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A Study on the Effect of the Development of Anaerobic Respiration
Processes in the Sediment with the Water-column Stratification and Hypoxia
and Its Influence on Methane at Dangdong Bay in Jinhae, Korea
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Abstract : Hypoxia can affect water-atmosphere methane flux by controlling the production and consumption
processes of methane in coastal areas. Seasonal methane concentration and fluxes were quantified to evaluate
the effects of seasonal hypoxia in Dangdong Bay (Gyeongsangnamdo, Jinhae Bay, South Korea). Sediment-
water methane flux increased more than 300 times during hypoxia (normoxia and hypoxia each 6, 1900 pmol
m™d™"), and water-atmospheric methane flux and bottom methane concentration increased about 2, 10 times
(normoxia and hypoxia each 190, 420 umol m™ d”'; normoxia and hypoxia each 22, 230 nM). Shoaling of
anaerobic decomposition of organic matter in the sediments during the hypoxia (August) was confirmed by the
change of the depth at which the maximum hydrogen sulfide concentration was detected. Shoaling shortens the
distance between the water column and methanogenesis section to facilitate the inflow of organic matter,
which can lead to an increase in methane production. In addition, since the transport distance of the generated
methane to the water column is shortened, consumption of methane will be reduced. The combination of
increased production and reduced consumption could increase sediment-aqueous methane flux and dissolved
methane, which is thought to result in an increase in water-atmospheric methane flux. We could not observe
the emission of methane accumulated during the hypoxia due to stratification, so it is possible that the
estimated methane flux to the atmosphere was underestimated. In this study, the increase in methane flux in
the coastal area due to hypoxia was confirmed, and the necessity of future methane production studies
according to oxygen conditions in various coastal areas was demonstratedshown in the future.
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burgh 2007; Gelesh et al. 2016; Dean et al. 2018).
Aol A Mgk T2 EfHFolA doji= #7]
=9 7|4 Eallapg oz A E T Torres-Alvarado et al.
2005). A% Wk 5714 AFSHAerobic methane oxi-
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of Methane, AOM)°]| O3] UK Av]H & F0=2 W=
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2005; Gelesh et al. 2016). o] E|Z= ZH|A] WE A
QA o] AR} Fobd e Eotug Aude o
S AT fARE 9718 F7A RS
220412 7Hs4o] k. E3 A4E veke] ool
ol F A7} Bobx|7] wjiZol shoalingS E|Z|5-0| A 43}
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Fig. 1. Sampling station in the Jinhae Bay of South Korea.
The study site is Dandong Bay
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]4}% 5.1 ppm 3EZHEH(Research Institute of Gas Analysis

Science, RIGAS)2}2] 1|2 £ s Hgick. vk
Loy =S Ao Herxol 3|4 o]

% o EERRs =
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Sick 24E ol Sk B WSk HA3 ik
H-S(sediment oxygen demand, Fop)S AAS=H] ARE-H
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A: 30]2] THA(em?), Vi Headspace] £-3)(cm’), t: 1l
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F-U7] Wg 82 AL

TSOZRE 7|2 HEEE g S8 2(Water-Air
Methane Flux, Fy,)&= ¥5 HE] ZHS 45o)7] w2
of thlsle] A= QtHeq 2; Bange et al. 2010).

F (,umolmfzdayfl) 2

wa

= kggy X (SCCH\/6OO)7O‘5 x (C,—C,)

Keo: 7711 ES> 6000] oJaf #23FE 7]4]9] o]5<:E(em
h'), Scops (HIEER] FFHIE & Cy: 23S WEHsE=(nM),
Ceq: %6_0:] CH4 %_—E(DM)

Ceq= NOAA (National Oceanic and Atmospheric Ad-
ministration) ] 20190 B A}7(1874.7 ppb)E ARE-5}]
Yamamoto et al. (1976)2] 412 E3&) AAE|C) Scaus=
ol dhet BlE4E S3ll A= e Wanninkhof 1992,
2014). Keoo= Jiang et al. (2008)0] AH|A|St A2 Alg-5}o]
Arkstatheq 3).

kg (em b~ ") =0.314 X ul; —0.436 X u;, + 3.990 (3)

23
A5 Abaied AAanAd=s S8 53

gt Zolo] mE AlbFEE o835kl A= UTHeq 4;
Cai and Sayles 1996; Lee et al. 2003).

2C,R
FY =@D 4
O, S DS ( )
b: BIE, Di A0 SIS em? sec”), Co: 3|45
A& AN AbadsE(umol L), R: 4 WHSEM

B2 3-8l FAHE Lee et al. (2003)0] A|AIgH 24k
73 AlZ(Diffusive Boundary Layer, DBL) H}2 o}zjo] Z]
o|= Agol3lrh EAZFol|A 9] A Al D)= 5ol
A o] AAZAAG Dy, em” sec!)9} FHES 0|51
5}t Archie 1942; Ullman and Aller 1982).

Ae) FEW $50) R0 U vSEE st
ZAPZIZE EeE S 22 16-31°Co] H9E Holn

8ol 74 =2 dko] UEithFig. 2a). 439 A=
Uelll= £330 459 =22 = 5E5E Skt 114
o|F Frast= AEA wHE Bt dE9] e =4
HE 2 W3S Holz] eFtth25-35 %o Fig. 2b). £2AF
A FZ0)4 160240 umol L', #Zof| A 52-220 umol
L'o] HOE Hou] Mubzlog FZoflA & ghe B9
thFig. 2¢). AZ &4k 5ERE Asr] AlRfsto]
8ol HAZHS B HI(52 pmol LH)11Ee]| FEE|QIct
(190 umol LY. 4= tels = 3204 12-35 nM, A
oA 17230 nMe] W& Holu 1192 AlL]stale
HAHEA o 2 2 Fo| =2 ZAeFS HolthFig 2d). o|= 8¢
of ol F&=(3£3 35 nM; A5 230 nM)E Kol F7}
3t meke 1190 A3} thFig. 4a; Table 1).
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Fig. 2. Seasonal water column depth profile of (a) temper-
ature, (b) salinity, (c) oxygen, and (d) methane. The
shadow area indicates oxygen concentrations in a
hypoxic state (< 63 pmol L™). The star and dotted
line indicate hypoxia
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Fig. 3. Sediment and water column depth profile of oxygen
and H,S concentrations. The dotted line represents
the sediment-water interface. Shadow area means
oxygen concentrations in a hypoxic state (< 63
pmol L)

2 by, WAk ARtER 590 W) Ak A
7191 8940] FasHe 4B BTt (Fig 4b). WikE7}
SR 118l thl Z71ek AFL wolrk HHa
57t gt flux= JlAR: Aol W2 210.49-12 umol
m? d)& FASICE WAk AJZE A7)0 HiE S7H1900
umol m d")sto] EeITh A4 Ao|% WrkFig. 4b;
Table 1). =577t HE flux= 110420 umol m? d!
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Fig. 4. (a) Surface and bottom water oxygen (left-hand ver-
tical scale, circle, and dotted line). CH,; concent-
rations (right-hand vertical scale, triangle, and solid
line). (b) Sediment-water oxygen flux (left-hand
vertical scale, x, and solid line). CHy flux (right-
hand vertical scale, inverted triangle, and dotted
line). The shadow area indicates the time when
hypoxia was maintained (An’s bowl, Lee et al. 2017)

Table 1. Sediment-water methane flux (F,,) and air-sea methane flux (F,) in Jinhae Bay. C; and C, designate observed
surface methane and bottom methane concentrations, respectively. The positive value of F,, refers to CHy; moving

from sea to the atmosphere

Month C, G, sediment—wz_lzter ) 1ﬂux Air-sea jlu)_(l o ;
(nM) (nM) (nmol m™ d7) (pmol m™~ d7) (m sec™)
04 12 22 49 x 10" 2.1 x 10 6.5
05 22 30 12 x 10 2.5 x 107 5.4
08 35 234 1.9 x 10° 42 x 10 9.7
11 21 17 3.5 x 10? 1.1 x 10? 43




Kim, S. and An, S.

6
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<= 8A7HA] A/l e 110 &b sfjaxE Qltk A5
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oA H2swE Bech neba] 20199 sl A o
3} §Afa o183 WlAkeo] A} a4 Afo]2o] W]
pess % o 4= UQlckFig. 4a, Lee et al. 2017).
HAka] g EE= W &'71 <9

shoalmg A oJEE 3lol5lal oo u}E ve ZE Ao
HokE ARelshe Zlolth uhebA Hltka A7) 5]@? Al
AE7H7)o](oxygen penetration depth, Zy.)2] 49} E

Az Beked Ao A= WeE 5o =
shoalingo] 55 #hstaix} skt E]ﬂz U] ARLE J_}71
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ik 233 =AW e 2714 #r1e &8l
9 7|4 g4 AAAE SHAER 0] AjAkE| Q&) 2
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7101]% oh:&;g'_gi oﬂ/q E]?QZOE OOIQL /L]./\
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et al. 2015). o} FH3 v AsEo] B 7has Eato]
webA G714 f71= 237 Lot 99 shoalingo]
A 4 ol

Ty 2 AtofAle Hlaka

J

NHEEC RIS e

o7} ©312] thi $7Me 4eS B=v (Fig. 3, Aug)
ol fire] Frhe I Abho] B B EL HAS
A4l At 019] ol el Ao A

>.

(Higashino and Stefan 2011). 449 7= 3= U &
EAL BARE F7HAA ALEUOIE S
St Higashino et al. 2009). QIAkA Al7] A oH\?_P ﬂ bl
-?F”Oﬂ mlsf b‘H 71 =2 52 EAsd1e
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5 &0l °f /\17101] 7k AAsh 2ol E4]
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o r o

FA
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2 Ansme] el Aatold Sge BHE Ak
RS2 WAk A7l V0 =R "olX|= 5 &
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3.8-5.1%¥107 mmol m™ d) o]of w}e} EH= AArET}7)
ol =712 4 QltiSteinberger and Hondzo 1999;
Higashino and Stefan 2011). ALAE T Zlo|l= ~20] 22
Abmgt oheh §47t BAF Abhhn o] JREE W
o} W3lstmZ A uto|x] ArrEwlzlolo] Witz
shoalingJ 52 ghdalr]i= o]} Anbdo g AbAl
L7 Sobxl Hl4kar Al7]of Ak Fif Zlol= fr]E &
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=
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39 ”‘* St 51‘2130115 =5kl B4
= Lﬂ "6’——1:—/?‘ el s 8w F5 3 omPE 2
FEE FASHL 9&01, Hl4ka A17]9 w;ﬂ% A7 E
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debt)7} A E=H| Alzto] AE 422 LL]./'\7]_ PN
RO EFSE AR} dfa o=

o}, AR Q714 f71E el A A= o] S
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FeS; Soetaer et al. 1996)2 AALSHA|7]17] J8f E Qg AF
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HER o2 AbA XHL- H] /K]—/\7]. H]—}\HOI_L o:]EZJ A@/HQ
T 7heollA == Aol sfiaElthMartens and Klump 1984;
Chanton et al. 1987; Boynton et al. 1991; Rasmussen and
Jorgensen 1992; Moeslundi et al. 1994; Brady et al. 2013;
Seitaj et al. 2017). 3o} EFF BIALA A] QX Ho &
zkslzl o] Fe|(FeS; Jorgensen 1977) &2 3 A(FeS,,
pyrite) FE = HighE|o] E|4Zof] SA wn 4haFafo]
Qlo] EtHBoesen and Postma 1988; Raiswell and
Canfield 2012; Lukawska-Matuszewska et al. 2019). &A
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fo Hu
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ARStEA At S
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F3-u7 282

A7) shoaling wjgke] AT} 4u|S wE}
A2 4 ik vigke) A 27k viE e §)
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B e =S FER Y
(Torres-Alvarado et al. 2005). HgF AL 87| E29] &7
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SLofA dofuf(Reeburgh 2007) wheba] gAY/ -H1Ee]
F71=9] {2 F57E "olrk 2L shoalingo] 24y
o A S WA Aol o) Azt BrobA w|E
WATIR SlEe $710] FSa Anidow
e Yol 571 4= SlthFig. 5).
A ZolN AE HEke $Fo2 olFal £E
7174 =& 37143 wiE Akstel o 2

A% Torres-
Alvarado et al. 2005). shoaling ©. 2 <13] ZA3t WEtr A

(a) Normoxia

;:'Th:
2 OM MOXx
= I

| : MOx
r= AMO
Elf ! SR
S i CHa
%3]

P2t 4% Apo]o] AE](Fig. 5, black arrow) WER]

A2 A S ook ER RS HAZ0R 39
e ARE HaAlA vEe] oA ARkE AsiAld 4
olck. A2 WshetolA 5714 vdEe] HES e
= BAS Anar e Hl4ka A7) 108] o4 & gt
< HFtHFig. 4b, solid line; Table 1). HlIXkA A]7] B4
SolAe] wEAEE mlE FR O B2 EeE W g

HAtHPark et al. 2020).

HlAk A7) EJ&Fof| A ] migte] A S71et 4] 2+
AL H25-5% o fuxo] 57k Yol 250 82
He 5 2715 4o 4 QItiFig. 5, shadow arrow).
23hare] Bj22 27t et flucs WA Y A 6 umol
m? d', 914 411900 pmol m? d'¢] ZrS Holm 300u)
o|Ate] Z71E R o|FQIthFig. 4b, dotted line; Table 1).
o]= kol ] shoaling®] % whEel Ao Az
] S vghbs s T3t §Akae) A 39 At
IS B rkFig 4a; R* = 0.8269). whaba] B14kA A}
of o3t Adut 4xn]o] WA} BAS-F wE fluxE
F7hIA Ao 4% vk 5= S7te] fglo] Hg)
2 Zo|t} (Bange et al. 2010).

HlAk A7) 5F =3-th 7] et fluxERE Hlakaxo] &
o) e W 7FsAdol =2, ol EASolA 9 wigt
T F719k 4549 viek ) 2ot B o 4
25k 4= Q17| wjFEo|tiFig. 5b, shadow arrow; Bange et

(b) Hypoxia

MOX
AMO

__Mox
MOx AMO
CHs SR
CHa

OM

*—_

Fig. 5. Methane production and oxidation change during normoxia (a) and hypoxia (b). OM (organic matter) (dotted
arrow) indicates the organic matter supply route. CH, indicates the depth in which CH, production occurs. The
shadow arrow indicates the CH4 flux. SR indicates the depth in which sulfate reduction occurs. AMO indicates
the depth, where anaerobic oxidation of CH, occurs. MO, (Aerobic oxidation of methane) indicates the depth,

where aerobic oxidation of CH; occurs
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al. 2010). ==HEtS 32 5 7|4 HgkikSK Aerobic Re-
duction, AR)o]| 9J&f ZAst=d] 7|4 HEr Aksle] §
& veh 8240 e, 2, A, A9 B4 5
of oJ&f Z-2-EthFig. 5a, AR; Torres-Alvarado et al. 2005;
Steinle et al. 2017). §FH HIAMA Al7]of] 23] $220]A]
o] 37144 wigt ARt S71E e = Ftell HArE|g)
=, &EAkT ASHA, HEARRRE o= At
o] sZAQfo] Fassial JfAIg7 HEE hs/do] EokA
o, WAL A2 AZITARE 0 2 Al o] 9]9] ThE
BEE ARESte] vgks Alslslr] diizel Wik A] @3]
& wetisrt S8 Aolak= Bzt 9licKSteinle et
al. 2017). Z12Lh Z13eke] A9 SEARAT} st
371/ gt ARt aAleF 9] ATt Hlal(Park et
al. 2020) o= WAk WA $=3HeHe] 37)4 AksH
7t Aot YAIRITH(Fig. 5, AR).

gt =3-d7] g 7}

Aaure] 2= 7|7k vk flux= 110-420 pmol m™
d'e] W92 vyom, & Wk 250 ymol m*? d'2
2-1300 pmol m? d'A}o]€] ZHS Kol <ot uek ¥o)
Woll &aqlch RlAka: Al7] 3-th717E wiek fluxghke
420 pmol m™ d' 2 WAkA7}F Yojihy] A} v wahaS
of 28 o o of= QA Yol fAIshH E=o] G

—

e

A
= Eal

ot

P Hh= Y5te] vigt fluxBobE 28] J= w2 gro
CHTable 2). o HafutollA] LYepd RIARAA7] -2
gt fluxs= SFA A5 B85l A9 A S7Het A4
H Hgke] 4] AR FSUKeE 3 wEo] w2 F5
olal 7|2 WE=HA UeRd Autd Aolck

2 AollM= 30l sliaEe A7l A4 vg &
Lot =3-)7] Hg fluxE S45FA] sho] Rlakas A7)
SAE Hge] WE T A RS APH o R st
A Fshdek LU Rl A7) 2214 wieks e} Blik
2 e A7) 5 u8E A RERE Sal Aol sliad
F wete] AsS 4T 4= Ak zafgtoA] wlaka
Al7] 502 o] Fs yeke AJSo] FAo = Q) gi7]
2 AR UEER] et Aol S3HS HckFig.
2d, 14 m). ZAE Wete] 57|14 AlS} ofi= 3o &
Aok wigkiksl ol AE 9] WshE Bl 1=
o], HEAS} nj e e
S B PTHPark et al. 2020). Tk HIARA A]7] A 2o
24 vgto] 4kkE|R] & Aolet =, o= A
o] siad uf 7|5 o R WEEo] Hlikaol o) Walst
+ gt budgeto]] & FFE 7|2 Aot Azt what
Al 927k S Hlikdof w2 g budgetHSh= kA
BH7}E]9)lS 7HsAlo] AtKBange et al. 2010; Gelesh et
al. 2016).

Table 2. Air-sea methane fluxes (F,) and surface methane concentrations from Jinhae Bay and various coastal areas.
Numbers in the parenthesis are averaged values. Kw was estimated using the equation of Liss and Merlivat

(1986)", Wanninkhof (1992)", Clark et al. (1995)¢

Study Area Month Su(l‘nl\f)l'h (umoval::'z a Reference

Tomales Bay Every 8-100 7-10 Sansone et al. (1998)
Columbia Estuary Aug. 2-120 Sansone et al. (1999)
Oregon Estuaries Over 4 years 6-695 2-1,309 (181) De Angelis and Lilley (1987)

Hudson Estuary Mar., Aug. 349 De Angelis and Scranton (1993)
Tyne Estuary Jan. 14-654 (164) Upstill-Goddard et al. (2000)
. Feb., Apr.-Jul,, _ .

European Estuaries Sep—Dec. 4-1,437 (130) Middelburg et al. (2002)
Danube Estuaries Jul.-Aug. (131) (260)°, (470)° Amouroux et al. (2002)
Pulicat Lake Dec. 94-501 (242)  (54)%, (280)°, (180)° Shalini et al. (2006)

. Apr.—Jun., Aug., B _
Changjiang Estuary Oct—Nov. 3-89 3-146 Zhang et al. (2008)
Nakdon Estuary Jan., Sep., Nov. 21-436 (189) 23-650 (225) Ryu and An (2016)
Average 2-35 (23) 110-420 (250)
Jinhae Bay Apr., May., Nov. 12-22 (18) 110-250 (190) This study

(Non-Hypoxia)
Aug., (Hypoxia) 35

420
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