 ─ ™⅜ ↕™↓≤│ ≢ ╩ ∆╢↓≤⌐╟∫≡

─ ⅜ ⇔ ≤ ─ ⅜ ⌐⌂∫√√╘≤ ⅎ╠
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╣╢ ─↓≤│ ⅛╠─ C1 ─ ⌐⅔™≡ ה

⅜ ∂╢↓≤╩ ⇔≡™╢ ≢│ ╩ C1 ⅜

∆╢ ≢ ŭ13C1 ⅜ 5ă ⇔ ╢ ⅜ ↕╣≡™╢ 

(Prinzhofer and Huc, 1995; Prinzhofer and Pernaton, 1997). Zhang and Krooss 

(2001) ⌐╟╣┌ ⌐⅔↑╢ C1 ─ ⌐ ℮ │

 (TOC:Total Organic Carbon) ⌐ ∆╢≤ ⇔≡™╢ │ ⌐

⅜ ↄ ●☻≤─ ⅜ ™≤ ⅎ╠╣╢

⌐⅔↑╢ ≢│ ●☻≤ ●☻ ─ C1 ─ ⅜ ╒

╓ 99 1 ≢№╡ ⅛╠─ C1 ─ ⅜ ⇔ↄ ™ ( 3.9) ∕─√

╘ ●☻ ─ C1 ─ ŭ13Cהŭ2H ⅜ ●☻≤ ●☻ ─ C1 ≤

∕╣∙╣─ ⌐⅔↑╢ C1─ ŭ13C ⅛╠ⱴ☻Ᵽꜝfi☻≢ ↕╣√ C1

─ ŭ13Cהŭ2H ≤╒╓ ∂ ╩ ∆ ( 3.9) ⌐⅔↑╢ ™

≢│ ─ ⌐ ═≡ C1 ─ │ ™≤ ↕╣╢

∕─√╘ ─ ⅛╠─ C1 ─ ≢│ ╟╡ ⅝⌂

⅜ ∂≡™╢ ⅜№╢ ╛ ⌐⅔↑╢ C2 C3 CO2

─ │ ╘≡ ↕™≤ ⅎ╠╣╢  
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3.9. ─ ●☻≤ ●☻ ─ C1 ≤d13Cהd2H

┘ⱴ☻Ᵽꜝfi☻╩ ™≡ ↕╣╢ C1 ─d13Cהd2H  

 

Sample Temp. T i m e VR r Gas ɛL/g coal d
13

C (ă) d
2
H (ă)

code (ºC) (hrs) (%) Fraction C1 C1 C1

AMC #1 325 24 0.53 Expelled 713.4 -34.8 -337

Residual (f) 9.6 -28.3 -199

Total 723.0 -34.7 -335

AMC #4 350 48 1.03 Expelled 2631.2 -36.7 -325

Residual (f) 14.7 -28.2 -199

Total 2645.9 -36.7 -324

AMC #5 350 72 1.29 Expelled 3033.3 -38.1 -313

Residual (f) 14.0 -28.5 -179

Total 3047.3 -38.1 -313

AMC #6 370 72 1.46 Expelled 5383.5 -37.9 -297

Residual (f) 62.8 -29.8 -195

Total 5446.2 -37.8 -296

AMC #7 390 72 1.70 Expelled 8798.0 -35.9 -291

Residual (f) 105.5 -29.1 -220

Total 8903.5 -35.8 -290

Residual (f): residual free gas



3 . ●☻ ⌐ ℮  

65 

 

 

 

 3.9. ⌐ ℮ ●☻ ●☻ ●☻ ─ C1 ~ C3 ≤ CO2

─d13C ─  
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 3.10. ⌐ ℮ ●☻ ●☻ ●☻ ─ C1 ~ C3 ─d2H

─
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3.5. ╕≤╘ 

≢│ ─ ≢ ╠╣√

╩ ─ ⅛╠ ●☻ ●☻ ●☻ ●

☻≤ ⇔ ∕─ ≤ ●☻─ ╩ ∆╢↓

≤⌐╟∫≡ ⅛╠─ ⌐ ℮ ─ ≤ ●☻

─ ⌐ ∆╢ ╩ ∫√ ●☻│ C1 C2 H2 ⌂≥─

⅜ ●☻╛ ●☻⌐ ═≡ ⌐ ╪≢™√

●☻│ ⇔ↄ CO2 ─ ⅜ ⅛∫√. ⌐⅔↑╢ ─

─ ™│ ⅛╠─ ⌐⅔™≡ ⅜ ∂╢↓≤╩

⇔≡™╢ ●☻≤ ●☻─ C1 ─ ה ⅜

⇔ↄ ⌂╢─│ ⅛╠─ C1 ⌐⅔™≡ ⅜ ∂≡™╢

↓≤╩ ⇔≡™╢ ─ C1 ─ ≢ ∂╢ ה

│ ●☻ ─ C1─ ⌐ ╩ ⅎ╢ ⌂ ─ ≈

⅛╙⇔╣⌂™ ⅛╠─ ╛ ⌐⅔↑╢ C2 C3 CO2 ─

│ ╘≡ ↕™↓≤⅜ ↕╣√  
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4 . ●☻ ⌐ ℮  

 

4.1.  

●☻─  (d13C) │

─ ⌐ ∫≡ ⌐ ∆╢√╘ ●☻⅜ ⇔√

╩ ∆ ⌂ ≤⇔≡ ↄ ↕╣≡™╢  (e.g., Andresen et al., 

1995; Berner and Faber, 1996; Berner et al., 1992, 1995; Clayton, 1991; Michels et 

al., 2002) ⌐ ⇔√ ●☻─ ⌐│ ─

⅜⌂↑╣┌ ●☻─d13C │ ⅛╠ ↕╣√≤⅝─

⌂ ╩ ⇔≡™╢ ⅜ ™  

⌐ ⇔√ ●☻⅜ ─╙─≢№╣┌

⅛╠ ●☻⅜ ↕╣╢≤⅝─ ⌂♃▬Ⱶfi◓╩ ⇔≡⅔╡

⌐ ℮ ●☻─ ╩ ∆╢ ≢╙ ⌂ ≢№╢ ∕─

√╘ ↓╣╕≢⌐ ↄ─ ⅜ ╦╣≡⅝√ ●☻ ─

│  (e.g., Berner et al., 1995; Mango, 1992, 1996; 

Schaefer et al., 1999)  (e.g., Behar et al., 1995; Boreham et 

al., 1999; Hosfeild et al., 1992)  (e.g., Andresen et al., 1993; 

Andresen et al., 1995; Lewan et al., 1997; Kotarba and Lewan, 2004) ─ 3 ≈⌐

↕╣╢ ≢│ ◔꜡☺▼fi─ ◒ꜝ♇◐fi◓≢ ∂

√ ⅜ ⌐ ⅛╠ ↕╣ ≤ ═≡

─ ◒ꜝ♇◐fi◓─ ⅜ ╘≡ ⌂™  (

ה ) ≢│ ◒ꜝ♇◐fi◓≢ ∂√ ⅜ ⌐

⇔ ─  (╙⇔ↄ│∕╣ ─) ◒ꜝ♇◐fi◓⅜ ™

≢ ∂╢ ⇔⅛⇔⌂⅜╠ ─ ≢│

─ ⌐ ⅜ ⌐ ⅛╠ ↕╣╢╦↑≢│⌂™

≢│ ─ ⌐ ─ ⅜ ⅝∏⌐
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 (∕╣ ─) ◒ꜝ♇◐fi◓╩ ≤⇔√ ●☻ ⅜ ∆╢

╦↑≢╙⌂™ ∫≡ ─ ⌐⅔↑╢ ⅛╠─

●☻─ ה │ ≤ ─ ≢ ∂≡™╢≤ ⅎ╠╣╢

Michels et al. (2002) ≢│ ≢ ╠╣√●☻╩

╩ ┘ ∆╢♃▬ⱪ─₈ ₉╩ ⇔≡™╢

≢│ ◒ꜝ♇◐fi◓≢ ⇔√ ─ ⅜

◒ꜝ♇◐fi◓╩ ↓∆↓≤⌐╟╢ ●☻ ⅜ ∂╢ ∫≡

─ ⌐ ═≡ ╟╡ ⌐⅔↑╢ ⌂

●☻─ ה ╩ ∆╢ ≢ ⌂ ≢№╢≤ ⅎ╠╣╢

⇔⅛⇔⌂⅜╠ ●☻─d13C ≤ ─  (ⱦ♩ꜞ♫▬♩

 VRr %) ─ │ ╩ ≤⇔√ ─  (

1.5) ⅛╠ ╘╠╣≡⅔╡ (e.g., Berner et al., 1995; Berner and Faber, 1996)

⌐ ⌐ ⇔√ ●☻─d13C ≤─ ⅜╒≤╪≥⌂

™ ( 1.6)  

∕↓≢ ≢│ ⌐⅔↑╢ ●☻ ─ ╩ ⇔

⌐ ╪∞ ─ ≤ ●☻─d13C ─ ╩ ╘≡

∆╢√╘⌐ ●☻ ─ ≤ ↕╣≡™╢

⅛╠ ╠╣√ ─ ╩

∫√ ∕⇔≡ ─ ╩ ™√

≤ ⇔ ∕╣∙╣─ ⌐⅔↑╢ ─  (VRr %) ≤

●☻─d13C d2H ─ ╩ ⇔√ ∕─ ⌐ ≠™≡

⌐⅔↑╢ ─ ●☻─d13C ≤

─ VRr (%) ─ ╩ ⇔√  
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4.2. ≤  

4.2.1.   

─ │ 2 ≢ ⇔≡™╢. 

 

4.2.2. ≤  

 ⌐ ∆╢ │ 2 ⌐ ⇔≡™╢ ⌐

≤ ⌐⅔↑╢ ─ ⌐≈™≡

∆╢  

[ ⌐ (כ♃◒▪ꜞ)  [ ╩

כ♃◒▪ꜞ ╩ ⇔√ כ♃◒▪ꜞ⌐╠↕ ╩ He ≢ ⇔

He ≢ ╩ ↕∑√ ≢│

╩ 330 ºC ≢ 72 ⇔√ כ♃◒▪ꜞ ─ ╩

→ (100 ºC ) 1.0-L ▪ꜟⱵ♬►ⱶⱣ♇◓ (GL Science, Co. ) ╩ ™≡◘

fiⱪꜞfi◓ⱣꜟⱩ⅛╠ ●☻╩ ⇔√ ●☻╩ ⇔√

◘fiⱪꜞfi◓ⱣꜟⱩ╩ ∂ כ♃◒▪ꜞ ─ ╩ 340 ºC ≢ 72 , 

┘ ⇔√ ∕─ ╩כ♃◒▪ꜞ ⇔≡⅛╠ ●☻╩ ⇔

√ ↓─ ╩ 330 ºC 340 ºC 350 ºC 370 ºC 390 ºC ╕≢ ⇔≡ ™

≢ ╩ 72 ↕∑≡ ╠╣╢ ╩

⇔√ ⇔√●☻─ │ 27 ºC1הatm ⌐⅔™≡ 100-mL ●☻♃▬♩◦

ꜞfi☺ (GL Science, Co. ) ≢ ⇔√.  

[ ] ╛≢ ⌐≈™≡│ 3

⌐ ⇔≡™╢  
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4.3. ≤  

4.3.1. ─ ⌐ ℮●☻ ≤●☻ ─  

4.1⌐ ─ ≢ ╠╣√ ─

PDHID ◒꜡ⱴ♩◓ꜝⱶ╩ ∆ ≢ ╠╣√ ●☻

⅛╠│ C1 ~ C4 C2H4 C3H6 n-C4 i-C4 ─ ●☻⅜ ↕╣√

●☻≢№╢ H2 CO CO2 ╙ ⌐ ↕╣√ O2 ≤ N2 │ GC ⌐

∆╢ ─ ─ ⅜ ⅎ╠╣╢ ⇔⅛⇔⌂⅜╠ ─ ⌐

∆╢ ─ │ ╢╙─≢№╢  

4.1⌐ ─ ≢ ╠╣√

─ ╩ ∆ ╕√ ─ ה ≢ ╠╣

√ C1 ~ C3 ─ │  < ─ ╩ ⇔√ ( 4.2)

≢│ ◔꜡☺▼fi─ ◒ꜝ♇◐fi◓⌐ ℮ ⅜

⌐ ⅛╠ ⅛╣╢ ≢│ ◒ꜝ♇◐fi◓

≢ ∂√ ⅜↕╠⌐ ה ◒ꜝ♇◐fi◓╩ ↓⇔

─ ●☻⅜ ↕╣╢√╘ ⌐ ═≡

⌐⅔↑╢ ●☻ │ ↄ⌂╢ (e.g., Andresen et al., 1993)

C1 C3 ─●☻ ⅜  < ─ ╩ ∆↓≤│

≢│ ─ ⌐ ●☻≤ ⌐ ●☻ ≢

№╢ ─ ⅜ ↕╣≡™╢√╘≢№╢≤ ⅎ╠╣

╢  

CO2 │  <  ≤⌂╢ ╩ ⇔

√ ( 4.2) ●☻ ─ CO2 │ ◌ꜟⱲ◐◦ꜟ ─ ⌐ ∆

╢ ≤◌ꜟⱲ♬ꜟ ─ ⌐╟∫≡ ↕╣╢ ⅜ ↕╣≡™

╢ (Lewan et al, 1997) ⌐ ⅜ ∆╢ ≢│ ⱥ♪꜡◐◦ ─

⌐ ℮ ⌐╟∫≡ H2O ⅜ ↕╣╢ ╕√ ⌐│

─ ⌐ ╡ ╕╣√ sterically trapped water ≤ ┌╣╢ ⅜ ∆
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╢ ≢│ ●☻╩ ╡ ∆ ⌐ ─ H2O ╛

≢ ∂╢ H2O ⅜ ≤⇔≡ ⅛╠ ↕╣≡™╢≤ ⅎ╠

╣╢ CO2 ⅜  < ╩ ∆─│ ≢

│ ◌ꜟⱲ♬ꜟ ≤ H2O ─ ⌐╟∫≡ ∂╢ CO2 ⅜ ⌂™√╘≢№╢≤

ⅎ╠╣╢  

╕√ ●☻⅛╠│ ●☻≢№╢ C2H4 C3H6 ≤

⌐ ─ H2 ⅜ ↕╣√ ( 4.1 ≤ 4.1) H2 C2H4 C3H6 │

ה ⌐ ⅜ ∆╢⌐≈╣≡ ∆╢ ╩ ⇔ ( 4.2)

C2H4 C3H6 │  < ─ ╩ ⇔√ ●

☻ ≢ ╩ ↕∑╢≤ ⅜

∆╢↓≤⅜ ╠╣≡™╢ (e.g., Behar et al., 1995; Cramar et al., 2001;Gaschnitz 

et al., 2001; Ishiwatari and Fukushima, 1979; Takahashi et al., 2014). 

●☻ ⅜  < ╩ ∆↓≤│ ≢│

●☻ ⌐ H2O ⅜ ≤⇔≡ ⅛╠ ↕╣╢√╘≤

ⅎ╠╣╢ ─↓≤│ ─ ⅜ ≤ ⌐⅔↑╢ CO2

─ ™╩ ⇔≡™╢↓≤≤╙ ≢№╢  

⌐ H2 │ ─ ⌐⅔↑╢ ⌂

≥─ ₁⌂ⱪ꜡☿☻≢ ↕╣╢ ⇔⅛⇔⌂⅜╠ ⌐ ●☻ ─ H2

C2H4 C3H6 │ ╘≡ ™ Schimmelmann et al. (1999, 2001) ⌐╟╣┌

◔꜡☺▼fi─ ─ ⅛╠  C-C ─ ◒ꜝ♇◐fi◓⌐

℮ ⌐⅔™≡ H2O ⅜ ─ ≤ ╡ ╢ H2O

⌐⅔↑╢ O-H ≤ H2 ⌐⅔↑╢ H-H ─ ◄Ⱡꜟ◑כ│ ∕╣∙╣

497kJ/mol, 435kJ/mol ≢№╡ H2O ⌐ ╪∂≡ H2 ⅜ ⌐

≤ ╩ ↓∆≤ ⅎ╠╣╢ C2H4 C3H6 ⅜  < 

─ ╩ ∆↓≤│ ≢│ ─ ⌐ ∫≡ ⇔√ H2 ─

⅜ ╟╡ ⌐ C2H4 C3H6 ≤ ⇔ ╩ ↓⇔≡™╢
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⅛╠⅛╙⇔╣⌂™ ●☻ ⅛╠ H2 C2H4 C3H6 ⅜╒≤╪≥ ↕╣⌂

™↓≤│ ⌐⅔™≡ ●☻⅜ ∆╢ ≢

─ ⅜ ∆╢≤ ⅎ╠╣╢ ╕√ ≢ ⌐

∆╢ H2 ⅜ ●☻ ⅛╠╒≤╪≥ ↕╣⌂™↓≤│ H2 ⅜ ™

╩ ∟ ─ ⌐ ⌐♩ꜝ♇ⱪ↕╣⌂™↓≤╙ ─ ≈

≤ ⅎ╠╣╢  
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 4.1. ─ ≢ ╠╣√ ●☻─

PDHID ◒꜡ⱴ♩◓ꜝⱶ (a) 330 ºC ≢ 72 ⇔√●☻ (b) 330 ºC ≢

⇔≡●☻╩ 340 ºC ≢ 72 ⇔≡ ╠╣√●☻ (c) 330

340 350 ºC ≢ 72 ⇔≡●☻╩ 370°C ≢ 72 ⇔≡

╠╣√●☻. 
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ה .4.2  ⌐⅔™≡ ─ ⌐ ∫≡

↕╣╢ ●☻ ≤ ●☻ ─ │

∕╣ ─ ≢ ╠╣√●☻─ ╩ ⇔√  
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4.3.2. ─ ⌐ ℮ ●☻─ ─  

─ ≢ ╠╣√ ●☻

─ C1 C2 C3 CO2 ─ ŭ13C  (ŭ13CC1 ŭ13CC2 ŭ13CC3 ŭ13Cco2) │ ∕

╣∙╣-37 ~ -31ă -29 ~ -23ă -27 ~ -22ă -26 ~ -20ă─ ⌐№╢ (

4.2) ⌐⅔™≡ ŭ13C1 < ŭ13C2 < ŭ13C3 ─ ╩ ⇔√ ↓╣╠─

ŭ13C │ ↓╣╕≢⌐ ↕╣≡™╢ thermogenic hydrocarbon gases (e.g., 

Jenden et al., 1993; Pohlman et al., 2005; Schoell, 1980) ─ ≤╙ ↄ ⇔≡

™╢ ≢│ ⱦ♩ꜞ♫▬♩ ⅜ VRA⅛╠ VRB ╕≢

⌐ (VRA < VRB) ─ ⌐ כ♃◒▪ꜞ≡∫ ⌐ ↕╣√ ●

☻╩ ⇔√ ∕╣╝ⅎ ≢│ ≢ ↕╣√

●☻─ ╩ VRA≤ VRB─  (VRB - VRA)/ ln(VRB/ VRA) 

≤ ⇔√ ( 4.2)  

≢ ─ ≢ ↕╣√ ●☻│

⅜№╢  (VRr %) ╕≢ ∆╢ ⌐כ♃◒▪ꜞ≢

⇔√ ●☻≢№╢ ∕─√╘ ≢ ╠╣√ ─

●☻─ ŭ13C ╩ ≢ ╠╣√ ≤

∆╢↓≤│ ⌂™ ∕↓≢ ≢│ ⌐⅔™≡

─ ≢ ↕╣ כ♃◒▪ꜞ ⌐ ⇔√ ●☻ ─ ≤

●☻─ ŭ13C ─ ⌐ ≠ↄ ╩ ╘ ⱴ☻Ᵽꜝfi☻╩ ™

≡ ≢ ∆╢ ●☻─ ŭ13C ╩ ⇔

─ ≤ ⇔√  

⌐⅔↑╢ ─ ⌐ ∫≡ ↕╣╢ C1 C2

C3 ─  (µL/g coal) ╩ VC1 VC2 VC3 ≤∆╢≤ ∕╣∙╣ VRr (%) ─

≤⇔≡ ─ ≢ ∆↓≤⅜ ╢ ( 4.3)  

 

VC1 = 4501.4VRr
2 - 2274.2VRr    (R2 = 0.9442)    
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VC2 = 1409.7VRr
2 - 629.4VRr     (R2 = 0.9679)    

VC3 = 994.98VRr
2 - 283.87VRr    (R2 = 0.9754)    

 

╕√ ⌐כ♃◒▪ꜞ≡™⅔⌐ ⇔√ C1 C2 C3─ ŭ13C

─ │ ─ ≢ ∆↓≤⅜ ╢ ( 4.4)  

 

ŭ13CC1 = 7.561VRr
2 - 17.626VRr - 27.61      (R2 = 0.9442)    

ŭ13CC2 = 2.6876VRr
2 - 4.9797VRr - 27.46     (R2 = 0.9208)    

ŭ13CC3 = 1.0838VRr
2 - 1.9407VRr - 25.91     (R2 = 0.5474)    

 

≢│ ⌐⅔↑╢ 0.02% ─ ⌂ VRr ─ ⌐

℮ ●☻ ≤ ŭ13C ─ ⌂ ⅛╠ ⌐⅔

↑╢ ─ ⌐ ∫≡ ↕╣╢ ●☻─ ŭ13C ╩ ╘√

ⅎ┌ ⅜ VRC ⅛╠ VRD (VRD - VRC = 0.02) ╕≢

⅜ ⇔√≤⅝ ↓─ ⌂ ─ ─ ⌐ ∫≡ ↕╣╢

●☻─ ŭ13C  (ŭ13CD-C) │ ⱴ☻Ᵽꜝfi☻╩ ™≡ ─ ⌐ ↕╣╢  

 

ŭ13CVRD = (VVRD - VVRC)/ VVRD × ŭ13CD-C + (VVRC/ VVRD) × ŭ13CVRC  ᵑ 

 

↓↓≢  

VVRD  VRD⌐⅔↑╢ ●☻─  ( ) 

VVRC  VRC⌐⅔↑╢ ●☻─  ( ) 

ŭ13CVRD VRD⌐⅔↑╢ ●☻─ ŭ13C  

ŭ13CVRC VRC⌐⅔↑╢ ●☻─ ŭ13C  

≢№╡ ─ ⅜ VRC ⅛╠ VRD ╕≢⌐ ⌐ ⇔√

●☻─ ŭ13C ŭ13CD-C ╩ ╘╢↓≤⅜ ╢ ⅎ┌ VRr = 1.58 
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~ 1.60% ⌐⅔™≡ ⌐ ↕╣√ C1─ ŭ13C │ ─ ⌐ ∆╢

↓≤⅜ ╢ ╕∏ VRr = 1.58 VRr = 1.60 ⌐⅔↑╢ C1 ─ ≤ ŭ13C

│ ─ ⌐ ↕╣╢  

 

VRr = 1.60 ─≤⅝─ C1 ─  

VC1 = 4501.4 × 1.62 - 2274.2 × 1.6 = 7884.9 

 

VRr = 1.58 ─≤⅝─ C1 ─  

VC1 = 4501.4 × 1.582 - 2274.2 × 1.58 = 7644.1 

VRr = 1.60 ─≤⅝─ C1 ─ ŭ13C  

ŭ13C1.60 = 7.561×1.62 - 17.626 × 1.6 - 27.61 = -36.46 

 

VRr = 1.58 ─≤⅝─ C1 ─ ŭ13C  

ŭ13C1.58 = 7.561 × 1.582 - 17.626 × 1.58 - 27.61 = -36.58 

 

─ ≢ ╘√ ╩ᵑ⌐ ∆╢≤ VRr ⅜ 1.58%⅛╠ 1.60%─

⌐⅔™≡ ⌂ ─ ─ ⌐ ∫≡ ⌐ ↕╣√ C1 ─ ŭ13C

 (ŭ13C1.60-1.58) │  

 -36.46 (ă) = (7884.9 - 7644.1)/ 7884.9 × ŭ13C1.60-1.58 

+ (7644.1/ 7884.9) × (-36.58 (Χ))  

─ ╩ ↄ≤ ŭ13C1.60-1.58 = -32.38 (Χ) ≤ ∆╢↓≤⅜ ╢

↓─ ╩ VRr = 0.50 ~ 1.80%╕≢ ™ ─ ⌂ ⌐ ∫≡

∆╢ C1 C2 C3 ─ ŭ13C ╩ ⇔√ VRr = 0.60 ~ 1.80%⌐⅔↑╢

≢ ∆╢ C1 C2 C3 ─ ŭ13C  (ŭ13CdC1 ŭ13CdC2 ŭ13CdC3) ─

─ │ ∕╣∙╣─ ≢ ─ ≢ ↕╣╢   
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ŭ13CdC1 = 15.935VRr
2 - 31.312VRr - 23.214    (R2 = 0.9995)        

ŭ13CdC2 = 5.5279VRr
2 - 8.6783VRr - 26.479    (R2 = 1)            

ŭ13CdC3 = 2.1859VRr
2 - 3.1719VRr - 25.699    (R2 = 0.9997)        

 

≢│ ⌐ ≠™√↓─ ╩

≤ ⇔√ d13C1 │ ה ⌐ VRr = 

0.9% ╕≢ ∆╢ ╩ ⇔√ ( 4.5) ─ ≢│ 13C

⌐ ╪∞ C1 ⅜ ↕╣╢↓≤⅜ ↕╣≡™╢ (e.g., Berner and Faber, 

1995; Cramer et al., 1998; Takahashi et al., 2014; Tang et al., 1996, 2000) Chung 

and Sacket (1980) ≤ Smith et al. (1985) ⌐╟╣┌ ≢ ↕╣╢

d13C1 ⅜ ⅝™↓≤│ ≢│ C-O ╛ C-S ─ ⌂Ⱬ♥

꜡ ≢ ⇔≡™╢d13C ─ ⅝⌂ⱷ♅ꜟ ⌐ ⇔√ C1 ⅜ ∆╢

√╘≤ ⅎ╠╣≡™╢ VRr < 1.0%≢│ d13C1 │ ⌐ ∫≡ ∆╢

⅜ VRr > 1.0%≢│ ∆╢ ╩ ∆ ↓╣│ ─ ⌐ ∫≡ │

∂╘│ 12C-12C ─◒ꜝ♇◐fi◓⌐ ℮ 13C ⌐ ⇔™ C1 ⅜ ↕╣ ⅜

∆╢≤ ⌐ 12C-13C ─ ◒ꜝ♇◐fi◓⌐ ∫≡ 13C ⌐ ╪∞ C1 ⅜

↕╣╢√╘≤ ⅎ╠╣╢  (e.g., Andresen et al., 1995; Clayton, 1991; 

Cramer et al., 1998; Schenk et al., 1997; Tang et al., 2000)  

∂ VRr (%) ≢ ∆╢≤ ≢ ∆╢

●☻─d13C │ ≢ ∆╢ ●☻─d13C

╟╡╙ ⅝™ ╩ ⇔ VRr (%) ─ ⌐ ™ ─ ™⅜↕╠⌐ ⅝

ↄ⌂╢ ╩ ⇔√ ( 4.5) ↓╣│ ≢│

≢ ↕╣√ 12C ⌐ ╗ C1 ~ C3 ╛ ⅜ ⌐ ⅛╣╢√╘

≤ ⅎ╠╣╢ ≢│ ─ ≢│ ╛ ⅜

ↄ ─ ╙ ╪≢№╢√╘ ⅔⅔╟∕ ⌐ ™ ≢

●☻⅜ ↕╣≡™╢↓≤⅜ ⅎ╠╣╢ ↕╠⌐ ⅜ ⇔



4 . ●☻ ⌐ ℮  

82 

 

╛ ⅜ ∆╢≤ ⌐ ↕╣╢ ●☻⅜ ⇔

⌐ ⌐ ™ ≢ ≤ ⅜ ∂╢╙─≤ ⅎ╠╣╢

⌐ ─ ⅜ⱬ♇♪ⱷ♃fiꜟכ◖ ↕╣≡™╢↓

≤⅛╠ VRr (%)  ⅜ 0.7%╩ ⅎ╢ ™ ≢│ ─●☻⅜ ↕

╣╢≤ ⌐ ⌐ ●☻⅜ ⌐ ∆╢↓≤⅜ ⅎ╠╣╢

⇔√⅜∫≡ ⌐ ∆╢ ●☻─ ⌂ ≢│ ⇔

≡™√●☻≤ √⌐ ⇔√●☻⅜ ⇔ ↕╣≡™╢≤ ⅎ╢↓≤

⅜ ╢ ↓─╟℮⌂●☻─d13C │ ∂ ≢ ∆╢≤

≢ ∆╢ ●☻─d13C ╟╡╙ ↕ↄ ≢ 12C ╩

⇔√╕╕ ⅜ ⇔ ∆╢ ●☻─d13C ╟╡╙

⅝ↄ⌂╢│∏≢№╢ ↓─↓≤⅛╠ ≢ ⅛╠ ↕╣√

●☻─d13C │ ≢ ∫√ ≤ ─∕

╣∙╣─ ⅛╠ ╙╠╣√ ●☻d13C ─ ≤ VRr (%) 

─ ─ ⌐ ∆╢↓≤⅜ ↕╣╢  
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 4.3. ⌐⅔™≡ ─ ⌐ ∫≡ ↕╣

╢ ●☻ ─ ≤  
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 4.4. ⌐⅔™≡ ─ ⌐ ∫≡ ↕╣

╢ ●☻─d13C ─ ≤  
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 4.5. ─ ה ≢ ╠╣√

●☻─d13C ─ ≤ VRr (%) ─  
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4.3.3. ─ ⌐ ℮ ●☻─ ─  

≢ ╠╣√ C1 C2 C3 ─ ŭ2H  (ŭ2HC1 ŭ2HC2 ŭ2HC3) 

│ ∕╣∙╣-306 ~ -262ă -252 ~ -225ă -229 ~ -189ă─ ⌐№╢ (

4.2) ⌐⅔™≡, ŭ2HC1 < ŭ2HC2 < ŭ2HC3 ─ ╩ ⇔√

≢ ╠╣√ ●☻─ │ d13C ≤ ⌐ VRA ≤ VRB ─

 (VRB - VRA)/ ln(VRB/ VRA) ≤ ⇔√ (VRA < VRB) ≢│

≤ ⌐⅔™≡ ─ ⌐ ∫

≡ ↕╣╢ ●☻─ ŭ2H ─ ╩ ∆╢√╘ ŭ13C ─

≤ ⌐ⱴ☻Ᵽꜝfi☻╩ ™√ ⌐╟╡ ≢ ↕╣

╢ ●☻─ ŭ2H ╩ ⇔ ≤ ⇔√

⌐⅔™≡ ─ ⌐ כ♃◒▪ꜞ≡∫ ⇔√ C1 C2

C3 ─ ŭ2H ─ │ ─ ≢ ∆↓≤⅜ ╢ ( 4.6)  

 

ŭ2HC1 = 57.74VRr
2 - 83.007VRr - 303.04      (R2 = 0.9258)    

ŭ2HC2 = 70.879VRr
2 - 138.65VRr - 211.43     (R2 = 0.9208)    

ŭ2HC3 = 83.317VRr
2 - 154.82VRr - 197.25     (R2 = 0.5474)    

 

─ ╩ ™≡ ŭ13C ─ ≤ ⌐ ⌐⅔↑

╢ 0.02% ─ ⌂ VRr ─ ⌐ כ♃◒▪ꜞ℮ ─ ●☻ ≤∕

─ ŭ2H ─ ⌂ ⅛╠ ⌐⅔↑╢ ─ ⌐

∫≡ ↕╣╢ ●☻─ ŭ2H ╩ ─ᵑï2─ ╩ ™≡ ╘

√  

 

ŭ2HVRD = (VVRD - VVRC)/ VVRD × ŭ2HD-C + (VVRC/ VVRD) × ŭ2HVRC ᵑï2 

 

VRr = 0.60 ~ 1.80%⌐⅔™≡ ≢ ∆╢ C1 C2 C3 ─ ŭ2H  
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(ŭ2HdC1 ŭ2HdC2 ŭ2HdC3) ─ ─ │ ─ ≢ ↕╣╢  

 

ŭ2HdC1 = 118.6VRr
2 - 151.57VRr - 285.32     (R2 = 1)          

ŭ2HdC2 = 146.1VRr
2 - 240.86VRr - 183.68     (R2 = 0.9997)     

ŭ2HdC3 = 168.12VRr
2 - 252.53VRr - 180.46    (R2 = 0.9997)        

 

4.6 ⌐ ≢ ╠╣√ ●☻─ ŭ2H ─ ≤

ŭ13C ≤ ⌐ ≢ ╠╣√ ●☻─ ≤ ŭ2H ─

⌐ ≠™≡ ⇔√ ╩ ∆ ●☻─ ŭ2H ─ │

ה ⌐ ⅜ ∆╢⌐≈╣≡ ∆╢ ╩ ⇔√

●☻─ ŭ2H │ ≢│  < ─ ╩ ∆⅜ VRr 

> 1.2%≢│ ≢ ↕╣╢ ●☻─ ŭ2H ⅜ ⌐ ⇔

 < ≤⌂╢ ╩ ⇔√  

●☻─ │ ⌐ (1) ─ ≤ (2) 

─ ⅜ ⅎ╠╣╢ ⌐ ─ ŭ2H │ ─ ŭ2H ⌐

═≡ ™ ⅜№╢ ≢│ ●☻─ ⅜

⌐ ™↓≤⅛╠ ⌐│ ─ ⌐♩ꜝ♇ⱪ↕╣√

─ 2H ⅜ ⌐ ═≡ ↄ ∆╢≤ ⅎ╠╣╢ VRr = 1.2%

⌐⅔™≡ ≢ ↕╣╢ ●☻─ ŭ2H ⅜

⌐ ∆╢↓≤│ ◒ꜝ♇◐fi◓⅜ ⌐ ∆╢↓─ ⌐⅔™

≡ ⅜ ●☻─ ⌐⌂∫√↓≤╩ ⇔≡™╢

≢│ ●☻≤ ⌐ ⅜ ⅛╠ ↕╣

≡™╢√╘ ⌐ ŭ2H ─ ⅜ ↕ↄ⌂∫√≤ ⅎ╠╣╢ ↓╣

╠─ │ ⅛╠ ╠╣√ ●☻─ ⅜

⌐ ═≡ ™↓≤≤╙ ⇔⌂™  

─ ●☻ ⅛╠ ●☻⅜ ↕╣√ ⅜
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╒≤╪≥ ™↓≤╩ ╕ⅎ╢≤ ≢│ ⌐ ╪∞ ≢

●☻⅜ ↕╣≡™╢╙─≤ ⅎ╠╣╢ ─ │

●☻─ ŭ2H ╩ ⌐ ™╢ VRr = 1.2% ≢│

─ ŭ2H ─ ╩ ∆╢ ⅜№╢↓≤╩ ⇔≡™╢ ╕√

●☻─ ŭ2H │ ≤─  

(Kikuchi et al., 2010; Lis et al., 2006; Shimmmelman et al., 1999, 2001, 2006) ╛

─  (e.g., Duan et al., 2011; Tipple et al., 2010; Yang et al., 2011) ⌂

≥ ₁⌂ ╩ ↑╢ ╕√ Reeves et al. (2012) │ ≢│ C2

─ ●☻⌐ ⇔≡ ∆╢ ≤─ ╩ ↓∆

╩ ⇔≡™╢ ─↓≤⅛╠ ●☻─ ŭ2H ╩ ◔꜡☺▼

fi─ ≤⇔≡ ™╢⌐│ ⅜ ≢№╢≤ ⅎ╠╣╢  
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 4.6. ⌐⅔™≡ ─ ⌐ ∫≡ ↕╣ 

╢ ●☻─d2H ─ ≤  
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 4.7. ─ ה ≢ ╠╣╢ ●

☻─d2H ─ ≤ VRr (%) ─  
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4.3.4. ─ ≤ ●☻─ ─  

4.8 ⌐ ─ ≤

⌐ ≠™√ ●☻─d13C1 vs. d13C2 ≤ d13C2 vs. d13C3 ─♄▬

▪◓ꜝⱶ╩ ∆ 4.8 │ ∂ ─ ⅛╠ ↕╣√

●☻≢№∫≡╙ ⌐ ╦╢ ─ ™⌐╟∫≡∕─d13C

⅜ 2 ~ 8ă ∆╢↓≤╩ ⇔≡™╢ ⌐ ⇔√

●☻─d13C │ ─╙─│ ⌐ ╟╡

─╙─│╟╡ ⌐ ≠ↄ↓≤⅜ ↕╣╢ ╕√

─ ≢ ↕╣╢ ●☻─d13C │ Type-II ◔꜡☺

▼fi⌐ ∆╢╙─≤ √ ╩ ⇔≡™╢ ⌐ ╗ Type-II ◔

꜡☺▼fi⌐ ∆╢ ●☻╛ ╩ ↕∑≡ ╠╣╢

●☻─d13C │ Type-III ◔꜡☺▼fi╛ ╩ ↕∑√

≤⅝⌐ ╠╣╢ ●☻╟╡╙ ↕™↓≤⅜ ↕╣≡™╢  (e.g., 

Berner et al., 1995; Dai et al., 2012) ●☻─d13C ⅜

Type-II ◔꜡☺▼fi⌐ ∆╢╙─≤ √ ╩ ∆↓≤│

⅜ ╛ ⌐ ╖ ∕─ ─ ⅜ Type-II ⌂ ╩

≈↓≤≤ ⇔≡™╢⅛╙⇔╣⌂™ ╕√ ⌐ ⌐│

─ ⅜ ⌐ ╕╣╢ Murray et al (1998) ⌐╟╣┌ ─

≤ ─ ─d13C │ ∕╣∙╣-22.8ă -26.4ă≤ ↕╣≡

™╢ ╕√ Chikaraishi and Naraoka (2007) ≢│ ≤ ─Ᵽ

ꜟ◒─d13C │ ─ ⅜ ™ ╩ ∆≤ ⇔≡™╢

⌐⅔↑╢ ●☻─d13C ⅜ Type-II ◔꜡☺▼fi⌐

∆╢╙─≤ √ ╩ ∆↓≤│ ─ ╙ ⇔≡™╢⅛

╙⇔╣⌂™ ≢ ╠╣√ ─ ≤ ●☻─d13C

─ ╩ ⇔√♄▬▪◓ꜝⱶ╩ ∆╢↓≤⌐╟╡

●☻─ ╩╟╡ ⌐ ∆╢↓≤⅜ ≢№╢≤ ⅎ╠╣╢  
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4.8. ─ ≤ ≢ ╠╣╢ ●☻─d13C

≤ ─ VRr (%) ─ ╩ ∆♄▬▪◓ꜝⱶ Berner and Faber 

(1996) ─ Type-IIהType-III ⸗♦ꜟ⌐ ◔꜡☺▼fi─d13C ╩-

22.3Χ ( ╒⅛ 2002) -24.0ă ( ) ≤ ⇔√ ─

ꜝ▬fi╙ ⇔√. (a) ⱷ♃fi≤◄♃fi─d13C ─ (b) ◄♃fi≤ⱪ꜡Ɽ

fi─d13C ─  
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4.4. ╕≤╘ 

 ≢│ ⅛╠ ●☻⅜ ↕╣╢♃▬Ⱶfi◓

╩ ∆╢√╘⌐ ─ ⅛╠ ⇔√

─ ╩ ™ ─  ( 3

) ≤ ⇔√ ≤ ─●☻ ─ ™│

⌐⅔↑╢●☻ ⌐ ●☻ ≢№╢

⅜ ⅛╠ ↕╣╢√╘≤ ⅎ╠╣╢ ≢ ╠╣

√ C1 C2 C3 ─d13C │ ∂ ⌐⅔™≡ ≢ ↕╣╢╙

─⌐ ═≡ ⅝⅛∫√ ↓─ │ ─ ⅛╠ ↕╣

√ ●☻≢№∫≡╙ ⌐ ╦╢ ─ ™⌐╟∫≡∕─

d13C ⅜ ∆╢↓≤╩ ⇔≡™╢ ╕√ ─ ⌐ ∫≡

∆╢ ●☻─d13C │ ⌐⅔™≡╛╛ Type-II ◔꜡☺▼

fi⌐ ∆╢╙─≤ √ ╩ ⇔√ ↓╣│ ⅜ ╛

⌐ ╖ ∕─ ─ ⅜ Type-II ⌂ ╩ ≈√╘≤ ⅎ╠

╣╢ ⌐⅔↑╢ ─ ╩ ⌐⇔≡

⅛╠ ↕╣√ ●☻─d13C ≤ ─VRr (%) ─

╩ ∆♄▬▪◓ꜝⱶ╩ ⇔√ ↓─♄▬▪◓ꜝⱶ⅛╠

●☻⅜ ↕╣√≤⅝─ ─ ╛ ╩

╢╙─≤ ⅎ╠╣╢  

≢ ↕╣╢ C1 C2 C3 ─d2H │ VRr > 1.2%

≢ ⌐ ⇔ ⌐ ═≡ ⅝⌂ ╩ ⇔√ VRr > 1.2%≢│

◒ꜝ♇◐fi◓⌐ ℮ ●☻ ⌐⅔™≡ ⅜ ⌐⌂╢↓

≤╩ ⇔≡™╢ ●☻─d2H │ ⌐⅔™≡ ≤─

╛ ─ ⌐╟∫≡ ─d2H ⅜ ∆╢⌂≥

₁⌂ ╩ ↑╢√╘ d2H ─╖≢ ●☻─ ♃▬ⱪ╛∕

─ ╩ ∆╢⌐│ ⅜ ≢№╢  
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5 . ●☻ ─ ●☻ ♃▬Ⱶfi◓≤  

 

5.1.  

│ ⌐ ═≡ ╛ ⌐ ╗√╘

ⱳ♥fi◦ꜗꜟ⅜ ™ (e.g., MacGregor, 1994; Petersen and Nytoft, 

2006; Petersen et al., 2009) ∕╣╝ⅎ ⌐⅔™≡ ⌐

⇔√ ●☻ ⅜ ↄ ↕╣≡™╢  (e.g., the Niger delta in Nigeria, 

Mahakam delta in Indnesia, Taranaki basin in New Zealand, Surma basin in 

Bangladesh) ⅜ ⌐⅔↑╢ ─ ●☻ ─

│ ─ ≢№╢≤ ⅎ╠╣≡™╢ (e.g., 

Waseda and Nishita, 1998; Yessalina et al., 2006) ⇔⅛⇔⌂⅜╠ 1 ≢

═√ ╡ ─ ≤d13C ─ ─ ⅜ ╪≢™⌂™ ∕

─√╘ ●☻─d13C ⅛╠ ●☻ ⌐⅔↑╢

─ ─ │ ╦╣≡™⌂™ 4 ≢│ ●☻─ ≤

ⅎ╠╣≡™╢ ⅛╠ ⇔√ ─

⅛╠ ─ ≤d13C ─ ⌐≈™≡ ╘≡ ╩

∫√ 5 ≢│ 4 ≢ ⇔√ ●☻─d13C

≤ VRr (%) ─ ╩ ⇔√♄▬▪◓ꜝⱶ (  4.8) ╩ ⇔ ●☻

─ ●☻⅜ ↕╣√ ─ ─ ⌂ ╩ ∆╢↓≤╩

╖√ ↕╠⌐ ─ ≤ ⅛╠ ─ ≤

╩ ⇔ ●☻ ─ ●☻ ⌐⅔↑╢ ≤ ╩

⇔√  

 

5.2. ⌐⅔↑╢ ─  

│ ⌐ ⇔

≡™╢ ( 2.1) ─ │ ⅛╠
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⌐ ╢ ⌐ ∫≡ ╕≢ ⇔ ●

☻ ─  (◐♇♅fi◄ꜞ▪) ╩ ⇔≡™╢≤ ⅎ╠╣≡™

╢ (e.g., ≤ 2000; ≤ 2002) ╒⅛ (1999) ⌐╟╣

┌ ⌐⅔↑╢ ─ ≤ ─

⅛╠ ─ │ 120 ~ 220 ºC ─ ⌐№╢≤ ↕╣≡™

╢ ╒⅛ (2004) │ ⅛╠ ─ ⌐≈™≡

⇔≡™╢ │ ─ ⌐ ╕╣ ↓╣╠─

│ ─ ♥◒♩♬◒☻⌐╟∫≡ ↕╣√≤ ⅎ

╠╣≡™╢ ≥♩כ꜠ⱪ▪◦ꜝכꜚ│╣↓ ⱪ꜠כ♩─ ⌐╟╢

─ ╛ ─ ≤ ─ ─ ⌐⅔↑╢ꜚ

─┼♩כ꜠ⱪ◒♠כⱱ○─♩כ꜠ⱪ▪◦ꜝכ ⌂≥⌐╟╢ ₁⌂♥◒♩

♬◒☻ (e.g., ╒⅛ 1986) ⌐╟∫≡ ↕╣√≤ ⅎ╠╣╢

│ ⌐ ⇔≡⅔╡ ╩ ⇔√ │

─ ⅛╠ ─ ─ ≤ ⇔≡™╢≤ ⅎ╠╣╢

 (1987) │ ⌐ ∆╢ ┘  ( ) 

─ ╩ ⇔ ⅜  (13 Ma ) ⌐ ╕∫√ ╩ ⇔

√  (2002) ≢│ ─ ⅜ 15 Ma ⌐│ ⇔≡™√↓≤

╩ ⇔≡™╢ ╕√ ≤  ( ) ⅜

╩ ⇔√ │ 15 ~ 10Ma ≢№╢≤ ↕╣≡™╢ (

1963; 1985 Tamaki et al., 2009) 5.1 ⌐ ─ ─

≤ ─ ה ─ ╩ ∆  

─ ⌐│ ꜞ♇☺ (

╠ 1978) ≤ ┌╣╢ ⌐ ⇔√ ⅜ ⇔≡⅔╡ ●

☻ │↓─ ꜞ♇☺ ⌐ ∆╢ ( 5.2) ꜞ♇☺ ─

│  ( 1986) ≤ ┌╣╢ ─ ⅜

ꜞ♇☺╟╡ ⌐№╡ ( 5.3) ≤╒╓ ⌂∫≡ ⇔≡™╢
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≤ ⅎ╠╣╢↓≤⅛╠ ●☻ ─◐♇♅fi◄ꜞ▪│ ꜞ♇☺

⌐№╢≤ ⅎ╠╣≡™╢ ( ≤ 2002) ⌐⅔

™≡╙ ≤ ⌐ ⌐ ה ╛ +

⌂≥⅜ ⇔√≤ ⅎ╠╣≡™╢ ( ≤ 2000)  (1989) ⌂

≥⌐╟╣┌ ↓╣╠─ ─ │ ─ ⅜  (╕√│

♩ꜝfi☻ⱪ꜠♇◦ꜛfi) ≤⌂∫≡ ⅝─ ⅜ ∂ ∕─ ⌐№

√╢ │ ⌐╟∫≡ ≤⌂∫√↓≤

╩ ∆╢≤ ⅎ╠╣≡™╢ ≤  (2002) ⌐╟╣┌ ●☻

─◐♇♅fi◄ꜞ▪│ ─  ( 15Ma) ⌐ ⌐ ⇔

─ ⌐╟∫≡ ↕╣√≤ ⅎ╠╣≡™╢ ≤  

(2000) ⌐╟╣┌ ─  ~ ⌐ ╠╣╢ ⌐│

─ + ╙ ╕╣≡⅔╡ ∕─╟℮⌂ ─ ↄ─

│ ⌐ ╙ ⇔√≤ ↕╣≡™╢ ─ ⌐

⇔ ↑√ ●☻ ≢│  (5Ma ~ ) ╙ ⌐

╗  ( ) ⅜ ⇔ ⌐╟╡∕─ ↕│ 1000m ⌐

∆╢ ↓─ ⌐⅔↑╢ ─ ─ ⌐╟∫≡ ●☻

─  ( ) ─ │ ⌐ ⇔

─ ●☻ ⌐ ●☻╩ ∆╢◐♇♅fi◄ꜞ▪≤⌂∫√≤ ⅎ

╠╣≡™╢ ( ≤ 2000) ●☻ ─◐♇♅fi◄ꜞ▪ │

╠⅛⌐⌂∫≡™⌂™⅜ ⌂ↄ≤╙ ꜞ♇☺ ─

⌐ ∆╢╙─≤ ⅎ╠╣╢ ●☻ ─◐♇♅fi

◄ꜞ▪≤ ↕╣╢ ≢│ ₈ ₉─ ⅜

╦╣≡™╢ ₈ ₉≢│ ─  (15Ma) ⅛╠ ─

⅜ 1769m ⌐№╡ ( 5.4) ≤ ⅜∕╣∙╣⅔╟∕ 800m

1000m ⇔≡™╢ ≤ ─ │ ⌐ ≠ↄ≤

∕╣∙╣ 14 ~ 12.8Ma 12.8 ~ 10.6Ma ≤ ↕╣≡™╢ ( 2004)
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│ ≤ ─ ⌐ ⇔≡™╢ ∕─√╘

─ ⌐ ℮ ⅜ ∂ ─ ⅜ ∂√≤ ⅎ╠╣╢

⌐ ╠╣╢ ⌐⅔↑╢ + ─ ⅜

⌐ ╙ ⇔√↓≤⅛╠ ( ה 2000) ₈ ₉

─ ⌐⅔↑╢ ─ │ ≢№╢ ⅜№╢

●☻ ─◐♇♅fi◄ꜞ▪│ ⌐ ↕╣√↓≤⅜ ↕

╣≡⅔╡ ( ה 2000) ╕√ ₈ ₉│ ─

┘ ⌐ ⇔≡™╢ ∕↓≢ ≢│ ₈

₉─ ╠⅛♃כ♦ ●☻ ─◐♇♅fi◄ꜞ▪⅜ ╩

⇔√≤⅝─ ─ ╩ ╖√  

₈ ₉│ ⅛╠ ↕╣ ─

╕≢ 1924m ╕≢ 2606m 4374m ╕≢ ≢№╢ 

( 5.4)  (1980) ⌐╟╣┌ ₈ ₉ ─ ─

│ 2.1 ºC/100m ≢№╡ ─ ⌐╟╢ ─

│ 2.6 ºC/100m ≤ ↕╣≡™╢  (1980) │ ─

⅛╠ 2.6 ºC/100m ≤ ⇔ ₈ ₉─ ⌐⅔

↑╢ ╩ 1880m ≤ ⇔≡™╢ ─ ─ │

₈ ₉─ ─ ≢№╢ 1924.5m ⌐ 1880m ╩ ⅎ

⅔╟∕ 3800m ≤ ↕╣╢ ─ ─ ─ │ ↕

╣╢ ≤ ─ 2.6 ºC/100m ─ ╩ 15 

ºC ≤ ∆╢≤  

(1924.5 + 1880) (m) × 2.6 (ºC/100m) + 15 (ºC) = 113.9 ºC 

≤ ↕╣╢ ─ ⅜ ╙ ⇔√ │ ●☻ ─◐♇

♅fi◄ꜞ▪⌐⅔™≡ ⅜ ╩ ⇔√ ≤ ⅎ

╠╣╢ ●☻ ─◐♇♅fi◄ꜞ▪─ ⅜ ≢

╩ ⇔≡™╢ ─ ╩ 15 ºC ≤ ∆╢≤ ◐♇♅fi◄ꜞ
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▪─ │  

(113.9 - 15) (ºC) /15 (Ma) = 6.6 ºC/my 

≤ ↕╣╢  

ה  (2000) ⌐╟╣┌ ●☻ ─◐♇♅fi◄ꜞ

▪─ │  (5Ma ~ ) ≤ ↕╣≡™╢ ●☻ ─◐♇

♅fi◄ꜞ▪─ ⅜ 5Ma ⌐ ╩ ⇔√ ─ ⅛↑─

│ ─ ⌐ ╘╢↓≤⅜ ╢  

 (113.9 - 15) (ºC) /(15 - 5) (Ma) = 9.9 ºC/my 

≤ ↕╣╢ ∫≡ ●☻ ─◐♇♅fi◄ꜞ▪─ │ 6.6 ~ 

9.9 ºC/my ─ ⌐№╢≤ ↕╣╢  
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5.1. ⌐⅔↑╢ ─  (

2013 ).  
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5.2. ●☻ ─  ( ≤ 2002).  
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5.3.  ( ≤ 2002).  
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5.4. ₈ ₉  ( 1993)  
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5.3. ●☻ ●☻─  

4 ≢ ⇔√ ─  (VRr %) ≤ ●☻─

d13C ─ ╩ ⇔√♄▬▪◓ꜝⱶ╟╡ ●☻ ─ ●☻⅜

⅛╠ ↕╣√ ─ ⌂ │ VRr = 1.3 ~ 1.4%≢№╢≤ ↕

╣√ ( 5.5). ⌐ ●☻─ Ⱨכ◒│ oil ⌐ ═≡╟╡

≢ ⅎ╢√╘ (e.g., Hunt, 1979) ●☻─ │

⅜ oil ╩ ⇔√ ╟╡╙ ↄ⌂╢↓≤⅜ ↕╣╢ ●☻

─ oil ⅜ ↕╣√≤⅝─ ─ ⌂ │ ⱦ♩ꜞ♫▬♩

 (Rc) ≢ Rc = 0.9 ~ 1.2%≤ ↕╣≡™╢ (Yessalina et al., 2006)

─↓≤│ ●☻ d13C2הd13C1⅜♃כ♦─ ♄▬▪◓ꜝⱶ d13C2ה

d13C3 ♄▬▪◓ꜝⱶ ⌐ VRr = 1.4% ⌐ ∆╢↓≤≤ ⇔⌂™

≢│ Suzuki et al. (1993) ≢ ↕╣√ VRr ≤ ∕⇔≡

─  (SIMPLE-Ro ⸗♦ꜟ) ⅛╠ ●☻─d13C ⅛╠ ╙∫

√ VRr (%) ⅛╠ ●☻ ─ ●☻⅜ ↕╣√≤⅝─ ╩ ⇔

√ ( 5.3) ≢│ ●☻ ─◐♇♅fi◄ꜞ▪⌐ ∆╢≤

↕╣╢ ₈ ₉─ ╠⅛♃כ♦ ─ ⅜

╩ ⇔√ ─ ╩ 5.8 ~ 6.6 ºC/my ≤ ⇔√ ↓─

●☻ ─ ●☻⅜ ↕╣√≤⅝─ ⌂ │ 165 ~ 

175 ºC ≤ ↕╣√ ( 5.6) ●☻ ─◐♇♅fi◄ꜞ▪⌐ ∆╢

≤ ⅎ╠╣╢ ₈ ₉─ ⌐⅔↑╢ ─

│ 2.6 ºC/100 m ≤ ↕╣≡™╢ ( 1980) ⌐⅔↑╢

●☻ ─◐♇♅fi◄ꜞ▪─ ╙ ⌐ 2.6 ºC/100 m ≤ ⇔

─ ╩ 15 ºC ≤∆╢≤ ●☻ ─◐♇♅fi◄ꜞ▪⌐⅔™≡

⅛╠ ●☻⅜ ↕╣√ │ ⅔╟∕ 5800 ~ 6100m ≢

№╢≤ ↕╣╢  
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5.4. ╕≤╘ 

≢│ 4 ≢ ⇔√ ─ ≤ ●☻─

d13C ─ ╩ ™≡ ●☻ ─ ●☻ ⌐⅔↑╢

─ ╩ ╘√ ∕─ VRr = 1.3 ~ 1.4%≢№╢≤ ↕╣

─○▬ꜟ─ ♃▬Ⱶfi◓ (Rc = 0.9 ~ 1.2%) ≤╙ ≢№∫√ ╕

√ ●☻─d13C ⅛╠ ╘√ VRr (%) ≤ ─ ⅛╠

●☻ ─ ●☻─ ⌂ │ ⅔╟∕ 165 ~ 175 ºC ≤

↕╣√ ╕√ ⌐⅔↑╢ ⅛╠ ●

☻⅜ ↕╣√≤⅝─ │ ⅔╟∕ 5800 ~ 6100m ≢№╢≤ ↕╣√  
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6 . ●☻─  

 

6.1.  

⌐ ⇔√ │ ה ●☻─ ⌂

⌐⌂╢≤™℮ ╩ ∑ ≈ Bestougeff (1980) ≤ Bouska (1981) ⌐╟╣

┌ ─ ⅜ ⌐ ╪∞ ─ ≈≤⇔≡ ⅜

→╠╣╢ ╛ ─ │ ⌐⅔↑╢ ╛

⌐ ∆╢ ↓╣╠─ ⌐╟╢ ─ │ ⌐

≤ ⌐ ∆╢ ⌐ │ ⌐ ╟╡╙

≢№∫√↓≤⅜ ↕╣≡⅔╡ ( 1.2, Zachos et al., 2001) ⌐⅔

↑╢ ⅜ ⅛∫√ ⅜ ™↓≤⅜ ↕╣≡™╢ ↕╠⌐

│ ─ ⅜ ⇔ ▪ꜟⱪ☻הⱥⱴꜝꜘ ─ ⅜ ╕∫

√ ≢№╢ ( ≤ 2005) ∕─√╘ ─ ⌐ ℮ ה

⌐╟∫≡ ↕╣╢ ─ ≤ ⌐ ⌐ ∆╢

─ ⅜ ⇔√≤ ⅎ╠╣╢ ∕─ ⌐ ↕╣√ ╛

─ ⅜ ⌐ ⇔ ▪☺▪╩ ⌐ ⌂ ●☻

⅜ ↕╣≡™╢ (e.g., the Niger delta in Nigeria, Mahakam delta in Indnesia, 

Taranaki basin in New Zealand, Surma basin in Bangladesh and Ishikari basin in 

Japan) ⌐ ∫≡ ⌂ ●☻ ⅜ ⌐ ↕

╣╢╙℮ ≈─ ≤⇔≡ ─ ⅜ ─ ⌐ ═≡

╛ ⌐ ╗↓≤  (MacGregor, 1994; Petersen and Nytoft, 2006; 

Petersen et al., 2009) ⅜ ⇔≡™╢≤ ⅎ╠╣╢ ≤

─ ╛ ─ ™│ ⌐⅔↑╢ ╩ ↄ ≈

─ ⅜ ⇔≡™╢≤ ⅎ╠╣≡™╢ (Knoll, 1986) Collinson 

et al. (1994) │ ⌐ ═≡ ⅜ ⌐ ╗ ≤⇔
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≡ ─ ≢№╢ ─ ⌐⅔™≡ ─ ╛

wax ⌂≥⌐ ╕╣╢▪ꜟ◐ꜟ ⌐ ╪∞ ⅜ ─ ⌐

╡ ╕╣╢↓≤╩ ⇔≡™╢ ─ ⌂╢ Type-II Type-III ◔

꜡☺▼fi⌐ ∆╢ ●☻│ ─ ⅜

∂≢№∫≡╙d13C ⅜ ⌂╢ ( 1.4 ) ─ ⌐ ∫≡

∆╢ ●☻─d13C ─ │ Berner and Faber (1996) ─ Type-III

─ ●☻─╙─⌐ ═≡ Type-II ─ ≤ √

╩ ∆ ( 4.8) ↓─↓≤│ ─ ⅜ ╛▪ꜟ◐ꜟ ⌐

╗↓≤⅜ ≢№╢≤ ⅎ╠╣╢ 1 ─ 1.6 ≢ ⇔√╟℮⌐ Berner 

and Faber (1996) ─ Type-III ◔꜡☺▼fi─  (VRr %) ≤ ●☻

─d13C ─ ≤ ●☻─ │ ⇔⌂™ ∕─√╘

─ ⌐ ℮d13C ─ ⌐ ∆╢ ⅜ ╪≢⅔╠∏

●☻─d13C ⅛╠ ⌐ ∆╢ ●☻─ ╩

∆╢⌐ ∫≡™⌂™ ∕↓≢ ≢│ ●☻─

d13C ≤ VRr (%) ─ ╩ ⇔√♄▬▪◓ꜝⱶ ( 4.8) ╩ ─ ●

⌐♃כ♦☻ ∆╢ ─ ╩╕≤╘ ⌐ ∆╢ Taranaki 

basin (New Zealand) Surma basin (Bangladesh) ─ ╠⅛♃כ♦☻● ∕─

╩ ∫√  

 

6.2. ●☻─ ŭ13C ─  

6.1 ⌐ ●☻─d13C ≤ VRr (%) ─

╩ ⇔√♄▬▪◓ꜝⱶ⌐ ─ ╛ ⌐ ∆╢ ●☻♦

) ♃כ 3 ) ╩ⱪ꜡♇♩⇔√ ─ Berner and Faber (1996) ≢

↕╣√⸗♦ꜟ⌐ ═≡ ≢ ╠╣√♄▬▪◓ꜝⱶ│

●☻─d13C ≤ ↄ ⇔≡⅔╡ ●
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☻─ ╩ ∆╢ ≢ ⌂ ╡⌂≥♃כ♦ ╢↓≤╩ ⇔≡™╢

●☻─d13C │ ⅛╠─ ♃▬Ⱶfi◓ ( ●☻─

) ─ ≤⇔≡ ≢№╢⅜ ⌐⅔↑╢ ⌐d13C

⅜ ⇔≡⇔╕∫√ │ ≤⇔≡─ ⅜ ⌂╦╣╢

●☻─d13C ⅛╠ ╩ ∆╢ ⌐│ d13C ⌐ ╩ ⅎ╢ ⌐

≈™≡ ∆╢ ⅜№╢ ≢ ╠╣√♄▬▪◓ꜝⱶ ( 4.8) 

╩ ─ ⌐ ∆╢ ⌐♃כ♦☻● ∆╢ ⌐╙ ∆═⅝

⅜№╢ ⌐∕╣╠─ ⌐ ⇔≡ ⇔ ╛ ⌐

∆╢ Surma basin ≤ Taranaki basin ─ ●☻─ ╩ ∫√  
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6.1. ⌐ ℮ ●☻─ ŭ13C ─ ≤

─♃כ♦☻●  ( ) ⱷ♃fi≤◄♃fi─ ŭ13C ─

( ) ◄♃fi≤ⱪ꜡Ɽfi─ ŭ13C ─  
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6.2.1. ●☻─d13C ─ ⌂  

6.1 ─d13C1 ≤d13C2 ─♄▬▪◓ꜝⱶ≢│ d13C1 ≤d13C2 ─♄▬▪

◓ꜝⱶ⌐⅔™≡d13C1─┌╠≈⅝⅜ ⅝™ ↓─ │ d13C1 ⌐ ⇔≡

─ ⌂ ⅜ ™√╘≤ ⅎ╠╣╢ C1 │ ╛ ⌐

╗ ─ ╛ ⅛╠─ ⌐⅔↑╢ ⅜

⌂™ ⅜№╢ ( 3.9 ) ⌐ ≤⌂╢ ⅜

™ │ ↕╣╢╕≢⌐ ─ ⌐ ∫≡ ⅝⌂

 (5ă<) ⅜ ∂╢ ╙ ↕╣≡™╢√╘ ⅜ ≢№╢ 

(Prinzhofer and Pernaton, 1997) ╕√ ⌐ ⌂ ≢│ ⱷ♃fi

─ ⌐╟∫≡ ─ C1 ⅜ ↕╣ ∕─d13C │ -50ă ╩

∆ ⅜ ™ (e.g., Ahmed and Smith, 2001; Schoell, 1980, 1988; Smith and 

Pallasser, 1996; Whiticar et al., 1986) C1 ─d13C │ -50ă

╟╡╙ ⅝™ ∕╣╝ⅎ ●☻⅜ ┼ ∆╢╕

≢─ ╛ ⌐ C1 ─ ⅜ ∂╢ ≢│ C1─d13C

⅜ ↄ⌂╢ ╕√ Whiticar and Faber (1986) │ ─ ╛

─●☻─ ⌐╟∫≡ ⅜ C2 ─ ●☻⌐ ═≡ C1

╩ ⌐ ∆╢↓≤╩ ⇔√ ↓─ │ 12C ╩ ≈ C1 ╩

⌐ ∆╢√╘ ↕╣∏⌐ ∫√ C1 ─d13C ⅜ ⅝ↄ⌂╢  

d13C2 ≤d13C3 ♄▬▪◓ꜝⱶ≢│ ♃כ♦─☻●

⅜d13C1 ≤d13C2 ♄▬▪◓ꜝⱶ⌐ ═≡ ≢ ╠╣√d13C ─

⌐ ⇔≡™╢ C2 ─ ●☻⌐ ⇔≡│ ⅛╠─

⌐⅔↑╢d13C ─ ⅜ ╘╠╣∏ ( 3.9) ╛ ⌐⅔↑╢

⅜ ⌐ ↕™≤ ⅎ╠╣╢ ╕√ ⱷ♃fi │

─ C2 ╙ ⇔ (Oremland et al., 1988) ∕─ C 2 ─d13C │ C1≤ ⌐

-50ă ╩ ∆≤ ↕╣≡™╢ (Mattaveli et al., 1992; Waseda and Didyk, 
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1995) ⇔⅛⇔⌂⅜╠ C2 ─ │ ╘≡ ≢№╢↓≤⅛╠

C1 ⌐ ═≡ C2 ≤ C2 ─ ⅜ ∂√≤⇔≡╙

C2 ─ ⌐⅔↑╢d13C ╩ ⅝ↄ ↕∑╢ │ ™≤

ⅎ╠╣╢ ╕√ ⅜ C2 ─ ●☻⌐ ═≡ C1 ╩ ⌐

∆╢↓≤⅛╠ (Whiticar and Faber, 1986) C2 ─ ●☻─

⌐ ℮d13C ─ ╙ C1 ⌐ ═≡ ↕™ ⅜№╢ ─↓≤

│ ●☻─ ╩ ●☻─d13C ⅛╠ ∆╢ d13C2 ≤

d13C3 ♄▬▪◓ꜝⱶ╩ ™╢↓≤≢╟╡ ⌂ ⅜ ≢№╢↓≤╩

⇔≡™╢  

╕√ ─ │ ≤⇔≡ ⅝ ─ ◒

ꜝ♇◐fi◓╩ ↕∑╢≤ ⅎ╠╣≡™╢ (e.g., Lewan, 1997; Mango et al., 

1994) ⌐ ═≡ ⅜ ™ ─ │ ∂  

(VRr) ≢╙ ⅛╠ ↕╣╢╕≢─ ⌐ ─ ⌐╟∫

≡ ◒ꜝ♇◐fi◓⅜╟╡ ⇔ ●☻─d13C ⅜╟╡ ⅝ↄ⌂╢

⅜№╢ ─ ╙ ⅎ⌂⅜╠ ≢ ╠╣√

●☻─d13C ╩ ∆╢↓≤⌐╟∫≡ ⌐

∆╢ ●☻─ ♃▬Ⱶfi◓╩╟╡ ⌐ ≢⅝╢╙─≤

╦╣╢  

 

6.2.2. ─ ŭ13C ─  

≢│ ●☻ ─ ≤ ↕╣≡™╢

⅛╠ ⇔√  (d13C = -24.0ă) ─ ⌐ ≠™

≡♄▬▪◓ꜝⱶ╩ ⇔ ●☻ ─ ●☻─ ╩ ⇔√ 

( 5 ) ─d13C │ -30 ~ -20ă─ ⌐№╡ ∕─ ↄ│-27 

~ -22ă─ ╩ ∆  (e.g., Deines, 1980; Kotarba et al., 2004; Mastalerz and 
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Schimmelmann, 2002; Whiticar, 1996) ●☻─d13C │

≤⌂╢ ╙⇔ↄ│ ─d13C ─ ╩ ↑╢≤ ⅎ╠╣

╢ ∫≡ ≢ ╠╣√♄▬▪◓ꜝⱶ ( 4.8) ╩ ™≡ ─

⌐ ∆╢ ●☻─ ╩ ∆╢ │ ─d13C

╩ ∆╢ ⅜№╢ Clayton (1991) ⌐╟╣┌ ─d13C ≤

─d13C ─ │ 1 ~ 2Χ ≤ ↕╣≡™╢ ≤ ↕╣

≡™╢ ─ ╩ ⌂™ │ ●☻≤ ∆╢ ─d13C

⅛╠ ─d13C ─ ⅜ ╦╣╢ (e.g., Gürgey et al., 2005; 

Waseda and Iwano, 2008) ●☻ Akebono-1 ⅛╠ ↕╣√

─d13C │ -26.1ă≤ ↕╣≡™╢ ( ╒⅛ 2002)

─d13C │ -24.0ă≢№╡ - ─d13C ─ ⅜

⅝™ ●☻ ─ │ wax ⌐ ╖ ⌐

╗↓≤⅜ ↕╣≡™╢ (e.g., Yessalina et al., 2006) ⌐ ─

─d13C │ ╟╡╙ ↕™ (e.g., Stahl, 1977; 

Curiale et al., 2002) ∕─√╘ ●☻ ─ ≤ ─d13C

─ ⅜ ⅝ↄ ╣√≤ ⅎ╠╣╢ ─d13C ⅛╠

─d13C ╩ ∆╢ │ / ─ ⌂≥╩ ∆╢

↓≤⌐╟╡ ↕╠⌐ ⌐ ●☻─d13C ⅛╠ ●☻─ ╩

∆╢↓≤⅜ ╢╙─≤ ⅎ╠╣╢  

 

6.2.3. ●☻─  

6.2.3.1. Surma basin ─ ●☻─  

Surma basin │ Ᵽfi◓ꜝ♦◦ꜙ─ ⌐ ⅜╢ Bengal basin ─

sub-basin ≢№╢ ( 6.2) Surma Basin ⌐ ⅜╢ ●☻ ─ │

Miocene Bhuban Formation ( 6.3) ⅜ ⌂ ≢№╢≤ ↕╣≡™╢ 
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(e.g., Ahmed et al., 1991; Curiale et al., 2002) Surma Basin ─ ●☻│ ⌐

─ ⌐ ∆╢╙─≤ ↕╣≡™╢ (e.g., Alam, 1989; 

Curiale et al., 2002; Johnson and Alam, 1991)  

Surma basin ─ oil ⅜ ↕╣√≤⅝─ ─ ⌂

│ Rc = 0.8 ~ 1.3%─ ≢№╢≤ ↕╣≡™╢ (Hossain et al., 2014) ↓

╣╕≢╙Curiale et al. (2002) ╛Shamsuddin and Khan (1991) ⌐╟∫≡ Surma 

basin ─ ●☻ ─ ●☻─d13C ⅜ ↕╣≡™╢ ⇔⅛⇔⌂⅜

╠ ─ ≤ ●☻─d13C ─ ⅜ ↕╣

≡™⌂⅛∫√√╘ ●☻─ ╩ ∆╢⌐│ ∫≡™⌂⅛∫√  

≢│ ─ ⅛╠ ╘√ ●

☻─d13C ≤ VRr (%) ─ ╩ ⇔√♄▬▪◓ꜝⱶ ( 4.8) ╩ ™≡

Surma basin ─ ●☻─ ╩ ╖√ ⇔√ ╡ ●

☻─d13C │ ─♃▬ⱪ╛ ─╖⌂╠∏ ●☻─

─d13C ─ ╙ ↑╢≤ ⅎ╠╣╢ ∫≡ ●☻

─ ╩╟╡ ⌐ ∆╢⌐│ ─d13C ╩ ∆╢

⅜№╢ Clayton (1991) ⌐╟╣┌ ─d13C ≤ ─d13C ─

│ 1 ~ 2Χ ≤ ↕╣≡™╢ Surma basin ─ ●☻⌐ ℮ oil ─

d13C ─ ⅜ -26.0ă (n = 10; data from Curiale et al., 2002) ≢№╢

∫≡ Surma basin ─ ●☻─ ─d13C │ ⅔╟∕-24.0 ~ -

25.0ă≢№╢≤ ↕╣╢ Surma basin ─ │ wax ⌐ ╗≤ ↕╣

≡™╢ (e.g., Curiale et al., 2002; Hossain et al., 2014) ●☻ ─ ≢

│ ─ ≈≤ ⅎ╠╣╢ ─d13C ⅜-24.0ă wax

⌐ ╗ oil ─d13C ⅜-26.1ă≤ ↕╣≡⅔╡ oil ─d13C │

≢№╢ ╟╡╙⅔╟∕ 2ă ↕™ Surma basin ─ ⅜ wax

⌐ ╗↓≤⅛╠ ≢│ ●☻ ─ ≤ ⌐ Surma basin ─
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●☻─ ─d13C │ ╟╡╙⅔╟∕ 2ă ⅝™≤

⇔√ (d13C = -24ă) 6.4 ⌐ ●☻─d13C

≤ Surma Basin ─ 2000 ~ 4000m ─  ,.Curiale et al) ♃כ♦☻●

2002; Shamsuddin and Khan, 1991) ╩ⱪ꜡♇♩⇔√  

Surma basin ─ │♃כ♦☻● ─ ⌐ ℮

●☻─d13C ⌐ ═≡d13C1 ⅜ ™ ╩ ⇔√ ( 6.4) d13C 2 ≤

d13C3 ─♄▬▪◓ꜝⱶ≢│ ╩♃כ♦─ ⅝ VRr = 0.8 ~ 1.2%─ ◄ꜞ

▪⌐ ∆╢ ╩ ⇔√ Surma basin ─●☻ ⅛╠ ╠╣√ ●

☻─d13C ╙ ●☻ ≤ ⌐ ─ Type-III ◔꜡☺▼fi⌐ ∆╢

●☻─d13C ─ ≤│ ╠⅛⌐ ╣≡™╢  

d13C1 ⅜ ─ ⌐ ℮ ●☻─d13C ⌐

═≡╛╛ ™ ╩ ∆↓≤│ C1 ⌐ ═≡ ⌐ ™

C1 (<-50Χ) ⅜ ⇔≡™╢ ⅜ ⅎ╠╣╢ ⌐

─ ™ ─ ●☻╛ ─ seep gas │ C1 ─

╛ ●☻─ ⅜ ∂╛∆™ ╩ ↑√

●☻─d13C │ ⅝ↄ⌂╢ (e.g., Whiticar, 1986) Bengal basin ─ ─

│ 1.8 ~ 2.2 ºC/ 100m ≤ ↕╣≡™╢ (Shamsuddin and Yakoviev, 

1987) ╩ 2 ºC/ 100m ─ ╩ 15 ºC ≤ ∆╢≤ 2000 

~ 4000m ─ ─ │ 55 ~ 95 ºC ≤ ↕╣╢ ∕─√╘ ↓╣╠─

●☻─ ≢│ ─ C1 ⅜ ⇔≡™╢ ⅜№

╢  d13C2 ≤d13C3 ♄▬▪◓ꜝⱶ⌐⅔™≡│ ⅜♃כ♦─≤╪≥╒ VRr = 0.8 

~ 1.2%⌐ ⇔≡™╢ Hossain et al. (2014) ≢│ Surma basin ─ oil ─

♃▬Ⱶfi◓ ( ) ╩ Rc = 0.8 ~ 1.3%≤ ⇔≡™╢ ⌐ oil ⌐ ═

≡ ●☻─ Ⱨכ◒│ ╟╡ ™ ≢ ⅎ╢↓≤⅛╠ oil

⅜ ↕╣√ ⌐ ═ ●☻⅜ ↕╣√ ─ ─
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│ ╟╡ ™ ⌐⌂╢↓≤⅜ ™ Surma basin ⌐⅔™≡ oil ≤

●☻─ ♃▬Ⱶfi◓⅜╒╓ ∂ ≢№╢↓≤│

─ ⅜ ≢№╡ ⌐ ═≡ ⅜ ™√╘ ⇔√ oil ≤

●☻⅜╒╓ ⌐ ↕╣√ ⅜ ⅎ╠╣╢  
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6.2. Surma basin ≤ ●☻ ─  (Hossain et al., 2014)  

 

 

 

 

 

 

 

 
























































































