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Bl 1 iR Be B (a) (i Tissot et al. » 1974) Fl 1 8 AR $ R e 0o 2 19 08 4k i o A5 28 (b) (4 Lewan. 1997)

Fig. 1 Classic pattern of hydrocarbon generation theory (a) (after Tissot et al. , 1974) and the pattern of

disproportionation reaction during the thermal decomposition process of kerogen (b) (after Lewan, 1997)
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Table 1 A summery of hydrogen abundances in various geological bodies
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al. , 2013; Morrill et al. » 2013; Lollar et al. » 20145 Yuce et al. , 2014;
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Pl 2 3 5 1 ) IR VIR YR S A il ™ 2R R (25 D AR
Xt IR AR, R A G AL IE TR ZE vhD (B Wu et al. , 2021)
Fig. 2 Influences of higher reduced condtions on the
hydrocarbon yields of low-maturity source rock (empty
collum is the control experiment without redox buffer)

(after Wu et al. , 2021)

T AR A T Rk s A % .

ZET0 A (2022) DAy U FE IR R K 7R ik B L B
REPRT T WA RN 4. W58 T 4 JE A 1k A i
FGF Ak T AR R R . T
NaBH, Z# 400 H, , 78 5 1 & A #2440 3
AL AEATE YRR T S R H o X RIS
FWT, 4 A AL RN X T AR B RS R BT R
B, At A H) NaBH, B9 A B EEH# T
AL T B AR (A R = R (9. 4~ 12. 8 /%), I, 78
FE 1 SR L N7 R 6% 0 v YAk T AR TS f AR AR

SR AE 52 B b JoE A v L AR S AR TR 2R =
71V 2 N IR N R W 5751 B3 SO = 1 A
LSS EL TR 2 b v S B KT, BTSN IR A AR
S 5EIRMREMAR ., SRBREVIR BT
rf 3R A7 AE L (E R I X2 P R AR T
JE 300 5 A |l X A R B AR B A R A SR
W B ) 4% (Levshounova, 1991; Yuce et al.,
2014; Boreham et al. , 2021) , 1 H# B hH S| E
RS I S O NG o = Q. L i
(Levshounova, 1991), H F/K#MAE R SR E F &
2 18 5 R T 1 R ), 3 R R R AR Y SR
J¥ Z# (Shaw et al. , 1964), A] LIl i3 KRR A&
ST R AR L BN, DT 7 km (Y
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ARG IRE WK R, W AR ) 1) 74
075 B AN ] U B2 2% A HB% B8 3k 3745 (ETE) Fir i3 i
], R BAE R T 200°C Hu BT 261 F » H 3% 8 34 313
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3 EETW C/H R 2 4318 iy K -in & AR ot ke i AR R (8 He et al. , 2021)
Fig. 3 C- and H-isotope fractionation of CH, with various contributions (x) from the H, O-hydrocarbon reaction
(after He et al. , 2021)
(a)— % HLgl—FE R4 b 2 0 R 2 i 23 /04 s (b) — AR B 4 b J28 DU A0 I R By 0~ 1 S /K &0 BT ik L

(a)—Carbonate reservoir gases in the Sinian-Cambrian; (b)—shale gas in the Silurian; the value of 0~1 on the curves indicates the contribution

proportion of H from water
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Fig. 4 The pattern schema of hydrocarbon generation mechanism via organic-inorganic interaction pathway

PR SRS . ARAI-TIE S R
VT2 A2 K- B2 R G2 09 3 J 28 A T 5 LA BIL B
AR L TR T 7 45O BRI, K H AR
TR AR J B 4 hg i 28 e 6 o 05 FRY - B
MB-FEE I =A B Be (B 40 AR RBCRE  TURR A
BLIR A A= 2 BRI 45 4 5 i o 1 S0 T R & R &
RIE o 51 T AR G 400 80 BB 2 0L, 7 AR SN g
A HL-JCALAE & A eV AT 28k A I T R Y L AR
A HLE A A AT A WA 04 B Bk 7 0 B B ml /s
45 T A T R 7 e A B B T i K
L

FE LR 25 M v )2 OB B B 2 i 2 i 300D, [
NI SR B AR R T B B =R (H/O)
QL R AR SN LA 1T RE & A= L B (G
FWE AR THA = AR AYROR . A A I s NS R
B B 245 A A T B 32 87 W o R A BILISE 1 BE
AR AN R IR T R B R S W 2L
BB i Phbe e C—C oy 3,

T 7 b TR V2 1) o - o TR 2R AT 38 X 0 T
S B PR T S0 g T A KRR T A B A AR
i S A 2R R 6 8K L I L AT I 35 1 i SR AR
AR, EZSNREAS SMAI-EILE SRR
T RE A8 8 153 08 TR U2 1) 1o — i J0 A A S B TRAR R AR
R B 1 A2 SR T B A LTS PR R O L

S 2 TY LI Y 3R S 2 O T O AT BE AT AE AR D i 57
JEIF IR

T 2R s JBE R 1 R L A IR A A 8RR
BB AR S WA BEAE T 07 7 45 K JF 35 2 i
AU BECRARARARAG . SC I8 A 3 SR L 24 0T
AL H/C<0. 3 I, AR Ja B 504 3k LA e b U &
AR . A B R HN TR
TRV AT BEAF A2 LUAT HURR S B U5 A B 8- B o
DURR 3 M 19 A= J P P9 [k — 2 1) 1 S {1 (AT 4D

6 455

AR SCLEA T VIR A T SRR TR o AR R AE &
3% 85 KT FORE AR R 5 e AF LA O S B IS G
A P A A 30 B A0F 9 0 R, 4 DU RR 4 A HL- T
PLE & A IR TN

(1D VTR 0 M8 TR 2 IR B8 A R A HL-TE LA
A RN SR AE K25 RN BR 2 138 J5 451 5 LK
H R AN R L 5 4 B A R e S0

()W) 7 Hb B SR A AR R o R R i TR
Ko e 2 5 o AR B T Y Ak 27 RN 45 K K A L
THLE A R TR EE H/C=0. 3 ZHi.

O T 3 KA H-TLHLE G LK 0 A bR
B EGRE R TUIRBA ML A B SR 3T
bt C/H. (R 28 4318 1 /K -Ja i & 26 /< ot ik 1 i s R

|



oS

968 http://www. geojournals. cn/dzxb/ch/index. aspx

i
2023 4F:

e C [R o 28 5T %0 4 1 s AR =6 2 [ 1R 7 C T
(VAENIDREEEE e 8

(OIS TAHHL-TCHLE & A R i B, %) 4% G2
W RARARBIE AT T EH . EZBEBERNRT,
DURRA BIL I A AL A7 A6 W1 S A B Bk il B8 26
TUAR IR AR e B o 28 Y (Al o 20 BRI 45 4 | 34 s
JIEA R SR I R PR E

Brift RO TR LA 5 e R TR A G S 56 F
FEH BEAT R P B T AR

References

Amrani A. 2014. Organosulfur compounds: molecular and isotopic
evolution from biota to oil and gas. Annual Review Earth &
Planetary Sciences, 42(1): 733~768.

Angino E, Coveney R, Goebel E, Zeller E, Dreschhoff G. 1984.
Hydrogen and nitrogen-origin, distribution, and abundance, a
follow-up. Oil & Gas Journal, 82: 142~146.

Angino E, Zeller E, Dreschhoff G, Goebel E, Coveney J R. 1990.
Spatial distribution of hydrogen insoil gas in central Kansas,
USA. In: Durrance E M, ed. Geochemistry of Gaseous
Elements and Compounds. Athens: Theophrastus
Publications, 485~493.

Arnorsson S, 1985. Gas pressures in geothermal systems. Chemical
Geology, 49(1-3); 319~328.

Bai Bin, Zhou Lifa, Liu Binhui, Xie Qifeng, Xie Dongning. 2006.
Characteristics of hydrocarbon source rocks in the Permian of
southern area of North China basin. Northwest Geology, 39
(3):48~54 (in Chinese with English abstract).

Bai Guoping, Cao Binfeng. 2014. Characteristics and distribution
patterns of deep petroleum accumulations in the world. Oil &
Gas Geology, 35 (1): 19 ~ 25 (in Chinese with English
abstract).

Blavoux B, Dazy J. 1990. Caractérisation d’une province a CO, dans
le bassin du Sud-Est de la France. Hydrogéologie (Orléans) , 4:
241~252.

Boreham C J, Edwards D S, Czado K, Rollet N, Wang Liuqi, van
der Wielen S, Champion D, Blewett R, Feitz A, Henson P A.
2021. Hydrogen in Australian natural gas: Occurrences,
sources and resources. The APPEA Journal, 61(1): 163~191.

Boulart C, Chavagnac V, Monnin C, Delacour A, Ceuleneer G,
Hoareau G. 2013. Differences in gas venting from ultramafic-
hosted warm springs: The example of Oman and Voltri
ophiolites. Ofioliti, 38(2): 143~156.

Briere D, Jerzykiewicz T. 2016. On generating a geological model
for hydrogen gas in the southern Taoudeni Megabasin
(Bourakebougou area, Mali). International Conference and
Exhibition, Barcelona, Spain, 3-6 April 2016.

Burruss R C, Laughrey C D. 2010. Carbon and hydrogen isotopic
reversals in deep basin gas: Evidence for limits to the stability
of hydrocarbons. Organic Geochemistry, 41(12): 1285~1296.

Canfield D E, Rosing M T, Christian B. 2006. Early anaerobic
metabolisms. Philosophical Transactions of the Royal Society
B: Biological Sciences, 361(1474): 1819~1836.

Chen Jian, Jia Wanglu, Yu Chiling, Zhang Xiangyun, Peng
Ping’an.  2020.
pyrobitumen  rapidly

Bound hydrocarbons and = structure of

formed by asphaltene cracking:
Implications for oil-source correlation. Organic Geochemistry,
146. 104053.

Cheng Bin, Zhao Jing, Yang Chupeng, Tian Yankuan, Liao Zewen.
2017. Geochemical evolution of occluded hydrocarbons inside
geomacromolecules: A review. Energy & Fuels, 31(9); 8823
~8832.

Coveney R M J, Goebel E D, Zeller E J, Dreschhoff G A, Angino E

(C)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved.

E. 1987. Serpentinization and the origin of hydrogen gas in
Kansas. AAPG Bulletin, 71(1). 39~48.

Deville E, Prinzhofer A. 2016. The origin of N,-H,-CH,-rich
natural gas seepages in ophiolitic context: A major and noble
gases study of fluid seepages in New Caledonia. Chemical
Geology, 440 139~147.

Deville E, Prinzhofer A. 2017. Hydrogene Naturel: La Prochaine
Révolution Energétique-Berlin: Belin éditeur.

Dubessy J, Pagel M, Beny J-M, Christensen H, Hickel B,
Kosztolanyi C, Poty B. 1988. Radiolysis evidenced by H,-0O,
and H,-bearing fluid inclusions in three uranium deposits.
Geochimica et Cosmochimica Acta, 52(5); 1155~1167.

Etiope G, Schoell M, Hosgérmez H. 2011. Abiotic methane flux
from the Chimaera seep and Tekirova ophiolites ( Turkey) :
Understanding gas  exhalation from low temperature
serpentinization and implications for Mars. Earth and Planetary
Science Letters, 310(2): 96~104.

Etiope G, Samardzi¢c N, Grassa F, Hrvatovic H, Miosi¢ N,
Skopljak F. 2017. Methane and hydrogen in hyperalkaline
groundwaters of the serpentinized Dinaride ophiolite belt,
Bosnia and Herzegovina. Applied Geochemistry, 84. 286
~296.

Evans W C, Banks N G, White L D. 1981. Analyses of gas samples
from the summit crater. US Geol. Surv. Prof Paper, 1250.
227~231.

Fiebig J, Hofmann S, Tassi F, D’Alessandro W, Vaselli O,
Woodland A B. 2015. Isotopic patterns of hydrothermal
hydrocarbons emitted from Mediterranean volcanoes. Chemical
Geology, 396: 152~163.

Gao Ling, Schimmelmann A, Tang Yongchun, Mastalerz M. 2014,
Isotope rollover in shale gas observed in laboratory pyrolysis
experiments: Insight to the role of water in thermogenesis of
mature gas. Organic Geochemistry, 68: 95~106.

Gilat A, Vol A. 2005. Primordial hydrogen-helium degassing, an
overlooked major energy source for internal terrestrial
processes. HAIT Journal of Science and Engineering B, 2(1-2) :
125~167.

Goebel E D, Coveney Jr R M, Angino E E, Zeller E. 1983.
Naturally occurring hydrogen gas from a borehole on the
western flank of Nemaha anticline in Kansas. AAPG Bulletin,
67 1324~1324.

Gueélard J. 2016, Caractérisation des émanations de dihydrogene
naturel en contexte intracratonique: exemple d’une interaction
gaz/eau/roche au Kansas. Doctoral dissertation of Paris 6.

Guélard J, Beaumont V, Rouchon V, Guyot F, Pillot D, Jézéquel
D, Ader M., Newell K, Deville E. 2017. Natural H, in
Kansas: Deep or shallow origin? Geochemistry, Geophysics,
Geosystems, 18: 1841~1865.

Guo Zhangian. 2001. Mineralized hydrothermal liquid and petroleum
generation. Xinjiang Petroleum Geology. 22(3): 181~ 184+
273 (in Chinese with English abstract).

Han Shuangbiao, Tang Zhiyuan, Yang Chunlong, Xie Linfeng,
Xiang Chaohan, Brian H, Wang Chengshan. 2021. Genesis and
energy significance of hydrogen in natural gas. Natural Gas
Geoscience, 32 (9): 1270 ~ 1284 (in Chinese with English
abstract).

Hao Yinlei, Pang Zhonghe, Tian Jiao, Wang Yingchun, Li
Zhongling, Li Liwu, Xing Lantian. 2020. Origin and evolution
of hydrogen-rich gas discharges from a hot spring in the eastern
coastal area of China. Chemical Geology, 538: 119477,

Hawkes H. 1972. Free hydrogen in genesis of petroleum. AAPG
Bulletin, 56 2268~2270.

He Kun, Zhang Shuichang, Mi Jingkui, Zhang Wenlong. 2018.
Pyrolysis involving n-hexadecane, water and minerals: Insight
into the mechanisms and isotope f{ractionation for water-
hydrocarbon reaction. Journal of Analytical and Applied
Pyrolysis, 130: 198~208.

He Kun, Zhang Shuichang, Mi Jingkui, Fang Yu, Zhang Wenlong.
2019. Carbon and hydrogen isotope fractionation for methane

http://www.cnki.net



53 1

55 G5 TR B TR 2 AT HL-TE LI & A R L D o A5 969

from non-isothermal pyrolysis of oil in anhydrous and
hydrothermal conditions. Energy Exploration &. Exploitation,
37(5): 1558~1576.

He Kun, Zhang Shuichang, Wang Xiaomei, Mi Jiangkui, Zhang
Wenjun, Guo Jinhao, Zhang Wwenlong. 2021. Pyrolysis of 1-
methylnaphthalene involving water: Effects of Fe-bearing
minerals on the generation, C- and H-isotope fractionation of
methane from H, O-hydrocarbon reaction. Organic Geochemistry,
153 104151.

Headlee A. 1962. Hydrogen sulphide, free hydrogen are vital
exploration clues. World Oil, 155(6): 78~89.

Helgeson H C, Richard L., McKenzie W F, Norton D L, Schmitt
A. 2009. A chemical and thermodynamic model of oil
generation in hydrocarbon source rocks. Geochimica et
Cosmochimica Acta, 73(3): 594~695.

Horibe Y, Craig H. 1995. D H fractionation in the system methane-
hydrogen-water. Geochimica et Cosmochimica Acta, 59(24) .
5209~5217.

Hosgormez H, Etiope G, Yalcin M N. 2008. New evidence for a
mixed inorganic and organic origin of the Olympic Chimaera fire
(Turkey ): A large onshore seepage of abiogenic gas.
Geofluids, 8(4): 263~273.

Huntingdon A T. 1973. Mount Etna and the 1971 eruption-the
collection and analysis of volcanic gases from Mount Etna.
Philosophical Transactions of the Royal Society of London.
Series A, Mathematical and Physical Sciences, 274(1238): 119
~128.

Tkorsky S V, Gigashvili G M, Lanyov V D, Petersilye I A. 1999.
The investigation of gases during the Kola superdeep borehole
drilling (to 11. 6 km depth). Geologische Jahrbuch Reihe D,
107. 145~152.

Jenden P D, Drazan D J, Kaplan I R. 1993. Mixing of thermogenic
natural gases in northern Appalachian basin. AAPG Bulletin,
77(6): 980~998.

Jin Zhijun, Zhang Liuping, Yang Lei, Hu Wenxuan. 2004. A
preliminary study of mantle-derived fluids and their effects on
oil/gas generation in sedimentary basins. Journal of Petroleum
Science and Engineering, 41(1-3): 45~55.

Kiyosu Y. 1983. Hydrogen isotopic compositions of hydrogen and
methane from some volcanic areas in northeastern Japan. Earth
and Planetary Science Letters, 62(1): 41~52.

Klein F, Grozeva N G, Seewald J S. 2019. Abiotic methane
synthesis and serpentinization in olivine-hosted fluid inclusions.
Proceedings of the National Academy of Sciences, 116 (36):
17666~17672.

Levshounova S P. 1991. Hydrogen in petroleum geochemistry.
Terra Nova, 3(6): 579~585.

Lewan M D. 1997. Experiments on the role of water in petroleum
formation. Geochimica et Cosmochimica Acta, 61(17): 3691~
3723.

Li Kang, Lu Hong, Zhao Zhongfeng, Peng Ping’an. 2022. The
effect of hydrogen donor NaBH, and Ni series metals on
hydrocarbon generation and catalytic mechanism of highly
evolved kerogen. Geochemistry, 51(6): 651 ~658 (in Chinese
with English abstract).

Liang Xiao, Wu Liangliang, Li Yading, Li Jing, Fang Xinyan, Pu
Boyu, Wang Hua, Liu Shugen. 2021. Oil source correlation
and its relationship with deeply buried hydrocarbon
accumulations in Tianjingshan paleo-uplift area northern
segment of western Sichuan depression. Petroleum Geology &
Experiment, 43 (1): 96 ~ 111 (in Chinese with English
abstract).

Lin L H, Hall J, Lippmann-Pipke J, Ward J A, Sherwood Lollar B,
DeFlaun M, Rothmel R, Moser D, Gihring T M, Mislowack
B. 2005. Radiolytic H, in continental crust: Nuclear power for
deep subsurface microbial communities.  Geochemistry,
Geophysics, Geosystems, 6(7): 1525~2027.

Liu Chiyang. 2013. The rich pole of mineral resources generation
and distribution—the “ two eight rule” of nature. Acta

(C)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved.

Geologica Sinica, 87 (S1): 187 (in Chinese with English
abstract).

Liu Jiayi, Liu Quanyou, Zhu Dongya, Meng Qinggiang, Huang
Xiaowei. 2019. Influences of the deep fluid on organic matter
during the hydrocarbon generation and evolution process.
Natural Gas Geoscience, 30 (4): 478 ~492 (in Chinese with
English abstract).

Liu Yang, Tang Xuan, Zhang Jinchuan, Mo Xuanxue, Huang
Huang, Liu Ziyi. 2018. Geochemical characteristics of the
extremely high thermal maturity transitional shale gas in the
southern North China basin (SNCB) and its differences with
marine shale gas. International Journal of Coal Geology, 194
33~44.

Lollar B' S, Frape SK, Fritz P, Macko S A, Welhan J A, Blomqvist
R, Lahermo P W. 1993a. Evidence for bacterially generated
hydrocarbon gas in Canadian Shield and Fennoscandian Shield
rocks. Geochimica et Cosmochimica Acta, 57 (23-24). 5073
~5085.

Lollar B S, Frape S K, Weise S M, Fritz P, Macko S A, Welhan ]
A. 1993b. Abiogenic methanogenesis in crystalline rocks.
Geochimica et Cosmochimica Acta, 57(23-24): 5087~5097.

Lollar B S, Lacrampe-Couloume G, Slater G F, Ward J, Moser D
P, Gihring T M, Lin L-H, Onstott T C. 2006. Unravelling
abiogenic and biogenic sources of methane in the Earth’s deep
subsurface. Chemical Geology, 226(3-4): 328~339.

Lollar B'S, Onstott T C, Lacrampe-Couloume G, Ballentine C J.
2014. The contribution of the Precambrian continental
lithosphere to global H, production. Nature, 516(7531): 379~
382.

Love G D, McAulay A, Snape C E, Bishop A N. 1997. Effect of
process variables in catalytic hydropyrolysis on the release of
covalently bound aliphatic hydrocarbons from sedimentary
organic matter. Energy & Fuels, 11(3): 522~531.

Mastalerz M, Schimmelmann A, Hower J C, Lis G, Hatch J,
Jacobson S R. 2003. Chemical and isotopic properties of
kukersites from lowa and Estonia. Organic Geochemistry, 34
(10): 1419~1427.

Melcher F, Grum W, Simon G, Thalhammer T V, Stumpfl E F.
1997. Petrogenesis of the ophiolitic giant chromite deposits of
Kempirsai, Kazakhstan: A study of solid and fluid inclusions in
chromite. Journal of Petrology, 38(10): 1419~1458,

Meng Qinggiang, Jin Zhijun, Liu Wenhui, Hu Wenxuan, Zhang
Liuping, Zhu Dongya. 2014. Distribution and genesis of
hydrogen gas in natural gas. Petroleum Geology &
Experiment, 36(6):712~717+ 724 (in Chinese with English
abstract).

Meng Qingqiang, Jin Zhijun, Sun Dongsheng, Liu Quanyou, Zhu
Dongya, Liu Jiayi, Huang Xiaowei, Wang Lu. 2021.
Geological background and exploration prospects for the
occurrence of high-content hydrogen. Petroleum Geology &
Experimental, 43(2): 208~216 (in Chinese with English abstract).

Milesi V, Guyot F, Brunet F, Richard L., Recham N, Benedetti M,
Dairou J, Prinzhofer A. 2015. Formation of CO,, H, and
condensed carbon from siderite dissolution in the 200~ 300°C
range and at 50 MPa. Geochimica et Cosmochimica Acta, 154
201~211.

Milesi V, Prinzhofer A, Guyot F, Benedetti M, Rodrigues R.
2016. Contribution of siderite-water interaction for the
unconventional generation of hydrocarbon gases in the Solimoes
basin, north-west Brazil. Marine &. Petroleum Geology, 71:
168~182.

Moore B J, Sigler S. 1987. Analyses of natural gases, 1917-85. US
Department of the Interior, Bureau of Mines.

Moretti I, Brouilly E, Loiseau K, Prinzhofer A, Deville E. 2021.
Hydrogen emanations in intracratonic areas: New guide lines
for early  exploration  basin  screening. Geosciences
(Switzerland) , 11(3): 145.

Morrill P L, Kuenen ] G, Johnson O J, Suzuki S, Rietze A,
Sessions A L, Fogel M L, Nealson K H. 2013. Geochemistry

http://www.cnki.net



oS

970 http://www. geojournals. cn/dzxb/ch/index. aspx

i
2023 4F:

and geobiology of a present-day serpentinization site in
California: The Cedars. Geochimica et Cosmochimica Acta,
109: 222~240.

Newell K D, Doveton J H, Merriam D F, Lollar B S, Waggoner W
M, Magnuson L. M. 2007. H,-rich and hydrocarbon gas
recovered in a deep Precambrian well in northeastern Kansas.
Natural Resources Research, 16(3): 277~292,

Ni Yunyao, Gao Jinliang, Chen Jianping, Liao Fengrong, Liu Jiaqi,
Zhang Dijia. 2018. Gas generation and its isotope composition
during coal pyrolysis: Potential mechanism of isotope rollover.
Fuel, 231: 387~395.

Niu Qiang, Zhang huanxu, Zhu Di, Xu Zhiyao, Yang Yunfeng,
Ding Anxi, Gao Hequn, Zhang Lisheng. 2020. Mud gas
isotopic logging of Wufeng-Longmaxi shale in southeastern
Sichuan basin. Natural Gas Geoscience, 31(9):1294~1305 (in
Chinese with English abstract).

Nivin V. A. 2016. Free hydrogen-hydrocarbon gases from the
Lovozero loparite deposit ( Kola Peninsula, NW Russia).
Applied Geochemistry, 74 44~55,

Nivin V' A, Treloar P J, Konopleva N G, Ikorsky S V. 2005. A
review of the occurrence, form and origin of C-bearing species in
the Khibiny alkaline igneous complex, Kola Peninsula, NW
Russia. Lithos, 85(1-4) . 93~112.

Petersen ] M, Zielinski F U, Pape T, Seifert R, Moraru C, Amann
R, Hourdez S, Girguis P R, Wankel S D, Barbe V. 2011.
Hydrogen is an energy source for hydrothermal vent symbioses.
Nature, 476(7359): 176~180.

Petersilie T A, Sgrensen H. 1970. Hydrocarbon gases and
bituminous substances in rocks from the Ilimaussaq alkaline
intrusion, South Greenland: (Contribution to the Mineralogy of
Ilimaussaq No. 18). Lithos, 3(1): 59~76.

Potter J, Rankin A H, Treloar P J. 2004. Abiogenic Fischer-
Tropsch synthesis of hydrocarbons in alkaline igneous rocks;
{luid inclusion, textural and isotopic evidence {rom the Lovozero
complex, NW Russia. Lithos, 75(3-4): 311~330.

Prinzhofer A, Cissé C S T, Diallo A B. 2018. Discovery of a large
accumulation of natural hydrogen in Bourakebougou (Mali).
International Journal of Hydrogen Energy, 43 (42). 19315
~19326.

Proskurowski G, Lilley M D, Kelley D S, Olson E J. 2006. Low
temperature volatile production at the Lost City Hydrothermal
Field, evidence from a  hydrogen stable isotope
geothermometer. Chemical Geology, 229(4) . 331~343.

Qin Shengfei, Zhou Guoxiao, Li Wei, Hou Yaohua, Lu Fang.
2016. Geochemical evidence of water-soluble gas accumulation
in the Weiyuan gas field, Sichuan basin. Natural Gas Industry,
36(1): 43~51 (in Chinese with English abstract).

Reeves E P, Seewald ] S. Sylva S P. 2012. Hydrogen isotope
exchange between n-alkanes and water under hydrothermal
conditions. Geochimica et Cosmochimica Acta, 77: 582~599.

Rogers G S. 1921. Helium-bearing natural gas. Professional paper
121. US Government Printing Office.

Sahu R, Song BJ. Im J S, Jeon Y-P., Lee C W. 2015. A review of
recent advances in catalytic hydrocracking of heavy residues.
Journal of Industrial and Engineering Chemistry, 27. 12~24,

Sano Y., Urabe A. Wakita H. Wushiki H. 1993. Origin of
hydrogen-nitrogen gas seeps, Oman. Applied Geochemistry, 8
(1): 1~8.

Seewald J S. 1994. Evidence for metastable equilibrium between
hydrocarbons under hydrothermal conditions. Nature, 370
(6487): 285~287.

Seewald J S. 1996. Mineral redox buffers and the stability of organic
compounds under hydrothermal conditions. MRS Proceedings,
432: 317.

Seewald J S. 2001. Aqueous geochemistry of low molecular weight
hydrocarbons at elevated temperatures and pressures:
Constraints from mineral buffered laboratory experiments.
Geochimica et Cosmochimica Acta, 65(10): 1641~1664.

Seewald J S. 2003. Organic-inorganic interactions in petroleum-

(C)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved.

producing sedimentary basins. Nature, 426(6964): 327~333.

Sessions A L, Sylva SP, Summons R E, Hayes ] M. 2004. Isotopic
exchange of carbon-bound hydrogen over geologic timescales.
Geochimica et Cosmochimica Acta, 68(7): 1545~1559.

Shaw H R, Wones D R. 1964. Fugacity coefficients for hydrogen
gas between 0 degrees and 1000 degrees C, for pressures to
3000 atm. American Journal of Science, 262(7): 918~929.

Shcherbakov A, Kozlova N. 1986. Occurrence of hydrogen in
subsurface fluids and the relationship of anomalous
concentrations to deep faults in the USSR. Geotectonics, 20
(2): 120~128.

Sherwood Lollar B, Voglesonger K, Lin L.-H, Lacrampe-Couloume
G, Telling J, Abrajano T A, Onstott T C, Pratt L. M. 2007.
Hydrogeologic controls on episodic H, release from Precambrian
fractured rocks—energy for deep subsurface life on Earth and
Mars. Astrobiology, 7(6): 971~986.

Shuai Yanhua, Liu Keyu, Hu Guoyi, Wang Tongshan, Tian
Xingwang, Zhang Bin, Chen Zhuxin. 2021. Gas accumulation
mechanisms of the Sinian reservoir in the Sichuan basin and
their significance for deep gas exploration. Acta Geologica
Sinica, 95 (11): 3400 ~ 3412 (in Chinese with English
abstract).

Sigvaldason G E. 1966. Chemistry of thermal waters and gases in
Iceland. Bulletin Volcanologique, 29(1): 589~604.

Smith N J P. 2002. It's time for explorationists to take hydrogen
more seriously. First Break, 20(4) . 246~253.

Smith N J P, Shepherd T, Styles M, Williams G. 2005. Hydrogen
exploration: A review of global hydrogen accumulations and
implications for prospective areas in NW Europe. Geological
Society, London, Petroleum Geology Conference series.
Geological Society of London, 349~358.

Speight ] G. 2004. New approaches to hydroprocessing. Catalysis
Today, 98(1-2): 55~60.

Suda K, Ueno Y, Yoshizaki M, Nakamura H, Kurokawa K,
Nishiyama E, Yoshino K, Hongoh Y, Kawachi K, Omori S.
2014. Origin of methane in serpentinite-hosted hydrothermal
systems: The CH,-H,-H,O hydrogen isotope systematics of
the Hakuba Happo hot spring. Earth and Planetary Science
Letters, 386;: 112~125.

Sugisaki R, Ido M, Takeda H, Isobe Y, Hayashi Y, Nakamura N,
Satake H, Mizutani Y. 1983. Origin of hydrogen and carbon
dioxide in fault gases and its relation to fault activity. The
Journal of Geology, 91(3): 239~258.

Symonds R B, Poreda R J, Evans W C, Janik C J, Ritchie B E.
2003. Mantle and crustal sources of carbon, nitrogen, and
noble gases in Cascade-Range and Aleutian-Arc volcanic gases.
US Geological Survey Open-File Report: 03-436.

Tassi F, Fiebig J. Vaselli O, Nocentini M. 2012. Origins of
methane discharging from volcanic-hydrothermal, geothermal
and cold emissions in Italy. Chemical Geology, 310-311: 36~48.

Teng Geer, Liu Wenhui, Xu Yongchang, Chen Jianfa. 2006.
Geochemical synthesis of high-revolutionary marine carbonate
source rocks: A case study of Ordos basin. Science in China
(Series D: Earth Sciences), 36(2):167~176 (in Chinese with
English abstract).

Tissot B, Durand B, Espitali¢ J, Combaz A. 1974. Influence of
nature and diagenesis of organic matter in formation of
petroleum. AAPG Bulletin, 58(3): 499~506.

Truche L., McCollom T M., Martinez I. 2020. Hydrogen and abiotic
hydrocarbons: Molecules that change the world. Elements, 16
(1): 13~18.

Vacquand C. 2011. Genése et mobilité de I'hydrogéne dans les
roches sédimentaires: Source d’énergie naturelle ou vecteur
énergétique stockable. Doctoral dissertation of IFP Energies
Nouvelles and Institut de Physique du Globe de Paris.

Vacquand C, Deville E, Beaumont V, Guyot F, Sissmann O, Pillot
D, Arcilla C, Prinzhofer A. 2018. Reduced gas seepages in
ophiolitic complexes: Evidences for multiple origins of the H,-
CH,-N, gas mixtures. Geochimica et Cosmochimica Acta, 223:

http://www.cnki.net



53 1

55 G5 TR B TR 2 AT HL-TE LI & A R L D o A5 971

437~461.

Wakita H, Nakamura Y, Kita I, Fujii N, Notsu K. 1980.
Hydrogen release: New indicator of fault activity. Science, 210
(4466) ; 188~190.

Ware R H., Roecken C, Wyss M. 1984. The detection and
interpretation of hydrogen in fault gases. Pure and Applied
Geophysics, 122(2): 392~402.

Wei Guoqgi, Xie Zengye, Song Jiarong, Yang Wei, Wang Zhihong,
Li Jian, Wang Dongliang, Li Zhisheng, Xie Wuren. 2015.
Features and origin of natural gas in the Sinian-Cambrian of
central Sichuan paleo-uplift, Sichuan basin, SW China.
Petroleum Exploration and Development, 42(6): 702~711 (in
Chinese with English abstract).

Wei L, Schimmelmann A, Mastalerz M, Lahann R W, Sauer P E,
Drobniak A, Strapo¢ D, Mango F D. 2018. Catalytic
generation of methane at 60 ~100°C and 0.1~ 300 MPa from
source rocks containing kerogentypes I, II, and III. Geochimica
et Cosmochimica Acta, 231(6): 88~116.

Wiersberg T, Erzinger J. 2008. Origin and spatial distribution of
gas at seismogenic depths of the San Andreasfault from drill-
mud gas analysis. Applied Geochemistry, 23(6): 1675~1690.

Wood B L. 1972. Metamorphosed ultramafites and associated
formations near Milford Sound, New Zealand. New Zealand
Journal of Geology and Geophysics, 15(1): 88~128.

Wu Jia, Ji Fujia, Jin Xiao, Wang Yuan, Luo Qingyong, Zhong
Ningning. 2021. The influence of redox conditions in
sedimentary basins on the maturation of sedimentary organic
matters and its significance. The 6th Conference on Earth
System Science, Shanghai, China, 841.

Wu Zhijun, Luo Binjie, Wang Youxiao, Wang Chunjiang, Meng
Qianxiang, Li Yulan. 1995. Distribution of dibenzothiophenes
in crude oils of Tarim basin and identification of major source
rock types. Acta Sedimentologica Sinica, 13(3): 98~ 106 (in
Chinese with English abstract).

Yang Haijun, Chen Yongquan, Tian Jun, Du Jinhu, Zhu Yongfeng,
Li Honghui, Pan Wenqing, Yang Pengfei, Li Yong, An
Haiting. 2020. Great discovery and its significance of ultra-deep
oil and gas exploration in well Luntan-1 of the Tarim basin.
China Petroleum Exploration, 25(2): 62~72 (in Chinese with
English abstract).

Yang Yanan, Zhong Ningning, Wu Jia, Pan Yueyang. 2022. Deep-
basin gas generation via organic-inorganic interactions: New
insights from redox-controlled hydrothermal experiments at
elevated temperature. International Journal of Coal Geology,
257: 1040009.

Yuce G, Italiano F, D’Alessandro W, Yalcin T, Yasin D, Gulbay
A, Ozyurt N, Rojay B, Karabacak V, Bellomo S. 2014. Origin
and interactions of fluids circulating over the Amikbasin
(Hatay, Turkey) and relationships with the hydrologic,
geologic and tectonic settings. Chemical Geology, 388: 23~39.

Zgonnik V. 2020. The occurrence and geoscience of natural
hydrogen: A comprehensive review. Earth-Science Reviews,
203(8): 103140.

Zgonnik V, Beaumont V, Larin N, Pillot D, Deville E. 2019.
Diffused flow of molecular hydrogen through the western Hajar
Mountains, northern Oman. Arabian Journal of Geosciences,
12(3): 71.

Zhang Haomiao. 2017. Study on shale gas geological characteristics
of Upper Ordovician Wufeng Formation-Lower Silurian
Longmaxi Formation in Changning block. Master’s thesis of
Southwest Petroleum University (in Chinese with English
abstract).

Zhang Shuichang, He Kun, Hu Guoyi, Mi Jingkui, Ma Qisheng,
Liu Keyu, Tang Yongchun. 2018. Unique chemical and
isotopic characteristics and origins of natural gases in the
Paleozoic marine formations in the Sichuan basin, SW China:
Isotope fractionation of deep and high mature carbonate
reservoir gases. Marine and Petroleum Geology, 89 (1): 68

~82.

(C)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved.

Zhang Xiaolong. 2015. The study of organic matter characteristic,
sedimentary environment and shale gas potential for Wufeng-
Longmaxi shale in Sichuan basin and its periphery, China.
Doctoral dissertation of Lanzhou University (in Chinese with
English abstract).

Zhou Guoxiao, Qin Shengfei, Hou Fuhua, Lu Fang. 2016. The
evidence of water soluble gas contribution to gas reservoir of
Longwangmiao Formation in Anyue gasfield, Sichuan basin.
Natural Gas Geoscience, 27(12): 2193~2199 (in Chinese with
English abstract).

Zinger A. 1962. Molecular hydrogen in gas dissolved in waters of
oil-gas fields, Lower Volgaregion. Geokhimiya, 10:890~898.

Bamra K, Topoaues B, Wlaxrtopuna JI. 1991. 3amauu u nepsbie
pesyJIbTaThl OypeHHsi ¥ pasibCcKOil cBepXriyGoKkoi ckpaxKuHbl. Cos.
Teonorusi, 8: 51~64.

Ocuka M, fAukosckas T, 3youk C. 2002. BopmopomHasi merasariust
3emMJid  Ha COBPEMEHHOM 3Tame 9BOJIIOLWM W €e  CB3b ¢
ceiicmuunocTbio.  Tpymbt  HMuctutyta reosornu  Jlarectanckoro
HayuHoro uentpa PAH, 48: 129~133.

2 X% X #

B, Sk, XM, B, AT, 2006, fEALA ML S
IRV AFRAEAFIT. PEbHB, 39(3) . 48~54.

FESE, kR, 2014, @ BREEZ AR LI . A KR
ST . 35(1) :19~25.

AT, 2001, WS Al A K. B A T BT . 22(3) . 181~
184+273.

AU, EBGE, WA, WAKE, M, Brian H, A #.
2021, RERS P A S BFE LR IR = L. KRR HERE %, 32
(9): 1270~1284.

2RI, L, 5 %2, 2022, fEE ) NaBH, Fl Ni & 4 )@ 4
e U AL T AR 4 AR R e S i AE LB, M ek k2=, 51(6) . 651
~658.

X . 2013, W7 IR A A 4 A Y I R —— F AR AL Nk
MW7, Ho R, 87(S1) . 187

XUER . XA, KAWL, FHHRGR, whefs. 2019, W F AT A HL
TR R AT FR . RAR S ERRL 2, 30(4) ; 478~492.

B RS EW T, B WG WA T AR, XTRAR. 2021,
117G 380 56 2R 1 el g Sl 9 AR R L 5 R 2 Ik R R O R
B AR ,43(1) . 96~111.

T PRoR . 28, XSG, S, GKXE, RAT. 2014, KKK
PR AR IR R A . A SRR M B, 36(6): 712
~717+724.

g KR, 2B, AN, X, KRR, XIEEE, BB, TR
2021, B A AR MY M T S R B R AT BE. A SE Hh
Ji, 43(2): 208~216.

Aag, SR, geHL, fRESE, MM, TR, SR, kb,
2020, JI 7R g 06 20— o T IR 21 DU A SRk ) 60 3 AR AE B
MR . KRR ERBL %, 31(9): 1294~1305.

ZHEC FEb, 4, RS, BIF. 2016, DY) 40 e < E K
AR B e BR AL 2. KRR Tl 36(1): 43~51.
DAL, XURTE, SHEZ, T4, H2%EE, 5k, BR#. 2021,
T 1] b R 22 T T R 2R R AR M W U R B T PR R L. Hb A

R, 95(11): 3400~3412.

RGO . XSO, K By BRIERR. 2006. w5 1 Ak g AH B R £h 0 U A
HUER b 27 25 A5 FIR—— LISR R 3 a3 A ). op @ R4 (D 48 .
HiERABF) , 36(2): 167~176.

BESE, W, KRR, mEl, TEZ, 28, TRR, &4,
WE T, 2015, PO sl ]l B 7R PR —FE kR KR SAF
TE RS, AR 5 &, 42(6) . 702~711.

SORE . BRA, TAZE, THEIT, ZfFRE, Z2E2%. 1995, BIEA
kM ST HR O I R Y 1Y o3 A B B I RCA 2 AL iR 2
i} 13(3): 98~106.

WG, BRAKAL, BZE, M40, ki, 220, W6 SCH, il g,
Z5E, R, 20200 BSMLRB MR 1 PGB HEZ MR FEE

http://www.cnki.net



SN

972 http://www. geojournals. cn/dzxb/ch/index. aspx 2023 4F
KEMEGE L. hEAMEE, 25(2).62~72. R b A R VR A A RRAE AT 5 TN 4 O B A 0
fRiE AR, 2017, KT EBBME HIEN - FEBERIEATE P2 R WU B, P E BRSP4, 240~241.
SRR ST, VU R A R A A 2 A8 3. JEEBe, ZEik G, BEREAE, B, 2016, DY)I| i E SO e TR AL
fk/NTE. 2015, DU 45 R S o L IX e 4 — T T R A O A ML PR RIR A KBTI 5. R ERBL %, 27(12) .
FRAE LRI B AN & MEF ST, 220 R 24 38 3. 2193~2199.

RRGE B, ARG, 20, A, W, 4. 2021, SRR Z AR

Hydrocarbon generation mechanism via the organic-inorganic interaction pathway
and its geological pattern in ultra-deep sedimentary basins

WU Jia"”, HE Kun” , MENG Qinggiang” , LU Hong"” , ZHONG Ningning"", FANG Peng" ,
WANG Yuan", JI Fujia”, YANG Ya'nan"” , HUANG Xiaowei” , LI Kang"” , ZHAO Zhongfeng"

1) State Key Laboratory of Petrolewm Resources and Prospecting » China University of Petroleum (Beijing), Beijing 102249, China ;
2) PetroChina Research Institute of Petroleum Exploration & Development, Beijing 100083, China ;
3) Sinopec Petroleum Exploration and Development Research Institute , Beijing 102206, China ;
4) Guangzhou Institute of Geochemistry , Chinese Academy of Sciences s Guangzhou , Guangdong 510640, China

% Corresponding author : nnzhongxp@cup. edu. cn
Abstract

The continuous discovery of ultra-deep oil and gas around the world challenges the classical theory of
hydrocarbon generation. The hydrocarbon generation process with exogenous hydrogen from organic-
inorganic interactions has attracted wide attention. Based on the statistical data of geological observations,
molecular hydrogen is widely distributed in sedimentary basins and its formation mechanism is complex. In
geological environments, inorganic hydrogen derived from water, water-rock reactions and deep fluids is
the main external source. Controlled hydrogenation simulation experiments reveal that the level of
hydrogen fugacity in sedimentary basins is one of the essential factors regulating hydrocarbon generation,
and the hydrocracking of kerogen is a preferential pathway for the hydrocarbon generation process in
sedimentary basins. The premise of exogenous hydrogen participating in hydrocarbon generation is that the
environmental hydrogen fugacity is greater than that of sedimentary organic matter. The range of this
effect is constrained by the chemical composition and the structure of kerogen, and it probably starts after
the peak of oil generation and ends approximately when the H/C of sedimentary organic matter is less than
0.3. This demonstrates that hydrocarbon generation via organic-inorganic interactions is an effective
pathway for hydrocarbon generation in ultra-deep strata of sedimentary basins. Within the effective range,
the types of oil and gas resources are still determined by factors such as the types of kerogen (chemical
composition and structure) , maturity and heating history, with obvious stages and hydrocarbon generation
modes different from the classical theory. With the participation of exogenous hydrogen, the oil generation
yield can be slightly promoted in the mature stage and be significantly enhanced in the high-over maturity
stage. Moreover, in the high-maturity stage, the hydrodealkylation reaction can increase the yield of light/
condensate oil up to 50% ., and in the over-maturity stage, the demethylation-ring opening reaction can
increase the methane yield by approximately 5-fold. The new hydrocarbon generation model via the
organic-inorganic interaction pathway expands the connotation of traditional hydrocarbon generation
theory, establishes the theoretical foundation for ultra-deep oil and gas generation, and expands the vision

of oil and gas exploration.
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hydrocarbon generation pattern



