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Advancements in studying the biogeochemistry of methane in marine depositional systems through trace element
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Abstract: The habitable planet, shaped by geological processes and microbial activity, is currently threatened by global warming. Methane, as
an important greenhouse gas, is responsible for 20% of global warming. The largest amount of methane on the Earth is found in marine
sediment. In these methane-rich marine environments, microbial process such as methanogenesis, anaerobic methane oxidation, and aerobic
methane oxidation play a crucial role. In this review, the methane cycle mediated by enzymes or coenzymes containing trace elements was
analyzed from the perspective of geological microbiology, the potential trace element demand of microorganisms was examined, and the
geochemical evidence of trace elements and isotopes that primarily related to the study of the marine methane cycle in recent years were
emphasized. At present, the pure culture of microorganisms involved in the methane cycle presents challenges, and to accurately describe
biogeochemical processes in geochemical research is difficult. Therefore, interdisciplinary research that combines microbiology and
geochemistry offers clear advantages and promising prospects. Understanding the interplay between microbial activities and trace elements in
marine methane-rich environments is crucial for investigating the marine methane cycle and regulating global methane emissions in the context
of current global warming. Additionally, this knowledge is anticipated to offer a distinctive vantage point for analyzing historical methane
emission events and their global ecological/environmental impacts.
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Fig.1 Different pathways of methanogenesis mediated by enzyme or coenzyme !

The blue ovals and boxes contain various enzymes that promote methanogenesis. It is uncertain whether Ftr/Mch, Mtd/Mer, and Pta/Ack will form a complex at

present, and other known enzymes are: Fwd: formyl-methanofuran dehydrogenase complex; Mtr: tetrahydromethanopterin S-methyl-transferase complex; Mecr:

methyl-coenzyme M reductase complex; Acs: acetyl-CoA synthase; Codh: carbon monoxide dehydrogenase; Mt: methyltransferase; Mto: methoxyltransferase;

Acr: alkyl-coenzyme M reductase complex.
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Table 1 Reaction equations of methane cycle processes

SRR GO P I A HARSH S FE
1 4H, + CO, — CH, + 2H,0
2 SE R 4HCOOH — CH, + 3CO, + 2H,0
3 4CO + 2H,0 — CH, + 3CO,
4 LIRE TR CH;COOH — CH, + CO,
5 CH;O0H + H, — CH, + H,0
6 4CH;0H—3CH, + CO, + 2H,0
7 77 B e A 2(CH3),-S + 2H,0 — 3CH, + CO, + 2H,S
8 F e 52 70 4CH;-NH, + 2H,0 — 3CH, + CO, + 4NH;
9 2(CH3),-NH + 2H,0 — 3CH, + CO, + 2NH,
10 4(CH;)-N + 6H,0 — 9CH, + 3CO, + 4NH,
11 4CH;NH,Cl + 2H,0 — 3CH, + CO, + 4NH,CI
12 Gikze it 4CH;-O-R + 2H,0 — 3CH, + CO, + 4R-OH
13 Bk s Rl 4C 6Hs4 + 30H,0 — 49CH, + 15CO,
14 CH, + 2H,0 — CO, + 4H,
S I H
15 SO,* +4H, + H" — HS +4H,0
16 2CH, + 2H,0 — CH;COOH + 4H,
17 (FI15) SO +4H, + H" — HS + 4H,0
18 CH;COOH + SO/ — 2HCO5 + HS + H
19 e PR AL LR CH, + S04 — HCO; +HS + H,0
20 CH,4 + HCO;™ — CH;COO™ + H,0
21 CH;COO™ + SO, — 2HCO; + 2HS"
22 ([19) CH,4 + SO — HCO5 + HS™ + H,0
23 3CH, + HCOy + 5H* + 4HS™ — CH;-SH + 3H,0
LA
24 4CH;-SH + 380, — 4HCO; +7HS + 5H*
25 KR CH, + 20, — CO, + 2H,0
26 FR e A CH, + O, +2¢ +2H" — CH;0H + H,0
27 FbEH AL FR A Ak 9 TR S CH;O0H — HCHO + H,
28 FR S A R HCHO + H,0 — HCOOH + H,
29 F R Ak 9 C O, FITH, HCOOH — CO, + H,

Zo AN A G5 RG J AE JLAP R P I B HfERE T
MR S SCHR P 5485 T ol A= = 1R e o 7 1) O 1

éEH ,ra: % [24-25, 27, 34, 37-39]0
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7o HETET SO K3y AOM fEH & A 5 F i



86 YRR M J5 5 56 D0 20 b TR

2024 4F 12 H

i, BD R = g 42 . SR A ik R . AR iR
AR LSO AR A [E) 7 ) A A L AR iR
7rE2).
12,1 R& = TR E

1 Hoehler %5 £ H (% f 1] 7= H Bt i 422 02 B A1
e 42 1) AOM fE FH BRI AR, J145 3 T Hallam
ZE WA Scheller %514 [ FH 4 S A1 S AR00 J37 | BE 4
2H SRR N Bl ) S B AE 22 7 T SRR, R
7E R AR R AR LT AR Y T EUE R H i
T ik F (SR 14), K™ A 1) H, 8% ANME 1Y

SR LA AP B BR ER 8 i 4 TE ( sulfate reducing
bacteria, SRB) Fr #ll F (2 i 15) o

AR 35 2 0 BE R 13, B T s g 25 BR A e ]
B Z, B R LR T AR AOM
S AR I A o SR, 3 K AOM 1R HI Y
H, 1 38 o AR v, A T 7 PP e R A LA A g HG A
C MR AEAE . AN, 2w = g ik 72 i #4007
277 AL R —25 kI/mol CH,( 75 % ANME #il SRB 1k
), X AMEAR T 3 52 A Y RE i (A
Pk = =20 k/mol) o [H I, S 1] 7 Y Joe ik 2 LA ~F- -

J&H
] =4
CH,
O #rp
[+ LT TS
\
S I 7 e i) =4 S0
LR LR LA B
) [ ] Tt
[no ) (o) [mo)  [weo) [+ ) [aSEA)
]
f—‘— |
& H' I
= I M
& | Uk B
HS :
|
|
Co, H, H,0 H,0 I
SO
H, CH,COOH CH,-SH
+
ESRBHI &

& & &

2 WAL SR
4 [ SCHR [42, 45-47, 49, 56]

Fig.2 The process of anaerobic oxidation of methane

Integrated from references[42, 45-47, 49, 56].
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Fig.4 Field evidence of methanogenesis and anaerobic oxidation of methane
a: two types of Ni-containing proteins were identified in the bacterial mats within the Black Sea cold seep area'”’; b: the cold seep carbonates exposed from the
Marnes Bleues formation in southern France during the late Apudian Period exhibit a significant increase in Ni content within the organic-rich zone*;
¢: microbial mineralization during the methane cycle is believed to have contributed, to some extents, to the formation of a high Ni-grade laterite deposit in
Colombia, where the maximum Ni content reaches 8 wt.%™; d: methanogenic bacteria have been shown to cause significant Ni isotope fractionation™; e: Ni

isotopes suggest that the intensification of methanogenesis played a role in partially ending the Snowball Earth (635 million years ago)“?.
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Fig.5 Field evidence of aerobic oxidation of methane

a: the growth rate of highly acidophilic methane-oxidizing bacteria is significantly enhanced upon the introduction of light rare earth elements®”; b: following
the oil spill in the Gulf of Mexico, a hydrocarbon plume region developed at a water depth ranging from 900 to 1200 m. In this depth range, there was a
noticeable increase in the concentration of methane in seawater, while the abundance of light rare earth elements decreased significantly™; c: the aerobic
oxidation of methane led to a significant decrease in light rare earth elements in seawater at depths of 200-500m in the Sargasso Sea'”; d: methanotrophic
bivalves exhibit enrichment of light REE in their soft tissues and calcareous shells, whereas thiotrophic bivalves lack this characteristic?™; e: the chitinous tube
of the tubeworm Escarpia southwardae showed a noticeable increase in Cu and La contents at the top®”; f: prior to the Great Oxidation Event, the aecrobic

oxidation of methane intensified continuously over a period, resulting in a significant decrease in the §°Cu value of the late Archean sediments””.
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