J. Korean Soc. Oceanogr. Vol.28, No.3, pp.95-120, 2023 FREE ACCESS

https://doi.org/10.7850/jks0.2023.28.3.095

Review pISSN : 1226-2978 eISSN : 2671-8820
HIEE2| ‘S [efelX 7S} o= Aol () Lk S T (THE H|EHSS
Yz

USAICHSIE YR 24, PRAYSR Y TL 20

Biogeochemistry of Methane in Water and Sediment:
Methane Generation in Coastal Areas with Bottom Water Hypoxia

DONGJOO JOUNG"?*
' Assistant Professor, Department of Oceanography, Pusan National University, Busan 46241, Korea
2Assistant Professor, Marine Research Institute, Pusan National University, Busan 46241, Korea

*Corresponding author: dongjoo.joung@pusan.ac.kr
Editor Jeomshik Hwang
Received 23 May 2023; Revised 8 August 2023; Accepted 8 August 2023

ABSTRACT

Hehe o} % FR g 2472, 2 2097 22 9ol ol bstehao] vl of g5l - 2ALIE 21 ik AATLA AHE F
7ot 2ol m2 o] sh5 0.2 th7] F veh S ut M A5 olek B4, @A) 19 F91 o L5 450 R 1)
o= g0l (23714 BEA) RHA AFHOR AT A0 |, FIAOR shelek o] sisto] a4 2 o] 2
29 702 o PHLh. B, A9t S A4S EGH-S US4 Y d712 G842 5 Ik 59, B4 218 F2 A7 2ol
A9t 3 Hopak Qs shA AAtaF-L A AAZ O R 1 5719} 71710] FA] Holuki Ik, olefet 4 AAtaFL, 4
o519 ) 54 £ L2 A9 B o5 2 o FAIA, Hehe] 7] 852 §olshl 1 FHA O A7 LslE 15
20 % Qlek. SHAIRE, A AAtSa oeh S TR, w5k A S5 Bt oh ek, A4 2.0 2 o 7 va]gt 4-Folck. ute}
A, o] B2 AT f vlEte] BA1e 452G olsks Fal, A A AitAE west vleke] BAS wlet, olr} @
o oE A B} 7] elsher] B2lo] gl

Methane (CH,) is a key greenhouse gas in the atmosphere with 85 times greater greenhouse potent relative to carbon dioxide (CO»).
The atmospheric concentration of CH, is rapidly increasing due to the intensive usage of CH4 and the thawing of the cryosphere.
Additionally, with the current warming of ocean water, the dissociation of gas hydrates, an ice-like compound and the largest reservoir
of CH,4 on Earth, is expected to occur, resulting in the release of CH4 from the seafloor into the overlying water and atmosphere.
Moreover, bottom water hypoxia is another concern that potentially introduces greenhouse gases into the atmosphere. With ongoing
global warming and eutrophication, the size and duration of bottom water hypoxia are rapidly increasing. These low-oxygen conditions
would relocate the redox zone shallower in sediment or in the water column, causing the release of CHy into the atmosphere and
thereby intensifying global warming. However, there exists a gap in the understanding of CH4 dynamics including its generation in
relation to bottom water hypoxia. Therefore, this review article aims to understand the relationship between CH, and bottom water
hypoxia and to draw attention to CHy investigation in Korea.
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1.M 2

ek 3fet AL 7 Teotal QY291 n-Alkanes B okA-E(hydrocarbon)©] 1!, tiF-E nESE0 2 A= 7]
tizoll, 2 dellA 7 -5t 7] B2t F2l A Qlth(Thauer and Shima, 2008; Whiticar, 2020). Mg 2|+ 7] 90|
ofF F-Q 9t IS sk, 7|5 HHStof| et A E 7t 1'd(International Panel of Climate Change, IPCC) X 11A4]of| h=H,
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2| 20d7HHEre] 2 A G k= 22 oF] olikatetAxof H]of oF 80ul o =Tl BT 5F3It(Canadell ef al., 2021). 3,
ke o] 5 S 2 b U Sl 92 7S] (A 08 Jee Bl ] stelo] ol B¢t dee
ThHReeburgh, 2007; Valentine, 2011). SFA|TE, Hjgt A5l= 22 24 7]A|]] olitatetaof vl Wo| ZIsix|o] 912] ¢itt.
Z, d71-E(o1E 2 o4, ) Z1A|ngho] Arielz], Algto] whet of @A ’isk=A], of' o] A 2 AlASH=A] 52
2 AR A] 34 04] 501, IPCC HalAolA] A Bl 43} sfdof| ] 2184 aQlog {asle wEe] o2,

3=-2] Bottom-up 1

Top-Down B2l 4= 0-71 Tg-CH,/yr(Bat: 23 Tg-CHy/yr) 2 o 3 H QoA 4513t 22 &
210 2= 18-65 Tg-CHy/yr(Ht: 45 Tg-CHy/yr) 2 4510, &= 5] 7F §-&3Fe] 2fo| T3t o} JtiCanadell er al.,

2021). F782] ghe] o} G2 el o B2 a7t o014 Q1A] ¢27] wiiZo|th(Weber et al., 2019). 53], 2F=52] 739
SfiFollA wet A= 2ot 7] @5 e.g., Kim and An, 2022).

2, HEte] SR|2tet 7S

Hjgto] Az]slekA] 7)%o] tisl A= Whiticar(2020), Reeburgh(2007), Valentine(2002, 2011), Hinrichs and Boetius(2003),
Ruppel and Kessler(2017)5¢ll ZHA5] UL} Ql, o] i=2-2 o &2 1151 HalAoloh, ARt H8-2 9] =R e& 3=
sh4 vt

2.1 Mgk AZA

2 o] gk Slo] = o] E(hydrates) HE]Z ZAISHH(Whiticar, 2020; Majumdar ef al., 2022), Z-2 39500 m ©]
sholl &2 AN Ruppel and Kessler, 2017). Slo|Ed|0|E= & B27} AASFE w(crystallization), & 24} Afo] &7t
ofl 74| EA7 Hguest molecules) 215 Efjo]H, 25 2} Fof] o5l 71 Hg o] Fetxic. gt sto] Eglo| E 79, S
HFo] Lro ot o} fjoFo] oF 710] 500 m ©|5lof|A] B A eFY Aot} ufabA, soF F&40] L& Hol= slo|Eglo|EQo] B
5 frsto] Wigke] 45 9t 7] fr o] g th(Ruppel, 2011). Hgh slo] =2flo] E0] oF2- 9F5~36 x 10° Tg CHa & 57
HhMilkov, 2005; Boswell and Collett, 2011; Wallmann et al., 2012). ©] %2, LE EQF E|¥%, 8F 77| W eAHE
o 337, 5, AAZEA, Aeb ) ghA o) 719] -2 Fo|thFig. 1)(Whiticar, 2020). T SR o 7] Mgt £2H0.0485 x 10°
Tg CH, or, 1864 ppb) Hrt 2F740 v} A& H-2- oo}, o|ZA gk o] slo|=glo|ER EAfs7| wiizoll, ©F0.1%2] stol=
ello]E(ofl, A sle] Eglo] E= 24 0@ 2F2~3%) 7} =] th7| 2 F-EHHE, @A th] st A2l 28) 7o) 2 A
02 AAFETHRuppel, 2011). 35 W -8 Mgk ©F43 Tg-CH, 2 % =t|(Reeburgh, 2007), ©|+= sle] =] E gk
Hr}©F84,000 i &2 QFoltt. o|2A| ‘f’%’% o] sfjAfof] A5 | wjiof], dH =2, 2F 55 mya A Paleocene-Eocene
Thermal Maximum A]7] Sto]Eg|o] EZ} g5l o] wgto] 7] 2 {25, 7HY 7|7 wafigt 2 0 & 46kl §lov Adetst
Aol 72 gF 2] 2] SXFtHDickens et al., 1995; Nisbet and Piper, 1998). T3 Neoproterozoic hydrates” | =245l
A, AT B4 £e5hof] JFS n)F . Blet A E 7| & itk (Kennedy ef al., 2001; Halverson et al., 2002).

2.2 DJ4=0]| ofst o|Et Y4do| Mz [ekst niy

w7120 2ol B wiet A4 IS Fig. 200 EASIAH. #7122 BH|2lote] 2ls) si2](hydrolysis) = o] &

(Oligomer) ¥ T (monomers) S AJAJ5H, W8 (fermentation) Y42 53l o1 ISIERA, O EAT 52 AA35IE o] &
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et 284 PlAE(methanogenesis)oll oJafl wEto] AT o] FAk4 §7& £l oM e BrAor 59U
(heterotrophic) P820] & f7 &= 22 1718 -2 Mt B4 nlA=0] ARSE 4= Y= 22K A& &°1, acetate, CO,, 2
Methyl 7155) 5= A/Jeit}. o] dpollA] 44 AH] 9 Z49] ghelo] g2 oz Jojdr}, URtA o=z B<E AtAar}) of
6-10 uM Y o &84 denitrification)7F, €F 1.5 uM & o, WZHMn) 2 E(Fe) 41eHE0] SHE T A2 %t Stumm
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Fig. 1. Relative sizes of the major organic carbon. This figure was modified from Whiticar(2020).
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Fig. 2. A simplified diagram for organic matter diagenesis and methane generation. This figure was modified from Whiticar(2020).
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Table 1. Common methanogenic substrates. Free energies (AG®) are at standard state and pH = 7, but AG® will vary in nature
with actual activities of the reactants and environmental conditions. (Rother and Metcalf, 2004; Whitman et a/, 2006; Liu and
Whitman, 2008)

Substrates Representative reactions AG (kJ mol™ of CH,)
Carbon dioxide + hydrogen gas1 CO, +4H, - CH4 + 2H,0 -131
Acetate? (acetic acid)' + proton CH;COO + H+ = CH, + CO, -36
Formate’ 4HCOO - CH, + 3C0;, + 2H,0 -130
Methanol® + hydrogen gas CH;0H + H, > CH, + H,0 -113
Methanol’ (hydrogen independent) 4CH;0H - 3CH4 + CO, + 2H,0 -105
Ethanol’*/(1-propanol** and 1-butanol**) + carbon dioxide ~ 2C,HsOH + CO, > CH, + 2CH;COO" + 2H" -112
Carbon monoxide + water 4C0 +5H,0 = CH,4 + 3HCO; + 3H' -196
Methylamine® + water 4CH;NH;" + 2H,0 > 3CH, + CO, + 4NH," -75
Dimethylamine3 + water 2(CH;),NH," + 2H,0 = 3CH, + CO, + 2NH," -73
Trimethylamine® + water 4(CH3);NH' + 6H,0 = 9CH, + 3CO, + 4NH," -74
Dimethylsulfide’® + water 2(CHj3),S +2H,0 > 3CH4 + CO, + HoS -74

(‘competitive hydrogenotrophic, “competitive acetoclastic, *noncompetitive substrates, *involves syntrophy)

and Morgan, 1998). ©|21F A3} |(oxidants) 2] A= AWHA n| A3t wer A m|AiEarte] 7
Hlo| Faet S st=70= 1'311% 2ITHLovley and Goodwin, 1988; Lovley, 1991). 3,

ol a3t @ 40] 1, wbA, AbA FETL 2 S0 A HEe] &Aoo = PAE 4 e onfRith

gt A/ 1782 ofetA] wgl ﬁrﬂoﬂ/ﬂ—J 2ol | R]of| whe} o] Fojzi). vkl wiet /g sfetAlat of 2] 2l
Table 1o HEFRITE ZRfoll| 2] 2 Flof th2H, CO 2] ghlo] 7Fg =2 olH A& ZEAI9E, E]450lA CO sk ol =L,
o|F o&st= PMIEES A St ol )] wioll, A viek A dolli= of mlmleh kS Sl A0 2 dEA 3l
THRother and Metcalf, 2004; Diender et al., 2015). F7] B-A(CO,)E ©]-85k= WAI(F, CO, 2HY, hydrogenotrophic
methanogenesis, 2] (1)) ©] 717 B wet A3/ Whalolot. 5= 5HA 2124 (2)), AcetateS EIR['E A} 4-8A|= ©]&:
et} o STt AE A ASH= Bl (Acetoclastic methanogenesis)©]TY.

l@

CO, +4H, > CH, +2H,0 (1)

CH;COOH - CH, + CO, @)

o] & vkl =t wgke] AL QWA © 2 H)-oxidizing CO,-reducting acetogenic species (Kotelnikova and Pedersen,
1998) E+= acetate-oxidizing H,-producing anaerobes (Zinder and Koch, 1984)01] 3 OJ'*g Hh=tt, A HA] mje A 1A
-2, methylotrophic methanogesis®]| 94511 el BRI, Tkt FHe] & Tokeh ERlrAAe.g., methanol,
methylamines, and methylsulfides) 5-& W& A4 1] 8-E(methanogenesis)©| ]9—3]'04 HeRE AAJItH(King et al., 1983;
Oremland, 1988; Lang et al., 2015). ©|2] omeethylotrophlc et A 712k, ARSSH= A M B Bof| uhef, o4 O] =

TA-H|O)EA O 2 LREZITK Keltjens and Vogels, 1993; Sikora et al., 2017; Lackner et al.,, 2018). 315l B, UHEA 2704
acetoclastic H[EF A3 o] mpPdzol| ool A/gH mgte] oF 2/3 A5w(CF 50~90% B2 ) Fi= AL =2 45kl QIth(Conrad
and Klose, 1999; Le Mer and Roger, 2001; Kotsyurbenko et al., 2004; Valentine et al., 2004; Goevert and Conrad, 2009).
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2.3 54 L DiIEk Aot 244)
de A% ST ATA 02 ol )-sie Bl 5 R Tk ATA0 2 A e, ol wieh st oy

3 i
FolA] Lrehdth. &yt o 2 mgho] 402 At4rt 55] W st ofl] WS, sl 52 4t warsl xld o g
Hh2] o g wieh /82 oubA] h=rtal e A Qlet. whebA, sief 352 wigh(H71-sH< 838 groll Blsl) YEohs «He
d(methane paradox)” 2}al E2|=t], ofF 2} Eet =Ao2 Holgtk wgt 942 o7 712] 7Hdo] gl=H,
Reeburgh(2007)= 31 #5 U 5278 EFZLE2] AW U A4} gl @78 0lA migto] A/ =lof vl & =7 e 7=t
31 A|RtsEt. SRR, Z+ Karl ef al.(2008)7} Repeta et al.(2016)< THYF E35 Hl FUst AejjollA, w9l Slet=
(methylphosphonate) ©] H[8E] ¢S #2)/23l(decomposition)Sh= ZHgelA] JolEz AdHTh Wl 3t
Perez-Coronel and Michael Beman(2022)+= T<5| methylphosphonate S wolfol= P25t of e, TE nEE:
et A /dofl Z1oftetal et T, i Damm er al. (2010)2 5531 ESOA s ?_](P)O] Rt 2| Hof| A & vk
O FLrt 7] WY skt vELekE o] Yl Ae IS, o] A He Qe FRSA|T, HAartHES 2ol al, o]

T E

ot A= AATHES S 4 Q= Fo] 2H519.oH, o] AE|AIA EA A= dlmethylsulfomoproplonate (DMSP)
7}8-5-6] A==, nl2dEo] o] DMSPE +alfoh= 2ol A, wigte] A=}l gfet =55ttt o4 H, s %5
& o dof| hofl B2 7Hd T ool A7t IR R QS i, oFA] WEksHA| vielA|%] oAl Rl

ek A2, AR 0 & 41o}-2hd Altt2](Redox ladder) 7Fg HEEll 92]61H, 50 278 33 7=
AJSHHFigs. 2 and 3) (Stumm and Morgan, 1998; Stigliani, 1988). El&A5W 447t GI(S-2 of 2-2) B4
o] A4, methanogenesisl] 2JolA] HER FA T =0, AF4 50 (S-2 A15k-2H Abe) o] w2t &= em ol A m7kA] B
ANrA o7 BJA 352 AAE 5O WHto R At ERRt gboloh o] g, ATt skt Wolr|H, HAHY

o] % gfol=o| St al= e Tt Higt A3/ H1toll 4= Sulphate-Methane Transition Zone
| o], o] A HEr2 Folk= ehdef] 22} 7|2 A | E](Fig. 3). ol=et 2elA] 2kg.0 =2 wet
T g Ao AasHA Fek(HE AlA 2 =), SEARE, 22 E45 U vE 5w F5HTH0F 1000 B oV =7 o
of(umol ~ mmol 557), 22> o] A 507 HIS 59 H—‘“:LQEFJ{E 5HTE‘_4'%%%% S UEhdith g2 771
o] EAok= B4 FolA= Hge] Skt ol = LEPE ke =T, o Higk miEh e FHIE SMTZE A WA
T D77 vet e FHE 22 4 A

ol r{g .

wd

W ’-F(Ij 2

N OlNI
mﬁ'ﬁ =

]

p

o
211‘
K

O

1

s
ju)
O
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s
o
o
% oo |9

Flr‘

A
wn
<
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N

o3
:u:

>ru{n Hﬂ

S EAS Ul A= ] —45_ gt A 2 oA HgelolA| g EA] kAR, dRbA o= AR 712ke] 1/3(eF
10~40%) A= ZFA|5H= 21 © 2 A2 4] Itk Whiticar, 2020). B2 Z0| A fek-G&2, A4 D 48], o5 HRA(EXE o]F
of| o] GRS Hh= ]9} C}20], Y (thermogenic) 2 HAE(abiotic) 7]l oIt
EF Z%H budget)°f] 2 0|XIth(4ll, submarine seepages) (Etiope and Klusman, 2002). si%F 2= W] Het A 9k A
7F5-300 Tg-CH,4 (Reeburgh et al., 1993; Hovland et al., 1993; Hinrichs and Boetius, 2002)2 o} 33 QJsHA] 4 =11,
] rElsy Ayk= o| Kot -2 5-33 Tg-CHy/year 2 F45FTH Wallmann ef al., 2006; Boetius and Wenzhofer, 2013).

olE A olop7 IRt AlERtel whE A B 4] s B o), RET Mt mhelth s el t 12 frEathe &
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2 Z]TIPCC B4 o] k2™, Top-down Ao A= 47+ 23 Tg-CH,, Bottom—up HEALL ATH45 Te-CH = 55T
Sl EJAZoll A vEre] A2 Jergensen(1977)°] ]751?95?0] A2 7= ol (Es A= = EHuld A
b -84 E=A4Y) 3ol whe, Hgke] Aol Detx]=t], olE 0, oY Q;‘q W th=fo] alEat o)of mhE o= ok

oz ofsf Hiet /9] 271 289 acetate= Hgko. 2 W] 7] Zof T2 AR =7 = bk A7 F-2 7). ©]
2iet ol A, a4 7R HjEk o] =8 g lo] e,

11‘.

E¥E 352 giby o = Aet o) a1, Zlo|7t Zlo| A5 o1l 31 © 2 vt AAAE] o3t B X = -2 Bl A
B2 8 SUAA, B3 S8 87 2703 BREC ol elet HIAE MRS 2.8 Fo] S 5L B0 ek
Sl-2 =571 % sHATH(Bonaglia ef al., 2014), FI2 A4 332 59l Hg-S AAA 4% Itk Childress ef al.,

=
1986). B A5 W] AE3)Ad 77| E(labile organic matter) 557} -2 BEfH Y FH X G| A+= A4 7T 2F250 uM A
L2 =THWhiticar, 2020). ©|2]8t 2|90l f7 |52 i 2ol 7 |&(recalcitrant organic matter)©]1l, AHAE
TAAE TR 528 7 ]E0] EAISHA] ot atart A mIE7EA] EAIREHFig. 4). wHbA, o] Aol A Higk 4L a
14'7‘4 o]Z] At D’Hondt et al., 2015). Schonheit ef al.(1981)%2} Ragsdale and Kumar(1996)+= At~ E57FF 10 mg/kg & i
+ e Ao ISR gk& 4= 1AL, o= HlEH A/ A4} cofactor” Hitol] RIZHSHA 2H-8-5 F5b] fhiZ 02 B Tsieir.
| B2~ 0.3 wi%) 155 2gelx= ol 71550 Eal Atk ) & 3 SRk i), Ak

O

Hhe], AEold 7=l B2

vz ol o=k BlAF 3 - mmoflA emZEA] AR Fig. 4). o|FA| Abart A, nPBE(R7 1S AAE At
5)2 H| WA oL 2|7} 2R oAt **}S&PﬂSuboxm oxidant; nitrate, nitrite, and Fe/Mn-oxides)©], ¢ A4} o] ZH4slo]
A4 2 o] BH, 85 Sl5lE(sulfate) 0| LokE 2HY U E(sulfate reduction bacteria; SRB)]| 2Jof] 2FAHTE Sn|2-&-
e geke ohel 7 B (S, HIe A A1EL :rLoﬂ)OﬂjﬂE FIE2 T AREE] O] QlofA]A] 4L, oF ¥l M B = E
AFek(Neretin et al., 2004). =, ©] A&k Fk 0] FolEolH, tiF-Zo] g2 4tel=oj(#2] 00 7P7ha He =) & =4

N

SollA wE2- 54 ok @EJ FIojojokoA|gt, o] 2| oA I Hgte] H o= 4= nM Ak = =A] YERITH Whiticar,
2020). o]et &ol —4 ] teokEo] &4 ubﬂE H|gto] th 4Fe} A A ] 2] 2Rt o= o2 HekekA L =] 2] k=T, oF
At 8 pM 55 (-2 olshof|A] o= ohd rAdEe] Eso] Aoty w2 A7t Leloup ef al., 2007).

= ﬁf.—/:;‘(dlagenetlc process) 2] TR} q_zq ° et A n]A-E(methanogenesis) ]l 2]$F HEH A O]E}. 0131'7*43&

710l 15}% B85 At kTt ol Wol, wgho] A/ x o] S2]o] o] fo{ZIt). £5], Black Sea X

ofF= Z2 ofJo|thLuther et al., 1991; Capelle et al., 2018). £3], 77 &55°] B2 |, 7 51, =44 75l 1—‘;—»}:7
L o ﬂﬂ O](~ 10 uM) 350l A& FAE TH Saanich Inlet, Lilley ef al., 1982; Black Sea, Reeburgh et al., 1991;
Schubert ef al., 2006). SFARE, - Aol =, wjgt o] 7= &4 2853 }OﬂE YeRd 4= leh= 7Fs 42 A
St ol 59, Crowe er al.(2011)2 A3} g7to] FH3F T Matano, Indonesia) =5l 4| Mg A4 n| B2 HESH
AL, olof wt gk A mAEe] Hip Wt pibekES ol 8alA HiEke AT 4 Sltke Ae HAsiginh
Lovley(2006)T} Weber e al.(2006)S ©] T14o] B840 2 7158t 4 Qlrkal Aloks}girt.

A ofopr|gt AbATt HERE g of| A wgh A wHy o] @]of] o= B4Rt 2 of| A ke v Al o] dojdtt o=
Takai e al.(2008)2 217t OFF -2(~ 122°C) gl wjgto] B/d == Za Bl 51914, Kashefi and Loveley(2003)
T} Lilley et al.(1993) 53 (hydrothermal vent) 2] 32 2 2 of|A] A A5H= tigt A n| B2 AT o]ek=
Hitj=, o5 22oflA] Z]'E]'h gt A nE E9F HHAE] ST, Nozhevnikova ef al.(2003)2 A9]2 Baldegg and
Soppen 24~ F 1°C F5-0f| 4] tjet BHAY n]A-E-S- vl FsESd A, Whiticar er al.(1986)2 d=rall E[AE 2F -1.3°C 2504




/ vilEre] x|tk A%t gt Agtaled ACDALL 5 el e v 44 - 101

Hr

2 e S5 B, AR E Hig A4 nldEe] AT 4 Qe AljE }%E} o] ejof &= Al HiRS Fl,
Rivkina ef al.(2002, 2004)+=-16.6°C °l|X &= H[gt A4 | EZo] EAE 4= Q3= KA, o] WstollA e ndES 2
ot Campen et al., 2003; Price and Sowers, 2004). =5t Takai ef al. (2008)ﬂr Zeng et al. (2009)2 w2 oA
BB 0SS B TSI 2 JE T pH $H oA = vjet A3 njAlEo] REAE] 1=t Oremland ef al.(1993)2 1
= Mono and Big Soda @52 &2 G 40-95 g/l 2} pH 10 21 2FFof| A Her AA ujizEo] Sash= 7212 Bl sfth &
Sk Kevbrin ef al.(1997)-& AL Magadi 255 G5 300g/1, pH= 7-8) A Foll A& H]Z=5t n| S-S HEASHILE o] A3, o

Y nAE2 TRkt 8173 oA EARITE. SRA|gL QA oJopr1Rl, st S/de] LRk AFAgH el vlsl 1 A3

o njulshria &eA Qick

Io r

6 St SHA|HojM HIEH 4
50} S0 71 2 2ol 8eHE0] - o]th(~50 uM HE vs 25-30 mM ). 2 E5HE $Ho] sfigo]] Bls| g5
oAl o= et mhebA], FekE 2Fof| ot wiet Al A7F B3bH 0 2 UERA] ¢F=TH(Ingvorsen and Jorgensen, 1984).
Z|2, Aol 2, A 232 wgh GEFS 840 ol Tl A 2F 100 Te-CH, year ' (Bastviken ef al, 2011)21d],
6H°J°1W FEFZ 2F10-30 Tg-CHyyear' 2, F 31 o4 STHIPCC Ha1A, Canadell et al., 2021).

G0 e B9l E e Ak 0 2 391E 5H t(zone) 7| O YTh= 212 oulslal, whaha], Haroll A miek A4
2 AT 85350 7R 11‘:&011*1 HAgeith. & gakEo] <30 uM &1 AGoA = 4= em HollA] Hgko] WSt 4= glrk
(Kuivila ef al., 1989; Koizumi et al., 2003). SFA|5t F3l=0] i 7} oF 60 uM oA} El= oA = S5le ek njAjEo] &
Hheh 8% 0 2 ek AAlo] 7448 45 Qltk(Lovley and Klug, 1986). ©5-0] W2 g5tz 815} E 319 njAlE Shoa =

e A4 Al ARE-E]=(acetate S ©-8-51=) acetoclastic HEHEAY 7]2t0] hydrogenotrophic (HE ©|-8-61=) HEH Y 7]12tH
oF 2 S5t W 84 FAE 94 1 5] 2| Hof|A] acetoclastic HEN AT 712F2 EJAE EZ50]l4, hydrogenetrophic
et A 712k Ej2E 2 Sl Fast vet A 712k e = delA Qo Whiticar, 2020). ©]2?t 52]2] F=Q(primary)
F 3= acetoclastic HIEH A0 o 8= f71E2] of o w2t o= 7] vebdtial &2l It Whiticar, 2020).
of| A, & wlek FL7t A was} =], B2 9ol Uee] 4 H 24 3o UErh

oflA], T —IJ]O] F2 A, HuA FollA Higte] o] &2 SR VA e R -{ET HEe] AE
15 Z a8ttt durd o wgto] 3] 5 At £ E=2.0 % 107 em’ s 2 B FalsH= 42,0 * 107 e’
HH]—Eq-(Whltlcar 2020) = A MBS BtV 2 A §F0] Eofo|u) =2 Elsl= ShAtH T EX golst
AUt AE 50, Tyler e al.(1997)% Texas paddy A Ff|A] EAYSH= vl BFE2] 2F 98% 7} A1 &< o3t A
Watanabe et al.(1999)+= "2 A8l 2| HoflA Hgt G52 °oF 60%7F H | Fejet o1& Fofl th7|= 214
o}, T3, A= 5] AFEE(Root exudates)©] o€t A|H(peatland) 2F -5 5A] Hgt Aol of= F-a 7t

x
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N
N
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2 sk 7l o7 H 1 FItkShannon ef al., 1996; Strém et al., 2012). A5, Knoblauch et al.(2015)= 5= Siberia
Ao EEZ Ao, F HE -FEFC] 70-90%7F A& Sote] o] FolHS A o= FAgSIelth
H o] thE AlE TRt vet =% 3= = 2 g4 qlrh ol & S©1, Colmer(2003) 2+ Chanton(2005 )= macrophytes 2] -5

g
ol-m rk
m.

M (aerenchyma)S 5ot HIeh 552 K11 5191, Terazawa et al.(2007)= & (floodplain) %=<llA4] th7] Z HEt -H
o] A& AUl 1+ Fl o F RS A o® TS it ok, vE2 AAH] Wb Sol A ofF w2 sk R S4E 4 9L
(Mukhin and Voronin, 2007; Covey et al., 2012; Hietala ef al,, 2015), 22 3%, t7| 2 YEE= F2 EYo 2 /9=

(B2 Bl A A= =) HEgr oF2] oF 30-90%(F- 63%) Ak Fl= A 07 AafA It Wang er al., 2016). ©]2}=H

iil

r
= 7
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220 g5t 2 Q3 ujek Au]Rolc}. Schiitz ef al.(1989), Groot ef al.(2003), B Zhang ef al.(2014)S 1] Ajj 2] 1j A1
& - H(rhizosphere) At47} Q1= g0l 4] mlgto] An|E oyl Biedct,

o

3. HIEE A1

e B S ot v Afeke HAS, BEY, 2, B U710 ofF F-a3t vk A7 Aot th7]oflA wiEt Atel=
=R g IS A, 5, @/daehE(hydroxyl radical)o] HE2t H[E-tsls, Hhs, ditstAS AA

CH,+OH - CH; + H,O = (+0,) 2 CH;0, + H,O 3)

o] EA44ehE WES{OH radical abstraction reaction)< THF-A] HIgte] =8 A|A WiAlo|a1, o] ®FA] 02 A7F oF
430 Tg-CH, Al thKhalil and Rasmussen, 1983; Crutzen, 1991; Whiticar and Schaefer, 2007). ©]2} B=©], th7]of|A]
93t e Al A 712k BEoF nlAlEo oJgh AlA(2F 25-40 Tg-CH, year) (Seller and Conrad, 1987; Conrad, 1996; Topp
and Pattey, 1997), 4% A7 ~ 40 Tg-CH, year (Boucher et al., 2009), |92 o 7] A A H| A FAx(Chlorine)2} ¥H-55F
of A|A ~ 30 Tg-CH, year (Wang ef al., 2002; Allan et al., 2005, 2007)©]t}.

3.1 A HIEF A|7{(Aerobic methane oxidation)

Azl ot et Ateh= - E AR S ol A AL vgt 4bstol] et vhetet ¥3-A]1} o 2)i= Table 201 LEFRH
o}, wEh Ak} ndEL viehs Ao ARESt, 4 A7 de Bl SIS ek (methanol), FYHSHOI=
Table 2. Energetics of selected diagenetic reactions for organic matter remineralization and methane oxidation in marine

sediments. (From Zinder, 1993; Schink, 1997; Thauer, 1998; Amend and Shock, 2001; Whitman et a/, 2006; Deutzmann and
Schink, 2011; Ferry, 2011)

Diagenetic stage Representative formula AIG
(kJ mol™, 25°C)

Propionate metabolism/acetogenesis C,HsCOO" + 3H,0 = CH;COO + HCO; + H' + 3H, +76
Butyrate metabolism/ acetogenesis C;H,COO + 2H,0 - 2CH;COO + H' + 2H, +49
Oxic respiration CH4 +20, 2 CO, +2H,0 -883
Aerobic methane oxidation CH;COOH + 20, - 2CO, + 2H,0 -818
Nitrate reduction CH;COOH + 8/5NO5™ + 8/5H" = 4/5N, + 2CO, + 14/5H,0 -848
Iron reduction CH;COOH + 8Fe;" + 2H,0 = 8Fe,” +2C0O, + 8H" -495
Sulfate reduction CH;COOH + 2H" + SO,* = 2CO; + 2H,S + 2H,0 -133
Anaerobic oxidation of methane denitrification CH, + 8NO, + 8H' = 3CO, +4N,+ 10H,0O -928
Anaerobic oxidation of methane-sulfate reduction CH, + SO~ +H" > CO, + HS +2H,0 221
Acetoclastic methanogenesis CH;COO +H" = CO, + CH,4 -36
Methanol methanogenesis CH;0H +H, - CH,; +H,O -113
Ethanol syntrophic coculture acetogenesismethanogenesis 2 CH;CH,OH + CO, = 2CH;COO +2H' + CH, -112
Hydrogenotrophic methanogenesis CO, +4H, - CH4+2H,0 -131
Formate methanogenesis 4CHOO +4H" - 3 CO, + CH4 + 2H,0 -130

Note: Free energies are at standard state and will vary in nature with actual temperature, pressure, and the choice and actual
activities of the reactants.
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(formaldehyde), ZH|O]E(formate) S 53l a=2].0 & o I5letA g Mot weh B n|AEE2 b 0 7 thz] o]
kS o]-8-5to] AESH=7](Methylotrophs).0. &2 A=A QI oL, B Z£-2( 4|, Methylocystis, Methylocella spp.) M2
Pt ou et Higt, ofle, 2 acetate 5 08510 A4Sk A0 & A A QlekIm etal, 2011). 7 712491 FrAtA HEt
AR A2 of (4] (4))2} 2ol Yehd 4 Qltk(Dalal and Allen, 2008).

CH, + 20, = CO, + 2H,0 (4G° = -818 KJmol ™) @)

Aetz o 2 et Abs} &2 HERS 083 4= Q)= G 4 methane monogeneses (MMO) AJ4] of Fof et &= 170
2 =, Ao S22 FHIE FE(CuyE B A= FpMMO2t-8oliE JHIE H(Fe)o] B2 sMMOE L
THGhashghavi ef al., 2017). WA, BIRFEA(Fe, Cu, Co, Mo) 7} 752t of|of S ol A= R4k Hgt Al A7 &3k o] 7]
98 4= 9Jtk(Glass and Orphan, 2012). 2|2, Shiller ef al.(2017)2 Bl|F 2 @4 AHS Eof|, S| EF UA(La, Ce)7} Mg
A A oFF 5235 HT-S ol= A& Hlo]| 7| = st HE Al A v & S(methanogrophic genera)oli= dA712] 3 gk
|2 25 +=d, Ribulose monophosphate (RUMP)S- A A|+=TYPE I(%l, Methylobacter®} Methylomonas), serine Y4
AX= TYPE (Y|, Methlosinus, Methlocella®t Methylocystis), 1211l ¢ &+ IS FAl| AX= TYPE X(,
Methylococcus capsulatus) 22 WeTHHanson and Hanson, 1996; Fei et al., 2014).

FAT4 2P HE Aksl= g ALEe} wg v S| A3tE] o] St =, monooxygenases (MMO)2} FE L OF MMO2}
AFsHA|, -2 methane oxidizing bacteria (MOB)i= A7 -2 SO A N B TH& 4= T Zhu ef al.(2016)= 744 1

gk Atolel 2ATe} T o 5=} ofe} FEA(stoichiometric) ®H7g 412
CH, + 1.10, + 0.72NO5 + 0.72H" = 0.36N, + CO, + 2.36H,0 5)

2 Aottt
2o 75, gt Ate} npE2 St e o T AL 7R, AlE 501 =2 25(62°C, Bodrossy er al.(1995), 241
2(4°C, Omelchenko et al., 1996; Wartiainen ef al., 2006), AHd(pH 5.0, Dedysh et al., 2000), 222 2FE(pH 10, Sorokin

et al.,, 2000), ¥ T HE(5.6%, Fuse et al., 1998; Kalyuzhnaya et al., 2008)°]|4] et AFs} njAlE-0] x| H 11 |Q]ct.
EJ (4t wigt AlA vlde2 vg 55(Z2 Zos, K)ol T “H-2(Low-)” &2 “=2(High-) X2H=
(Affinity)" & 25, A9 o= K,0] uM p<EolH, “H2 23k, nM <old “&2 39t 2 a6kl St
(Bender and Conrad, 1992). o]+ gt IS} O] =77 vhoo whe} X311 AFsl-8(maximum oxidation rate; Vi) 2 97|
=T (threshold mixing ratio; Th,)”} tt27] ER =8| (Nayak ef al., 2007; Conrad, 2009), - ZI3}: n|PE-2 A2 o
2 52 K, Vinax, R Thy 355 Z5=Fh(Bender and Conrad, 1992). 3 XI8He HIABE-2 22 Kin, Vinay, B Thy Al 32 2E
o, 7|5 Hgto] (X ) 0 & SMKE2 HY) Fli= sk ot Eo] Y2 Heh F e v (YR o =2 o]
HERS ASEA] 7= Q9 HES- S (Bender and Conrad, 1992; Dunfield ef al., 1999; Dunfield and Conrad, 2000). &
HEA 0 & «uho ISt ol BEshs rE T2 ek Tk (e S5 EY, v EY, EA] 5)oll &A1
ShH, 4540 2 Type 19] sfdoh= PES A=t “=2 et nE2 vet 5/t BH(H7]-EY B8 55) &
7oA A= nPES dA=ThBender and Conrad, 1992; Nayak e al., 2007). £3|, TYPE II HAIE-(<

s

ES

Methylocystis) @24 0.2 W2 Het S SHgolA ¢3ske Foletal i I, ofsd E2 EY, ¢ 2 =

>

ol
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oM th7)(HHFE) F AT vlEt FA| AT 480 Te-CH, 2] 2F 5~-8%5 AR5 5 oFF 587 J8ha =7 o2 A4 9]
THBenstead and King, 1997; Henckel et al., 2000). © |13 TYPE I ®2] ] tEt Al A= Het W A4 5, 2 EQF4R
&, 3 pH 5ol 2t 2 Jda D=t Oertel er al., 2016). AR 02 S0l M, it vigh Aele g &2 245k=
o o} Fa7t A sk, of2 et it ek AlA PES AE HIEe] 30~99%F AlAsk=s A o= A Ut
(Bastviken et al., 2008). A2 G2 BE] HASH= Heke A7FoF ~ 100 Tg-CH,2 Y24 31+=t|(Bastviken ef al.,
2011), TARA | EE2} of A= A7 2F 35 Tg-CH,2H Y& 4] Qtk(Fung ef al., 1991).

o] Ao =, wek2 2] 2 EolA G 2|9 EGH T H Ho] AR =202 dEA L, F5- A9 E
oFollA] G4 2|9 EFET) o Wo| AAEE Z o2 4 A Itk Meyer ef al., 1997). E3t, EQFO] ~Ho| gy, x A}
U ot ol ika Bakgo] =2 2|9, f7]E0] B2 EY, whlo] E Flof §li= EfollA vgto] Bt A o = A
&= 710 2 YEPGTHBoeckx et al., 1997; Del Grosso et al., 2000; Templeton et al., 2006; Abushammala et al., 2014).

Tl B, Ak vek Abeh= T 3 ool A B AT dubA 0 2 off AFeh= oF 447F10-200 pM A= B
Z ATk Scranton and Brewer, 1977; Rehder ef al., 1999; Grant and Whiticar, 2002; Reeburgh, 2007), 5 2! &
23 Ak 2hl SPof| A Sl S 2 th7] faitd: S0 2 {olEl= HiEte] Ast 7|29 &S Eol= Hl forlet
gk k= 202 U2l Itk (Grant and Whiticar, 2002).

g 12

3.2 2AA OfEF A3 Anaerobic methane oxidation)

FA: Het Alel= tiRE FAEE oflof EJ&EollA] WAlshH, Bs SFela-me ek 2| %(Sulfate-methane transition
o, SMTZ)A| 3Rk, T2ich, A S92 oF=) ol el sick ol 1243 S0 e A1 12
70~300 Tg CH, HErS AlASH= 2 0.2 d2A QIthReeburg, 1996; Hinrichs and Boetius, 2002; Boetius and Wenzhéfer,
2013). T4k wEh Aok= Siof EASolA WSk wiEk Ao of 75~95% Akl doke o= dEA
(Valentine, 2002), ©]+= al|%F EX%5 HEt 52321 5-33 Tg-CH, year (Wallmann et al., 2012) BTt 2 71 © 2 LEPGTE o]
B A 2 Fita Hgh AFeh= siekoll A EAlske ]117‘4 T@(Seepsfl‘r gas-hydrates)of| T2 57 F24] AFalo] ot
710 2 o] A7tk Whiticar, 2020). Y5F20 & EJZZolA] 550 2 {2 == mlehe] 2 AT oF 5~25% Hre = 4

A =, R At A wjet AFek= QIe) Al A E jﬂ* ek AFe}8-2 9F 1 ~ 3,000 nM(EE ¢7F~ 11 mol/m?) =
214 of ufe} o} theFs| LR THHinrichs and Boetius, 2002; Luff er al., 2005; Regnier et al., 2011). ZL A2} o]
= Gulf of Mexico®} sl %(ridge) €] 212> 54 ollA] Slo|=g|o]E Hgto] 855 = HolA w2 T4t 415} Bl o= ekl

o wjet wjgt -g-Eo] A P = A0 2 YERITH Torres ef al., 2002; Joye et al., 2004).

8= 5k= 2H(Sulfate Reduction)o]l T2 Mg AFSK A A)=, & gt Al of & Ak sk, gRtAoz o
7441} 5-84|(0,, NO5, Mn(IV) @} Fe(111)) Er} 2F 50-100 v} A& GafAolety &&A Q). G7120] 255 ghAof|4, &

o2 FoFE-2h TollA AT El-ET ol FridERe SrET B4 HEA AlA(E= ) Ech(Figs. 4
and 5). ©] FoHE-¢h oA HEH] FIei= ofF= A4, o] -] HoflA] Heh (St B Heh RS AT A )
Ax)7] At o]2fet {71552 AFek-2hd Altta]) £-(diagenesis) ol T2 -8 3123t HE 4]
2 Zolol w2 Fekat o] ) Feks 2 vPE(SRBs) I HIE A/ nldE o] Aol ofet Al os e a9l
|, GHFE 0 & golks ekl o] -8 ks ol A wiet A/ n iz tish sk tlwo® L= it o
o= olEo] EEE FoolA migt A M =2 (o, acetate) o] AA EAfSk, HlE AFe} nldEo] A4 mAlE
Hot ER Hol A5l i 0 2 & 4= 9t ¢lE E0, Cappenberg(1975)= S™7HHEE A v E2] A4S AoHA]7]7]

S

rlm
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ol izel, Gk 2h ol Hgre] F2 o] o] o]z 2] g=thal HIsI3irt. o]2|gt A2 Zlolof| mhe Mgt Tk AT

E(el= oA vgt 7t S0 Ex) 7I9Ee = St drgolch SEX|TL o] okE el ol 4% wE 5 (~ mM

g<5)2t o] 23t F e el A ASH= A A St 52 T of|, WE 5 Hek= & =

oF Fth(Whiticar, 1978). Wb, SMTZof| A AA AR 5245 5 Hok= o] 9 Ujof Heks AH|oh= nldEe] 9

2= O|H[SHH(Whiticar, 1978). ©|%, THJ n=of Tt A+t o] ks ehddioflA gz AlAsh= niAEo] A

+S 913 Th(Valentine and Reeburgh, 2000; Hinrichs and Boetius, 2002; Valentine, 2002).

v H[E Alolet SolE ehels Alohe AEA A ok o nAlET vE Ak} mlAYE 7] Syntrophic(§
nA-Z 0] At S5 FAbEo] thE n|E-9] thALS E715HE) 21-8-2- oJu|gtt Alperin and Reeburgh, 1985; Boetius ef al.,

2000; Valentine 2002; Orcutt et al., 2008). ©|2} 22 sstaf 2 w5412

c

H.Iﬂl
o

F

$

d

ol
o flo
mn‘.

CH, + SO~ > HCO; + HS + H,0 (A4G° =~ 16 to 40 KJ/mol) (6)

2 UERd o gloh
Beal ef al.(2009)+= T4 H[E 4E2E7F MnO, 2} Fe(OH); 2] $h TPl A e IS 4 9la-5 H 1 S1Gi=T, o] 22
ofgf Bk&-A] 0 2 TAS 4= Qi

CH, + 4MnO, + TH" = HCO;5 + 4Mn,” + 5H,0 (4G® = -556 KJ/mol) )
CH, + 8Fe(OH); + 15H" = HCO5 + 8Fe;” + 21H,0 (4G° = -270 KJ/mol) (8)

Fe/Mn A=} o &0, A4td 9 opdiby Tt Stk wet 4be} whg-of 242t =847 2 4= Itk Raghoebarsing er
al.(2006)-2 v|AY=o] ofgt 2aitet wPgof| A wiek AFslrF Al 4= Qlokal B skgiet

5CH4 + 8NO5 + 8H' = 5CO, + 4N, + 14H,0 (AG® = -765 KJ/mol) )

3CH, + 8NO, + 8H' = 3CO, + 4N, + 10H,0 ( 4G° =-928 KJ/mol) (10)

T3 Islas-Lima et al.(2004)=

SCH, + 8NOy™ > 5CO, + 4N, + 80H' + 6H,0 (AG° = -960 KJ/mol) (11
2tar, AlQkst3ik

Raghoebarsing et al.(2006)> &5 ©[-87t 744 €78 Ao, T4t vgk Akelrt @ 2] ehitsl v of] ofet 2l
= SIRISISIT. olet-FALSHAL Hu er al.(2015)= FAkE: % 48K anammox) Al, Hlgto] 4Feke 4= Q152 HalT:

NO, +0.76NH;" = 0.77N, + 0.2NO5’ (12)
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0.38CH, + NOy + H' = 0.5N, + 1.25H,0 (13)

0.25CH, + NO; = 0.25CO, +NO5 + 0.5H,O (14)

oM el a7 &5 F3lE0] ofF AA| agit) o]7 eHFolM = F3l= 2heloll mE mie 4kt 24
‘4":4"’]"—4(311161110 and Yavitt, 2011). SEAIRE, F-GU3L O] 24 2 o= Fokzo] vlw A A Yehd & 91, o] 2§t
gollxl= FokE ol of gt mjet Absl L AE 4= Qlt. ol E 01, Cadagno S40ll4] SO, 9] 352 "5 5(2F> 500 uM
ol HE Qlaf Fal=E Shedoll ot wigk A7 YRR Schubert er al., 2011). SEATE Foka0] w7t A2 2| HofA =,
NOy, NO5y 5] 22115} 114 Bl Fe/Mn Atehz<] ghd Ipgoll A vt Al717 +2 %_M%E](Sivan et al., 2011; Nordi et
al., 2013). T5F, {7 1Ak e, FEiE T o9 ke E4)) 5= Bt AR Hg A7 Sast AlA o= deA
QItK(Scheller et al., 2016; Reed et al., 2017).

AAIA] Fitas wet AR} n e & S92 B 7| k= 8 A (consortium of organisms) 7 F H|EF AFelel e
o] A2 B 11 K31 It Whiticar, 2020). 0|+ Al 3488k & (phylogenetic) 12} PE/HIAM] B 94 W B2y
=354 2] A A molecular biomarker, ¢ll, DNA)E ©]-85 A+ 5-& 53l &F1=] 11 I}, SIA|qk FAkA Het A5} n| =S
Ha]ol= A= syntrophic T E RS Bjo|d Hx=84]] 5o THAH] Qlof o} st Whiticar, 2020).

_l

0

A5 W Ao 35 dis, RS U oheRt R; 847 EAste], A olopr et Aol | Ao met fr1E2 &
A4 0 2 ghIgitt. o] IellA, 72 ElA S0 =R E Fg5 Hgto] [} 7|1 RA H7|E oA, EJAE Hlof| A HiFREe
H|eh2 AFSFETHFig. 3). SERITE 2AtAFo] S A5l F/d=]H, ol2igt Atek-2hed th7} |25 W) o5 =2 3ol 37
&2 45 Ulof| EAfisHA Ht. £3], o2t -, SMTZ 7} 2 3of| AL 2] 2717} efobd 4= QlTh(Fig. 5). Wt
A, B[4S U wgt Al F A ] Hoh g2 mehs EAE 4= Qlek dlE 501, vl=9
Chesapeake FollA], Z}4tAaZo] A o F A]7] 11*0——4 ”ﬂ s 7} oF 40 uME A4tAaZo] IAskA] ok A]7] 9] wet
FER1 oF 1 uMeof| Hof] oF 40 v} o = e Th(Gelesh er al., 2016). -2 A7)0 #3-9] F 3t ol =7 Yelhsd+=
oll, 24taZ-o] Bl w4 oFstA| et 6 dofl 5 wleh i 2F27~68 nMO| T, A4S0 7oA Lrehd 9%"“?&
S HE E=7t °F 400 nM=E FOFRITE TRt A5 ek 5=, A/ FAHS(<4.5 pM 0)°] 4 ]’H}‘—é}s}h Z71° °F0.1
uM of|4] €F40.7 uM=E S7F61L01, FAtAFo] 7oA 9785 8Y Helk= 2F 0.4 pME E0]E= A3 B Gelesh e
al., 2016). o 25 et 5= sk, EA5 0 25 E] O] {-dof ot ST et o] & FAtA A7 5 U wEk Abslo] mhE A
02 K11 513K (Gelesh et al., 2016). ©1AH, SliA] 2/ FAZ A7] 250 v Fhs, B o] Hgto] E)H5 2 4
ol ABAtE]o] F 0 =2 []lE S o 2=t} B Uo7t Chesapeake
A= Sfiste] Hgte] ti7] & T8 Zy—;‘é@ A}, 5o 2F0.8 pMo] Hi7]1 2 FEET L PSS o, A/ F4atAagol
FAH A717F oF 53 o|n &, 7] A Yol 11,801 km*E I12felH, F ~ 19 Tgo] wgho] &2 Zog FAs3rt
(Gelesh et al., 2016). ©] g2, ZA|AIA slicf-th7] wlEr-FE3<Q1 2.6 Tg Hrh A 45 el ot A7 oot HiE 5
7holg =2 A7) At e AEolA S e Aolehe 7Hgstell 45157 "t & AYZFE . SER|EE off w57
(over-estimation) = E+611l, 0] A= S| A/ FAtAS o] vgt 7] f-&0 oFF Fa37h Sk Shtk= S gt
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seawater 0,

) i i 1 =
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Fig. 3. A diagram of redox conditions and terminal electron acceptors (TEA) in marine sediments. This figure was modified
from Whiticar(2020).
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(Corg ™ 0.1%) (Corg ™ 0.1%)
0, 0
HCO; S0,%
E HCO;"
g
. 50,> CH,

Fig. 4. Schematic diagrams of redox species with depth and organic content in marine sediments. This figure was modified
from Whiticar(2020).

Current conditions

(normoxia) production
diffusion

Seafloor - S\MITZ

-10m

Methanogenic Zone

Fig. 5. A schematic diagram showing diffusive fluxes of methane through the sulfate-methane transition zone (SMTZ) in
conditions of oxic- and sub (or an-)oxic marine sediments. This figure was modified from Argentino et a/(2021).
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At o] A/ FrtaZ-S sk Qlal(Fig. 6), RlEelli= oA S s} o< 7143k Ao =2 edsiar 9l
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0.07

Fig. 6. A global map of low oxygen level (< 2 mg/l) in coastal (red dots) and open oceans (blue shaded regions). This figure was
taken from Breitburg et a/(2018).
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Fig. 7. A simplified diagram of the methane production (blue arrow) and removal (red arrow) in the oxic- and anoxic
conditions. This figure was modified from Whiticar(2020).
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