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Abstract

Methane from geological sources draws a lot of attention recently due to its
possibility being responsible for some abrupt climate events in the past. Among all
kinds of geological sources (volcanic eruption, thermal degradation of organic matter,
microbial degradation of organic matter), sources related to accretionary prisms are
particular important. Such importance could be observed from the world-wide
distribution of mud volcanoes, seepages, and gas hydrate. These manifests are closely
related to the distribution of accretionary prisms due to the huge amount of sediments
accumulated and compressional stress in the accretionary prisms. As a result, in order
to know better about how geological sources of methane affect world climate and
carbon budget, it is essential to un(}erstand methane ¢ycling in the accretionary prisms.
Taiwan is located at the boundary of twoxplatles; arc-eontinental collision results in the

uplifting of Taiwan accretionary prist| S.ii__l'r‘é_h.'.geological background of Taiwan serves

as an excellent example for the study (;f ni::e':than'e cycli.ng in the subduction-accretion-
collision system. .

In this study, three different kinds of methods were applied to estimate methane
emission and generation in Taiwan accretionary prism including methane emission
from on-land and off-shore mud volcanoes in SW Taiwan and methane generation
from sediments in accretionary prism. By comparing these numbers, the fate of
methane in accretionary prism could be better understand. Our results show that, there
is about 130 tons of methane emitted from on-land mud volcanoes to atmosphere;
another 196-317 tons of methane is emitted through off-shore mud volcanoes and
seeps to shallow sediments; the amount of methane generated in accretionary prism is
~14.4-226 Gt. The amount of methane generated from these sediments could afford

gas emission from mud volcanoes for 32 Ma under current flux. This is an unrealistic
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number which is significant larger than the age of Taiwan accretionary prism. This
disequilibrium could be explained by the higher methane flux of these mud volcanoes
in the past than today. Such explanation could be supported by the widely distributed
BC deplete carbonate in SW Taiwan. The other possible explanation is that some
methane generated from the sediments subducted along with the slab during
subduction. However, the validity of this explanation could not be justified so far.

This study could possibly provide some evaluation and discussion to the current
debate on the relationship between geological methane emission and abrupt climate
change in the past. Gas hydrate might be a suitable candidate to explain the variation
of marine carbon budget observed from benthic foraminifera records. However, gas
hydrate should not be the only explanation‘_ Methane from marine seeps or mud
volcanoes should also be taken intd considefation. Especially, methane generated
from microbial activities (methanoge.r.reéi-_ggplslh.ould have great impact to the marine
carbon budget. On the other-hand, meﬂ;’:\ne emitted from on-land mud volcanoes,
which is previously underestimated; Izn.ight prmlzid@ great influence to the climate. The
relationship observed from the data includiﬁg rﬁud volcanoes in Taiwan and European
is useful in objectively estimating world-wide methane budget from on-land mud
volcanoes. The importance of methane cycling in accretionary prism to the world
carbon budget and climate is revealed by our study; more works are required to better

understand this system.

Keywords: methane, mud volcano, gas hydrate, accretionary prism, methanogenesis
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F 17 F 4 & 7 s (Howell, 1992 ) w fF4p + = i fr (sum of square regression ;

SSR) hfz £ i %&mWEmﬁﬁ@%&mlbmﬂl":

SSR = vaﬁﬁ u4)

lll

2\ 1”
A IE T 3 4 fr(sum of squaré error; SSE) g ) £ T 3 fo(sum of square

total ; SST) RHEAL 7 T = e,
SSE = SST —SSR--- (2-5)

T2 o f R T 2 2 S R R R BB ok Y B R BT e T 2 .

n 2
SST =Y (y})—nxy - (2-6)
i=l1
FeSSR §= SSE 2_ {8 f &~ Bt Hpd & (degree of freedom; df): if ¥ ¥ 3

T 35T 3 22 X (Mean of square error ; MSE) 1 % I 35T 3 w b (Mean of

square regression ; MSR ) e MSR 4 MSE et B R+ & # 3t F 4k 00 7 235w
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FLBMF 222 23 L RABFANT X ¢

# 2-2 134 2-2 2. ANOVA (Analysis of Variance ) table -

Degree of Sum of Mean of
F-ratio
freedom square square
Total 16 81.823 5.114
Regression 1 58.185 58.185 36.923
Error 15 23.638 1.576
coeff s.e.
slope 0.681 0.419
intercept 1.827 0.141
% 2-371/5¢ 2-32. ANOVAtable -
Degree of Sum of Mean of
F-ratio
freedom square square
Total 18 35.970 1.998
Regression 1 14.966 14.966 12.113
Error 17 21.004 1.236
coeff s.e.
slope -0.288 0.430
intercept 5.529 0.092

2

G F TR F R B R AT AR %Y > KT Fovalue 3 369
PR TE 8.7 (type Lerror=0.01 ; type I error 4p e &t w Eﬁ?l I AL
Py s A F B S o § Fovalue [ 30 87 pF o A g 1% i ¢ J° iz ik

) BRE B N Glicfod ff P R ch Fovalue B 5 122 (PP HETE 8.4)
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¥z % MH 4 £H57 (Kinetic Model ) #£31 &
BTSN LY RINE RGO PR
12

F2UBHENE VY SEEF U EF Ly
g:

3-1 mEHFRFEP

- AR LAY 0 5 F (Oxic) B &=t F ¥ (Suboxic) % ¥ §

F B i & T+ 4% (electronacceptor) ; ¥ I3 f hg i 425 - TR

2 ts o Fife @ (Sulfate; SO°) T € & 5 HE & T F 4%

W
R
i

5

=k

¥

hnS

B

=

B AR T T S RA GRS T R

\\\?{r

BT R ET AT Y MEFEEFER A IR G
12:8 B 4 (sulfate reduction zone ) 1:«;:%1} 7 e - ] —%‘ P Uz 4 A

Il R
( methanogenic zone ) ° | ==

2

AITEBBY > APRELERAY S BELIRDF L RF TR LA R
(Anaerobic Methane Oxidation ; ™2 F FF# AMO) ™ 2 7 =2 =& F Ji
(Methanogenesis ) e AMO &% 3k 35 ¢ FL b i 47 ¥ 1 il 4gdlid kP &

B Hgd aFR S QL bmpRBERY > i ENL
CH,+ S0, — HCO; + HS” + H,0--- (3-1)

Reeburgh (1980) 1% "“C Rl € 7 aisiE @ 9 o= § LG £ 02) 2 chig

Foxd R

#3% % i“F gy i o Devol and Ahmed (1981) R4 * 123
PEEELCY TR EFF O F R AR ER XY 0 AR R

3 4
FE- R ~7~P\f'}i

W F 0 FARE < - A R4 =) 424 - Hoehleretal. (1994) # & #

25



A AMO £ A PR ek i > = BIFEar BRIZHDF b enpicd Foigd > M

BB R

CH,+2H,0 — CO, +4H,--- (3-2)

SO, +4H,+H" — HS +4H,0--- (3-3)

Boetius etal. (2000) R F A& A 0 2 32 % 4 52200 & i ehw 7 (Archaea) > 1

FI S AMO ey Ffe 52 mpR R R m AR & 4 b o )b F RaE £
RO R R AR WH TR R T - B R R R % Y
2

%;, msi & :‘:1:

22,
‘E‘F

e
<k

F_&

PR T ERBAAMO i $ i F UL E AT B

AN

S AT S g AMO m&ﬁ%xm Lins o g - B
(Chuang et al., 2006 ; Lin et al., 2006 »xﬂ,ﬁ' 2000) » WL fodyiE o @
By AP AEF S ﬂ;ﬁ}@fijfﬂ

AR A ﬁ’x‘ﬁm}t/ﬁ %’ "Jé : fw;‘f PHEeLTEFREF R
(fermentation) @ %&ﬁrﬁﬁﬁ&g {;_3{ 1%&4@_ FoprAapefLd P
AfI* A RS T = ek BAES T =2 2 F & (Methanogenesis ) © 2 F &
SRIFIRIE O MBI RBRERIEL > H-F - F P RERF B (CO,
reduction ; ™ @A CR) > ¥ “} 7] {ﬁ?ﬁ»‘@%ﬁ 7% & & (acetate fermentation ) ; # f®

FE VA H

CO, +4H, — CH, +2H,0--- (3-4)

CH,CO,H —> CH, +CO, -+ (3-5)

....

FEREEF S A AREES 04 DR R XA P i -

AMO{rCR @ S FRF I A ERBEY Jh 3 bt A FFr R 431 4
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FERCE SR AR L T %) (Parkes et al., 2000 ) 0 5 ﬁiﬁ'*“ =
AR R EF TR PR ER R IR Y R R

= fr & ¥ 8 (Dissolved Inorganic Carbon ; ™ i # DIC) )k & SEiF K ih
LIRS F P ER - B F1E A AMO ¢ e ik g ) 4
m A2 DIC; @& % CRY DICR| g4 4£m A2 7% o 7 ixfc DIC
Pimde PorFIEs A RS BERIIT OB B AMO ¥ o jicd S
7 PC T e T 0 Sl e ik § I F B gl i d R
€A DICRIF:EAP T g g Rs PCiza il kink s
ﬁDEoY—%aiﬁnﬂwwgﬁéﬁ*géuCﬁDE’%HﬂTﬁDE
Sl R g e RELE A T RplF s EFILRE T A AL
% R géaw Lo (B 3-1e

' / NS
CH,
120 13C
AMO
Product: Residual:
CH, CH, DIC
Product: Residual: T T
DIC CH,
12c 13c 7777777777 ?77 T

B 3-1: 722 3@ (DIC) AiFEHmfir© Fml ik -
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B¥ @ F 03 E R R F et 2 BR r A shi i AR e Houds 4 B R
AR A R RRFER L RFF e 5 o Martens etal. (1999) {1
*fs 4 B RARRA RS BR DT R 1R T etk i d o 2ot flr 0k

B g 563 (radiotracer) #7ip| 1 hk ik F oo 8 P enE R F IR 0 I iR

~

ET U E REZL A ek Bk 5 o Sivanetal. (2007) fU* # 4 ERAEE
PLRBGIREHF P P A 2 e AMO sag 5o B P ety v af TOHRREF S A
it Apde ¢ ek B 2 vh > B4R DIC ek =% o Ussler and Paull (2008) =
U 1 s 4 B HA kR DIC ck B frle & 123 5 AMO shig & 3t g * 1C
He b S RG] T A ek I e r 3 b G AR TF R 5 A N AL A e % R
AT B R 0 RIS Y i 2 o R kTR AR RAR S L BE 2R
JaZFPEINRAFERET g X (Jo_rgensen 2005)° ¥ b — B F & PR A

FRET O AP Fautgﬁﬁ—um #;nv “5dﬁi+m£3}§i£"7¥ € FTH AT
0k & T mfa,ﬁigﬁmﬂﬁ%gﬁ’v{¢* A PR o2 o

R BRSSP - LR mt:»,|f :@ ﬁ (Jorgensen 2005) 0 i¢ * f5 4 B #

A k3 EF R &<m&&ﬂ{#@%mw§ TR LR e
R T T R e i en® A PR B 2T £ 8 LR a0 e

P

B o BTRG PRI LT R AR REAR Y AT L T

Y% bk

Y

BRRERARE Mo AT - L s d JRIRBDA G P oo et B R4 T g
L IR 0B Uz ‘*’Klﬂy - o Paulletal. (2000) &% § s/ % (Blake Ridge) 1 *

- AEE RN E e HEE KR (piston core sampler) 11 2 VLR B hsTh B TR A
R4 N H LY (pressure core sampler) R & 7§ B U & TR 2T R
ERAR o8 Pt RE SR FRABRETZF 2% SRR B S 1
ERACHERAETEEOFE A LA A FRRATH > R 2F
PERF Aok R Y DR RS o do R 2 T L R L A d 4§ Rt
FFEEFALARE S DR L0 s d - B - BV R OwEE AR

E s kR R R o and £t jilé}f%v‘ ﬁﬂ’rvﬁb’%ﬁé? SERIPE SR



Lo ged o 5 RHR DIC & 87 P 2 - dwlk g o @ 2k PRORS

x .

p
80 & & » DSDP (Deep Sea Drilling Project) 1 TR [f & T 5o b lis 4 7

chRGEFT 7 ¢ BT &3 1T SMI (sulfate methane interface) F& § - 7 *=fr
DIC i e % ehi i & (Claypool and Kvenvolden, 1983 ; Galimov and
Kvenvolden, 1983 ) st % i 3 %2 ¥ 11 CO; Ak E_AMO % 2§ > 3t & P
FPREUAEAMO fr CO B R F P ZE/F5 % $p it 154k IR % o Borowski et al.
(1997) B &E_f + r4”Carbon cycling”ie#k 1 &30 ki 45 iff « 2t 5% 2 & 4 AMO
e CR F s {4 eniEsk © ¥ % € 5d AMO & 4 2 DIC » DIC B|~ § ‘g.d
CRAZ P = BBARTIBFIRFLATFERED - F > 2 ASMIGERS BFE B
7
@il g i g s ?ﬁfﬂ'? ) Sl e~ ﬁ»? °

l\‘“‘

CFE ek 3 AT )I*{L_“E"E‘/#)i e, © J"”ﬂff’DIC g’”}“ i}“ﬁi ; B oA

a—

ipiﬁpﬁjﬁ%wim%¥$LL2%4ﬁfmuﬁﬁéﬁﬁéﬂﬁ

’1

G LR R R J\b#%a‘&% G AMOfrCR R R TE
YA R R 1.@15;33_115 )’é%ﬁ%ﬁ*-qﬁ* R P A R e AT
AT RER Y 2R : DIC # b % Tk p 24 (2009) Frfic
WOk AT A E BARaER (2007) 4583 kB kg R4 (2007); 3w

BT L T o R

&

AR
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A Wathematica § CO-ROM

WOLFRAMRESEARCH

MATHEMATICAS
Install Mathematica :
to a hard disk |

Browse the contents
of the CD-ROM

©) 1955-2004 Walfram Research, Inc.

s ipl

MATHEMATICA » &- %:¢ 5 1% ,i:{?‘ wa ﬁz&%ﬁ S P E
7S ARBEAT T A p - FOREE (7 AE R AL it % (Aloisi et al., 2004a 5 2004b ;
Wallmann et al., 2006a ; 2006b ; Lu et al., 2008 ) o &= 3 #7i& = 2 i3] > + 384
F345% Wallmann et al. (2006a) 2. 1 1% > AP LT — g & 0240 » 3% ﬁ"fﬁ’ AL
BeRRAe T P R BHANT UG ERAR RO o AP RSB E F T
AaE

(1) * 5 H5 7 %1 2 DIC chip =2 SRR 2 10 o

(2) *TH|¥rF CRF B4 5 BRaR kR 2 T o
(3CR%%?&:§@&%1?H§;%ﬁ&ﬁ%ﬁ%iﬂ,ﬁvuﬁAMo

A4 DIC# 4 & o
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57 &3 B9 %o DIC Gl le i WEER % L AP A B3 E 9 PC 40 BC e

R
13C
[( /0.0112372)—1]><103-~- (3-6)

ktE R EaiE o d 3 AMO fo/sfe CR & & rsglagkfm e =& AR

ALY SRR A B RiED o AECA P hA B #l g k47 (Rees

12 p 12
az%... (3_7)
He PRAc PR S qem 12 02 g 134 M a2 F g5 PCfe PO A 12 2 13
L%&oﬁ%“ﬁ@w(w%)ﬁ&%ﬁﬁ’ﬂAMOﬂ’F@iTmﬂwﬁ
d 5 ot A2 hDIC 2 s lF i i E _E:'?' 5Ei4~30%o(perm1l) L IR 2 )]?ef_ﬁ_
B9 % 10~25%0; @ B CRﬂ’F@ fﬂMC# vl F A 2 Y % e
% 4 &Eqplwﬁw@,'m¢ T$mm&égﬂf“w4m%o
FoBBLALt RARHRARRSERBIER CCREF AT
FAAAUEER S ARHT IR LR PR FIEEF CR TR ¥ ch
A F (substrate) » §AAEBERFTY T mEARRFAR Y T (B
( Whiticar, 1999 ) o 4cpt 593 % A& ( Wallmann et al., 2006a ) 1 i£¢ § 4 CR
# 3004 F #ic (Monod constant 5 3k /i B3R T - BF) kb a2
EFRPEA TR RATEFL GRS LRI RE DL fRR T AP A
W CR# F > feEF P % 7 - % (Orcuttetal., 2005) o 5 7 $5 i ot -
TGk AN it CRF R F et 3 F 3k b — %X ¥k (error function )

NETERTET SR ST T S

Eﬁxx)z:%;ﬁﬁf”dpn (3-8)
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EAETY 0 AP R anE A Sl Al S

Ef[[SO’ Ik tSO4]

0.1x (3-9)

N

U ISOS SRR 2 kR o tsos - B R TR TR R PP o 3T R PR
BARARL  FIEAMBBERRL B, P AR L Sl T liciE 5 00 97

F}.@i::"ﬁo '&%Llﬁ/ﬁ- /k}i '{«+/\LLFM’}‘§_IEE§ é’—éﬁ'ﬁ”f»g?ﬁ'f'll’ﬂr

@)
~ &
w
cx‘w*‘

it SR € EREEF N A AT oL Sded 05 19 FF ¢ 5 - #ieie

A s R o F Bld 0.0xt,, % (B 3-3) ¢

Y=0.5-0.5 x Erf[([SO, ]-t.,)/(teo,/10)]

1+

0.5+

0.1 (50,1 1

Bl 3-3: 34 S¥k o tos & 0.1 FF2 87

Fog N FARBERRF RIS S P hiEd 0 B e it i 4 5
1> #712 CRF i F» € wioBF R @ ¥ e AmpERAER <015 CR
F R FRG 0o

GAPERGE- BBD Y CRF S o) A faemig S0 02 oo s
¢ v AMO i 5 = & v o & Wallmann etal.,, (2006a) 1 i8¢ > CR ~ &+
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C0, 2MEd FHF A2 ko a A XA P (7 %) B BB FER
e =2 F e a4k AMO “7{]* ¥ 24 2% (DIC) e A& 2Hh
EE A CR F AT * o pt TR € 2 X D EEE o LA G A
Wallmann et al. (2006a) 11 iT¢ 43 {GI| o affieag & Ps BT o 4ok

- RGO R R NAR R R M PR R ot A e
4 - By it CRF RF BiE F 38 )0 F #fo AMO § B > 47 AMO 2

A4 (DIC) #-F =4t CR & o7 * o

320 $4 SRR A AR
PR E 2 A A ARG - B SR T B fRAE

(8O4?~ CHy ~DIC ~ Ca) ™ % —ff Y #l:* (particulate organic matter ) 2_ 8 #%

“1F@ﬁ$’%ﬁjwaﬁg“ :

F, .,

8C

6(¢-Ds
oc # @rﬂv C)
" a T R .| S| | oy G0
ey | acC '.'~'
a((1—-425)-Ds-—)
tl ¢)EEZ= XT G2 g). R (3-11)

ox
He CHEBHERER A FF ~ 953" R ~x 57FR ~Ds 5 #Hpicicdic~y

DENAER R L AF BEF A o AA PR P et B RS

(organic matter degradation ) :

b —§rRBRF R

(CO;, reduction ) :

def 34 - §F R IGRA R kp F s AR

. BRPERAT IR {2/ E

( carbonate dissolution/precipitation ) -
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CaCO, — Ca™ +CO* - (3-12)

d FEARR? =2 TIREH

(sulfate reduction with anaerobic methane oxidation ) -

438 3-1

e. 4 AMO 242 DIC® #r§4ch- § *REBRF B

best 340 RE - FRORRA R E b F B 0o § v A Lk
AMO -

PV LAE IS LS L

( sulfate reduction with organic matter as electron donor ) :

C(H20)+%SO4‘2 —>%HS‘+HCO3‘+%H+--- (3-13)

“1F B HIADF i (a~ b vd o) 3G H B IC fr PC aF it & o St A

B3l Pt g0 et - R AN S R B R L R L2 o 5

> PCip i g

[i11[¢] = INHIB[i1[¢]x k[i1[t]x[" C(H,0)]--- (3-14)

R
POIZCdeg

> BCq o o

Rypocaea I = Ry JTIX (57 Crge 110004+ 1) x 7+ (3-15)

> C-CRi# & :

; Koy . ,
Ry poclillt]=0-5 % 150,77 R scqe N1/ 7CTH
-2 _
x(0.5-0.5x Erf[M]) o (3-16)
0.1xtg,,

> DPC-CR# % :

R poc 1= Ry o [E1X (87 C e 11000+ 1) %7/ @ty -+ (3-17)
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>

>

RCa”co3 [11[2] = kcuco, X (Cali][t]— Caint[]/1000) x (

>

>

>

2C.CaCO; 3 f3/immsd & ¢

R, 200, [1[]= kg0, % (Caint[i]/1000 ~[Ca])--

BC-CaCO; i fa/im kit &

2C.CH, -AMO i % :

IZAMO[

BC-CH, -AMO i & :

d AMO #74& 2 2.

s°C

carbonate

i10t]1=k o X[SO, “1x[*CH, ]+ (3-

uAMo[l][t] k 410 X[SO, _2]X[13CH 1 a0

d AMO ¥74 4 2

Rug i) =

|1}

%(0.510, 5><E;f[

ksulf

K t150,7]

R” AMO

R

13 CR—AMO [l][

[1]=R

s
=
m
E¥)
a

¥

IZCR—AMO[

B 5

*x -
0

R, [1][t]=0.5x

TH#RE
T

[SO,”]

sulf

+[S0, T
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PO"Cdeg

/ rC[i]---

(3-18)

/1000 +1)x 7+ (3-19)

20)

(3-21)

DIC ¥ #1% 4 ¢h '2C-CO:R B F &

M])... (3-22)

X tSO4

DIC ® %4 4 :thC-CO, B R F

i1[¢]/[? DICIx[® DIC]/ atpy | & pyy) -

(3-24)

(3-23)



323 H i fdics % T
3-2-3-1 iTfE AR BE 12 R 2
&N 314 ¢ 5 INHIB[iJ[t] 5.5 7 4 ot 4 4 j2chiBfe £ T4 4 H e a

# & X P g ge % (Wallmann et al., 2006a) » H 3 % 5

INTC

INHIB[i][t] = — - 9
([*DIC)+[*CH, ]+ INTC)

- (3-25)

Ao INTC 54317 4 A 122§ Bic o KiJ [P R4 B4 & 3 5 4 e » o 4
Bt TEA oA enE (4 B ot ¥ Beet B 2 2 Middelburg (1989) #5

Fh

k[i][t]=0. 16x(ageO+xvar[z]/vs[z]) 0., (3-26)

"“'-:".E-L
E "“?I—;ll
I m |
He agel) L £ é] ,:L;f;;*ﬂ ? G "_ ’ ka l]F“] = /ﬂ:if e ﬁ:ﬁ ’xvar[ljﬁ'l E /’71.'7‘]5‘;‘4';’
- 1l
R e 3 MR P AT iR R W e Sk B+ Wallmann et al. (2006a) #-2
25100 (n=10010 % 03 100) i » € 5% — (> ¢ dynstFiER 4r3 LAp
tho @ BARY Bt 2T RARE o A AT Y C F LY BAE BAR S 2 (G
s ETI R T R 2 25 (n=25) BRI S R gt B PR o B

A Fe
AP FER D 2 o E R T 50
xvarfi]= Y7 devar[ ]+ (3-27)
B9 dovarfi] 55 - GECAE S # F T 5O FER M ET 0 TR A

dxvar = A2— A2/ (1—Exp[(i—n/2)/dx])--- (3-28)
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3¢ chdx B odxvar M{EER B ch g8 o xvar ~ devar fof EIFRR OB GV 4 B

34 % 0
0. .-
27 :" 400 }
25.0+ 300 +
cm ., 5 cm
200 200}
17.54 1004
5 10 15 20 25

d 5 10 15 20 25
xvar xvar

_ I
@}4:mﬁ%ﬁﬂ#ﬁﬁﬁﬁﬂgﬁiwﬁo

R ERTE SR S PR A W& CRTE Cp
wsli] = (1= Pf)xuf /(1= gli])-+ (3-30)

uf 7 A 5 (sedimentation rate ) I *% vs/[if B & IUAR 4 R RARIF I i K o 3L

BRSTIFR g RIT 27 5
¢lil=Pf +(PO—Pf)x Exp[—pxxxvar[i]]--- (3-31)

PO 2 Pf 5 3R e B i~ cdt R o px B 5 3V FRR M Ap B 0 At e B A

Fre o FRFIBCERATF I O HEREIHAD B 2T 5060
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PUE B L ERS frE R R R A R L o 5031640324 ¢ RE § -
Hir@iEad ;8 (bCli]) R 3 BFERDELZE A (Wt%) #5273
fRg S thi 7t

dli]

rcp]=12xZT:¥EB;9§~-(332)

B9 ds BmAEFLBA 0

3-2-3-2 BEFLAT 2 7% A8 TR
B Fe T BEPLAT UMK B U3 fRehF BN ¢ > Wallmann et al. (2006a) {3k sk
TR/ it ¥ e il R L W B W ¢ Caint 4 05 R R 4T

e

/'_"'\_I
|

Caint[i]= C@Mm+(CdmmTL7WMJ%Eﬂﬂhxxvmﬁﬂ (3-33)

\i
Ii

1..
4_.-' Py,

_;:",--
1.5

B P Capitiar §v Cappa & 5 E s ¥ B i & bRl 4T 4 R R o doficgt 11 2 47
W ERE VTR ER RN PR332, F 2 ook HEER TR
R DR 6 % o -

3-2-3-2 pigd pF ez 4 B 4o 2

[SO4_2 ] ] Ksulf

PR e —
K., +[SO, ] K, +[SO, ]

B 3-16+3-22~3-24 587 > F i F ¥ e

hETEE ﬁ‘:‘Ksulfﬁrjﬂ-%ﬁv% %6 e5f —\.ﬁ:ﬁ:tolﬁ\&ﬁélﬁ—\ﬁ 4o T

E+5;:§;2ES—iL+E+fL~(334)
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#¢ E&pt% (enzyme)~S % A F (Substrate) ~ ES 5 A F{rps % e &
PP ARAY BRMLFFERFRBIT

PR S fepEd B e 2 F v AT
F8 1 (Steady-state) » ® 22 = T i fo el B 42 € 2]
b BT A

»F L EeE s P

d[ES]

TZkl [E][S]1-Fk_ [ES]-k,[ES]=0--- (3-35)
(ES]= KIES][S]
k  +k

2

- (3-36)

=N O S

1)
frenik R Eg¥ 4 o7 E]ﬂfr[ES] rnL, mu < [E]F & 7

[E]=[E,]-[ES]--- (3-38)

#3340 337 F ~ 3-36 ¥ FIL 2

«":4

1
[ES]=1E)]—F (3-39)
[S]
PEERS A2

SN I VI

F‘

d[P]

= =k[ES]-- (3-40)
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H#-3-39 F » 3-40 T KL F oA E L [S]RF F T

darp] _ 2[0][] _y 151

. - (3-41)
dt K +[S] K +[S]

(a5 B asdm 2 phns)

B Vi 5 b B 0F Joif F o 4ok 1t 2 3-41 {0324 i § HF I 324 ¢ i1
gn ﬁ/ﬁ-ﬁ %IL%\A%& /k}i » M VmaxElJF\“ :
0.5% R, o (3-42)
Wh I A R D G 6N A P\7 ﬁﬁj‘nfrrf&%mw BlG 2 1

r ...-n-.-,.\_

R R F b g i 58 ﬁgﬁﬁgﬁ"‘m“i)w—% AR R E
@ chs § s £} %#.@'f ’ﬁ'ﬁ%)’f(@:“’ Kot AR ol B8 SRS

ﬁlﬁ——;—lj&l{nﬁ/ﬁ Q}%’F}@F#Ema'r,Jﬁﬁkﬁff@-‘—’f;b,ﬁ?g“ﬁ& Q@Fﬁ% hr

; v ksu'
FIT G PSR B oL ¥ B TG ﬁgo_z] (3-16 ~3-22) -
sulf 4

3-2-3-2 FHATH #
ARG P e Z R YR i B SR R B dhdi i %% Boudreau (1997)

dOT AR

=(5.06+0.275x temp) x (10 ) x syr--- (3-43)

D, pIC

1><D

13 = 12 e
DIC f DIC

. (3-44)
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=(4.88+0.232xtemp) x (10 ) x syr--- (3-45)

SO -2

273.15+temp

= 76 . -
DIZCH4 =(10")xsyrx0.00472 x - 0.01005 (3-46)
( 77 )X( -4 (temp— 20)% )
1.37023x%(temp—20)+8.36x10" x~——————
109+temp
_1 3-4
Dy, _fXD”C . (3-47)

D, =(3.6+0.179xtemp)x (10°)x syr--- (3-48)

H¥ temp N AP ¢ AR > syr f & - Ehf)dc

3233 F it &

F_&

PEEG R - iR el 8 e RaT] o ek S
> PC g g A

MMMW]R@HAM$-MmMM

| ;‘
IZAMC[[H[Z‘]T RlzéR AMO[Z][t] (3'49)

> PCefat
R e TN = Res o A1+ R s 1117
+R: o 11— Ry oo 112D+ (3-50)
> R @
—R.: o lillE] = R [1][2]--- (3-51)
> 12Cenm oz
e o LI+ Ry o LN Ry L] (3-52)
> PCv oz
R oA+ Ris e[+ Ry oL+ (3-53)

> s
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R o L]+ (3-54)
> PCq e

R g LN+ (3-55)
> PC i

~R, e 1E]-+ (3-55)

3-2-3-4 BREE A dpiE R R 2 N2 2

AR R R DR R 3-10 fo 3-11 S i AR Y 0 FI G B3 g SiE R
Lo drSk BT RREL D A XSRS SRR R - T P D AR
(analytical solution ) » ¥ i % + g@’“ﬁﬁ‘-? WO OEEE PR LR B

B beng et R RRE g % m;&m % (numerlcal solutlon) P HCE R B e

WAERE B HIER - X 4*'5(/» % Ery E-{ﬁ‘f?ln‘ '1 v 4"— Z & p 3% (central difference )
== ||
7 E N @ R A gD A ”Hﬁi?’.:ﬁﬁ!. A s A S fRE s HoP R

. ~ * |- !l-
I R A B 1A

Diffusion,, [i][t]= Dx¢* xd2cdx2[i][t]--- (3-56)

AP o ded2[iJ[t]FEH* P L A AP LY FRFIFRT aERHIFER
Z_Z K HLA R o
# % ix % (boundary condition) R * e = & F R iE 2 (Neumann
boundary condition ) » 4n g A i ip L2 2+ 8 38 (domain) efcA B o

Eipicie- B R iEE R TS

P A= Dx 2 x XSP[S][”—1][1‘]—SP[S][”][¢]m )
Diffusion,,,, z[il[t]=Dx¢"x2 evarin] (3-57)
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Fo A RIS ¥R E R R

Advection,, [i][t]=uf x ¢’ xdcdx[i][t]--- (3-58)

AERiER L

spLsI = splslln =101 5 5o

Advectlondmo,ve Sl[t] = uf dvar(n]

Bt BT (dof i) SRR

Advection, Ji|[{1=uf >< ¢ >I<i:dcd96's[i]['t]- -+ (3-60)

/'_"\I I.r'-.\
N=:£) |
== |
H P dedxs[i][t] & 74P & A N inrk’Fé'J r*!l/%i &I‘ﬁ/rﬁi - A T e

ik |
RS ¥ 1T “QJ' \V/

spls]ln]le]—spls]ln—1][z] (3-61)

Advection,,,, p[i][t]= uf pRp——

X 3-57,59,61 ¢ hispfs][n][t] 45 At HogR P g HEERT] e fide fE2 ik B (PCoic,
PCpic, SO47, *Cema, *Cena, Ca, *Croc, “Croc ) » 5 & % chi —~ F| A 64746 > n A
ER G R IR gl F BRSO T A L EM Ok R %Y

RIENE BT IR CBIR A ERR T R E YRR E F A g

PR 1 R Rt - F 4 B AR s D ARk T B

Fis- m4zv -
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F3- 10 AT R HCRRE 2 R Bk T

GT1 GT39B Reference
T 2 2
P 123 bar 123 bar
0.6 0.6
uf 0.033 cm/yr 0.64 cm/yr (M3 42> 2007 )
Initial age of 0yr 0yr
POC
Kkaom 30 30 ( Wallmann et al.,
2006a )
CR 1.1 1.06 ( Whiticar 1999 )
AOM 1.005 1.02
e Cor: -5 %o -5 %o
513CD1CB -10 %o -10 %o
R
5" Con, -46 %o -45-%0
513CCH4B -84 %o fﬂﬁ -45 %o
S .
55C, 225 %o P =25 B
§"°C - CaCo, 0% o R
Kcacos 0.05 0.05 ( Wallmann et al.,
Ksuir 1 1 2006a )
INTC 0.00003 0.0005 % ¥
Frives 15000 yr 15000 yr Until steady state
L 500 cm 500 cm
tso4 6 mM 4 mM B H
[*DIC;] 6 mM 6 mM B3
13
SR [llecl.]x[(gmcD’CT 11)%0.0112372]
1000
[SO47] 26.25 mM 28.77 mM (+kaEF » 2007)
['*CHgi] 0.001 mM 0.0023 mM R
13 13
St [2CH, ] x[(%+l)x 0.0112372]
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[POC)] 0.5 % 0.7 % ($kaEF > 2007)
[*DIC(] 36 mM 36 mM B
[ISDICf] 12 513CDIC
DIC,]x  +1)x0.0112372

[ IxI( 1000 ) ]
[SO4_2f] 0 mM 0 mM =P iE
['*CHaf] 20 mM 40 mM % #c
13 13

CHy stC

Lt [*CH, , 1x[( 100ng +1)x0.0112372]

3-3 %% 2 arR RPPIGE

PR TR D R B R T LA TN TR

GT1
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cmbsf

mmol/m3iyr

40 80 120
\ T \
0 — —
POC
degradation
rate
‘% 200 m
o]
£
o
Total CO2 rate
400 reduction rate ]
(from POC
‘ ‘ ‘ and AMO) | |
-60 -40 -20 15 30 45
3'*C (permil) Conc. (mM)
0 4
‘%5 200
o
£
)
400
l \ l
4 8 12
mmollm3lyr
3 o Le- 4]
13 i
819C (permil) mmollm3lyr Conc. (mM)
-100 -80 -60 -40 -20 O 20 40 0 15 30 45
1 1 1 \ 1 1 \ \ 1
0 —513c. = POC )
87°C-CH, degradation
rate J
200 - 3
400 Total CO2
- 1 reduction rate ¢
313c-pic (from POC r
and AOM) b
0 —
% 200 —
o
£
)
400
0.00 0.05 0.10 0.15 0.20
mmol/m3/yr
3-5 AT 2SS P B s GT1l > T B 5 GT39B
E] i P ) )
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AT WS RV LR - BEREGFED AL P AT bR X R

A

R EIEBRELLE AU E- BAAF ER LS A H T HF B

F¥F (344~ 7 % DIC) #7175 224 < - A PR F A4 7 134 ¥
Mokend Bl &R 2 @ FEHFAM S MR N AP HEROFEA R 5
Mo 5o g g MR R BRI R BN R PR ARG A5 kiR ag

R EH DR TR S %}ﬁ)&i}‘\%p HE o & T UTHEAT

POC Methane

sed. benthic
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(2773.3) (0.05)
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(0.1)
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POC Methane POC Methane
Buried flux at buried flux at

rate depth rate depth
(199.9) (39.2) (2678) (40)
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PR AR 2 F i 0 H =% 5 mmol/m’/yr
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5 meter
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CO3 reduction rate  CO2 reduction rate

(from AMO) (from POC degrad) AMO rate
mmollm3lyr x10° mmollm3lyr mmollm3lyr s13¢ (permil)

12 8 4 0 6 0 20 40 60 80 100 -80 -60 -40 -20 0
T T T T T T 1 T T T T

[CH,]=40 mM

[CH%
400 -
[CH,]=5 mM :

813c-CHy

v

0~ -0
200 513C-CHy ° 200
£
o
400 - 400

CO2 reduction rate  CO2 reduction rate

(from AMO) (from POC degrad) AMO rate
mmol/m3jyr mmol/m3/yr mmol/m3jyr 813¢ (permil)

8 4 0 2 4 20 40 60 -80 -60 -40 -20 0
T T T T T T T T T

or 13 0
INTC=0.00003 s13c.cH
INTC=0.003 oo
200 - INTC=0.3 [ 200
< €
o
400 - 400
0r s13c-CHy
uf=0.0003
200 - uf=0.033
400 |- 5=0.2

I |
0.04 0.08

CO32 reduction rateCO2 reduction rate

(from AMO)  (from POC degrad) AMO rate

mmolim3yyr ~ x10° mmolim3yr  mmolim3jyr 313¢ (permil)
8 4 0 6 0 20 40 60 -80 -60 -40 -20 0
T T \ \ T \ \ \ T T
s13c-cHy

Ksulf=0.001
200 - Kgylf=0.00001

Ksulf=1 q

400

0+ 13, 0
DIC=18 §19C-CHg
DIC,=36 s13c.nic
200 - DIC=72 200
400 *x 400
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313c-piC
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3-4-1 BH A FT Y 2 R eTiE
AR R A % i) £ 4395 Wallmann et al. (2006a ) #72& = 2§73 £ 4r 1 2
A B ER AR G L EIARNA A & gz Uhewm G AIEF LT =
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> HHEE R i) B PR Y % 4o DIC 2 i 22
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SALINE, MARINE
(sulphate environment)

Sulphate concentration (% initial)
Methane concentration (% saturation)
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10 @ \
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400 shift =1 g
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Carbon cycling | Mixing zone |

(Borowski, 1997)
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