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Abstract 32 

The significance of the various carbon cycling pathways in driving the sharp sulfate methane transition 33 

(SMTZ) observed at many locations on continental margins is still a topic of debate. Unraveling these 34 

processes is important to our understanding of the carbon cycle in general and to evaluate whether the 35 

location of this front can be used to infer present and past methane fluxes from deep reservoirs (e.g., 36 

gas hydrate). Here we report the pore water data from the second Ulleung Basin Gas Hydrate 37 

Expedition (UBGH2) and on the results of a box model that balances solute fluxes among different 38 

carbon pools and satisfies the observed isotopic signatures. Our analysis identifies a secondary 39 

methanogenesis pathway within the SMTZ, whereby 25 to 35% of the dissolved inorganic carbon 40 

(DIC) produced by the anaerobic oxidation of methane (AOM) is consumed by CO2 reduction (CR). To 41 

balance this DIC consumption, a comparable rate of organic matter degradation becomes necessary, 42 

which in turn consumes a significant amount of sulfate. The fraction of sulfate consumed by AOM 43 

ranges from 70 to 90%. Whereas a simple mass balance would suggest a one to one relationship 44 

between sulfate and methane fluxes; our isotopic considerations show that methane flux estimates 45 

based solely on sulfate data may be in error by as much as 30%. Furthermore, the carbon cycling within 46 

the SMTZ is fueled by a significant contribution (10-40%) of methane produced by organic matter 47 

degradation just below the SMTZ. Therefore AOM rates cannot necessarily be used to infer methane 48 

contributions from gas hydrate reservoirs that may lay tens to hundreds of meters below the SMTZ.  49 

 50 

 51 

 52 

 53 
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1. Introduction 56 

The sulfate methane transition zone (SMTZ) along continental margins, where sulfate 57 

is almost depleted and methane concentration starts to dramatically increase (Figure 58 

1), is usually no deeper than a few to tens of meters. We have a good first order 59 

understanding of the reactions driving this front; however, the various carbon cycle 60 

pathways involved, and the relative fraction of sulfate consumed by these reactions is 61 

still being debated. Using data from sediment cores taken off Namibia and assuming 62 

there was no organoclastic sulfate reduction at the sediment surface, Niewöhner et al. 63 

(1998) suggested that the sulfate flux in this region can be fully explained by 64 

anaerobic oxidation of methane (AOM). On the other hand, down-core sulfate 65 

reduction rate measurements were used by Fossing et al. (2000) to demonstrate that 66 

more than 60% of the sulfate reduction can occur within the first meter of the 67 

sediments due to fast organic matter degradation. For the Black Sea, Jørgensen et al. 68 

(2001) showed that sulfate profile remained unaffected by organoclastic sulfate 69 

reduction because in this area sulfate diffuses rapidly into surface sediments, whereas 70 

sulfate is replenished only very slowly at the SMTZ depth. These data suggest that in 71 

diffusive systems, sulfate profiles may be fully dictated by AOM and not by 72 

organoclastic sulfate reduction, even if there was a significant component of 73 

organoclastic sulfate reduction in the shallowest sediments.  74 

 75 

These results are significant because, if the depth of the SMTZ were to scale inversely 76 

with the strength of an upward diffusive methane flux, sulfate can be used as a proxy 77 

for the methane supply from the gas hydrate reservoirs, as postulated by several 78 

investigators (Borowski et al., 1996, 1999; Niewöhner et al., 1998; Dickens, 2001; 79 

Lin et al., 2006; Yang et al., 2008; Chuang et al., 2006, 2010). However, such 80 

inference is based on two simplified assumptions: 1) sulfate is dominantly consumed 81 

by methane through AOM and 2) all the methane consumed by AOM comes from gas 82 

hydrate dissociation. The first assumption may be undermined if there is a significant 83 

contribution of sulfate reduction fueled by organic matter degradation above or within 84 

the SMTZ. The second assumption may also be problematic, since a zone of methane 85 

generation by microbial activity has been shown to occur just below the SMTZ 86 

(Oremland et al., 1982; Claypool et al., 2006; Colwell et al., 2008). To account for 87 
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this shallow zone of methane generation, we incorporate it into our model, and 88 

designate our box as an expanded sulfate methane transition zone (ESMTZ) (Figure 89 

1). The upper boundary of this box is demarked by the sharp transition in the sulfate 90 

and methane profiles, and the lower boundary is conceptually defined to include the 91 

methanogenesis zone just below the depth where sulfate is exhausted.  92 

 93 

Here we report on pore water profiles for the upper 30 m at five sites drilled in the 94 

Ulleung Basin offshore Korea, and present a complete mass balance approach that 95 

includes concentrations, isotopes and fluxes of various metabolites from SMTZ or 96 

ESMTZ (Figure 1). Our primary conclusion is that, while AOM may consume much 97 

of the sulfate in this basin, other pathways that modify the DIC 98 

concentration –namely, reduction of POC, and shallow methanogenesis- are 99 

important, and need to be quantified. We argue that the methane produced locally by 100 

converting DIC from AOM into methane (secondary methanogenesis) and from 101 

organic carbon diagenesis immediately below SMTZ need to be considered in order to 102 

achieve a carbon isotopic mass balance across the SMTZ. These shallow methane 103 

sources, both distinct in the isotopic composition of the substrate, need to be 104 

considered to fully characterize carbon cycle budgets and in the assessment of 105 

methane contribution from gas hydrate reservoirs based on sulfate gradients.  106 

 107 

2. Study area and sediment properties 108 

The Ulleung Basin, one of the three main basins in the East Sea, is bounded by the 109 

steep continental slope of the Korean Peninsula to the west and the Korean Plateau to 110 

the north (Figure 2A). This area harbors a thick (4 km) sediment section characterized 111 

by extensive turbidite and mass transport deposits, with moderate total organic matter 112 

content (~1-4%, Kim et al., 2007 and Table 1). Gas hydrates have been recovered 113 

from this margin, and hydrocarbon analyses point to a biogenic source for the 114 

methane in these deposits (Bahk et al., 2009; Chun et al., 2011; Kim et al., 2011, 115 

2012).  116 

 117 

Here we focus on five sites (UBGH2-1_1, 2-2_1, 2-5, 2-6, and 2-10) drilled during 118 

the second Ulleung Basin Gas Hydrate Expedition (UBGH2) in 2010 (Figure 2B). 119 
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The depth penetrated by these sites ranges from 230 to 360 meters below seafloor 120 

(mbsf). The depth of bottom simulating reflector (BSR), depth of gas hydrate first 121 

appearance, and average content of particulate organic carbon (POC) content, have 122 

been reported by the UBGH2 Scientists (2010), and are included in Table 1. The 123 

depth of the BSR is shallower than 190 meters at all sites. Gas hydrate in these sites 124 

was first observed at 71 to 153 mbsf. POC content ranges from less than 0.1% to 4%, 125 

with an average of ~1.5%.  126 

 127 

Onboard porosity measurements at these sites show that they follow the classic 128 

equation for depth-dependent porosity (Boudreau, 1997): 129 

 130 

0( ) ( )exp( )f fz zφ φ φ φ γ= + −   (1)  131 

 132 

where
fφ and 0φ are porosity at great depth and at the water-sediment interface, 133 

respectively. γ is an empirical constant, which can be obtained from data fitting and z 134 

is the depth in the sediments. The measured porosity (UBGH2 Scientists, 2010) and 135 

trends used to fit those measurements are shown in Figure 3. Parameters used to fit 136 

the observations according to Eq.(1) are listed in Table 2. These fitted trends will be 137 

used for porosity estimation in our box model.  138 

 139 

3. Analytical method and results 140 

3.1 Sample collection 141 

Pore water, gas, gas hydrate and sediment samples were collected from all the drilled 142 

sites following the protocols detailed in UBGH2 Scientists (2010). Pore water was 143 

extracted from whole round sediment samples (5-20 cm length) collected immediately 144 

after retrieval of the cores. Following extrusion from the core liner, the surface of the 145 

sediment sample was carefully scraped with a clean spatula or clean ceramic knife to 146 

avoid any contamination with drilling fluid (ambient surface seawater). Pore water 147 

was extracted from the clean sediments using titanium squeezer, modified after the 148 

stainless steel squeezer of Manheim and Sayles (1974), and a laboratory Carver 149 
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hydraulic press (< 20 MPa). Pore water was filtered through a Whatman paper and a 150 

0.20 µm disposable polytetrafluoroethylene in-line filter, and collected in HCl 151 

prewashed syringes. Aliquots were transferred into HCl prewashed high density 152 

polyethylene vials for shipboard analyses of major and minor ions. Subsamples for 153 

isotopic analyses of the dissolved inorganic carbon (DIC) were collected in 2 ml 154 

septum screw-lid glass vials and preserved with HgCl2. 155 

 156 

Void gases in the core were sampled by piercing the liner and allowing gas to expand 157 

into a 60 ml syringe connected to the penetration tool. The gas sample was then 158 

transferred to a 50 ml serum glass vial which was pre-filled with saturated NaCl 159 

solution. For headspace gas analyses, a 3 ml sediment sample was taken with a 5 ml 160 

cut-off plastic syringe from the freshly exposed end of each core section, and extruded 161 

into a 30 ml serum glass vial. Following the method described in Riedel et al. (2006), 162 

2 ml of saturated NaCl was added to each vial, which was then sealed with a 10 163 

mm-thick septum and a metal crimp cap to preserve the samples.  164 

 165 

3.2 Analytical approaches 166 

Sulfate and alkalinity were measured onboard. The first 5 ml of pore water was 167 

immediately subsampled for pH and alkalinity determinations using a pH electrode 168 

and a Gran titration with a Metrohm autotitrator. The precision of the alkalinity 169 

titrations was monitored by repeated analysis of International Association for the 170 

Physical Sciences of the Ocean (IAPSO) standard seawater, and was less than 2%. 171 

Sulfate was analyzed by ion chromatography (Dionex ICS-2100 IC) using 0.2 ml 172 

samples diluted with 5.8 ml of Milli-Q water. At the beginning and the end of each 173 

run, several different dilutions of IAPSO standard seawater were analyzed as a quality 174 

control and to determine accuracy. IAPSO standard seawater was analyzed after every 175 

seven samples as a check for instrumental drift and to calculate analytical precision. 176 

Precision for the sulfate analyses was better than 0.8%, and average accuracy was 177 

better than 1.5%.  178 

 179 

Immediately after samples were collected, concentration of methane, ethane, propane, 180 

and CO2 in the head space and void gas samples were measured onboard by gas 181 

chromatography (GC; Agilent 3000A Micro GC) with a thermal conductivity detector 182 
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(TCD) and two independent columns: PLOT-U (8 m long and 0.32 mm inner 183 

diameter) for C1-C4 hydrocarbons and MolSieve 5A Plot (10 m long and 0.32 mm 184 

inner diameter) for O2, N2, CO2 and CO. The temperature of the injector and the 185 

Plot-U column is stabilized at 90 
o
C while the temperature for the MolSieve 5A Plot is 186 

105
 o

C. Helium is chosen as carrier gas and column flow rate is 2.2 ml/min. The 187 

accuracy of CH4 and CO2 analysis, determined by repeated measurements of 1% 188 

standard gas, is better than 4 % and 6%, respectively. Since both headspace gas and 189 

void gas samples suffered from severe degassing during core recovery, it is 190 

impossible to precisely determine the in-situ gas concentration.  191 

 192 

The isotopic composition of DIC in pore water was analyzed with a Finnigan 193 

DELTA-Plus mass spectrometer using a Gas-Bench II automated sampler at Oregon 194 

State University, as described in Torres et al. (2005). The precision and accuracy are 195 

better than ±0.15‰ and ±0.07‰, respectively, based on the multiple standard 196 

measurements. The stable carbon isotope of methane (δ
13

CCH4) was measured using 197 

an isotope ratio-monitoring gas chromatography/mass spectrometer in Isotech, 198 

Champaign, IL. The reproducibility was ±0.1‰. The stable carbon isotope values for 199 

DIC and methane are reported in the conventional δ notation in permil (‰) relative to 200 

V-PDB. 201 

 202 

3.3 Analytical results 203 

The concentration profiles of the parameters required for our box model are illustrated 204 

in Figure 4 and listed in Table 3. Data and the detailed calculations can be found in 205 

the supplementary material online. The depth of the SMTZ was defined by the sulfate 206 

and methane profiles at each site. Since this study only examines the carbon cycling 207 

around the depth of the SMTZ, we only show data for the upper 30 mbsf. We did not 208 

differentiate among the various dissolved carbonate species (bicarbonate, carbonate, 209 

and CO2(g)) but treat them as a single DIC (dissolved inorganic carbon) pool. 210 

Alkalinity can reasonably represent DIC concentration within the pH range of our 211 

samples (7.3-7.8). Therefore, alkalinity is used as synonymous with DIC throughout 212 

this paper. The alkalinity and calcium profiles show a distinct change in their 213 

concentration gradient across the depth of the SMTZ, indicating that the bicarbonate 214 
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produced by AOM increases alkalinity and consumes calcium through authigenic 215 

carbonate precipitation. Abnormally high alkalinity around the SMTZ was explained 216 

by Kim et al. (2011) as an indication of DIC leaking from a deep methanogenesis 217 

zone; this observation suggests that organic matter degradation by methanogenesis is 218 

an important component of the carbon cycling in the Ulleung Basin. The carbon 219 

isotopic profiles of methane and DIC, display minimum values around the SMTZ, 220 

reflecting the carbon pathways between the methane and DIC pools through AOM 221 

and CR, as previously suggested by Borowski et al. (1997) for Blake Ridge 222 

sediments.  223 

 224 

4. Box model framework 225 

We constructed a model that encompasses the SMTZ and the methanogenesis zone 226 

immediately below the depth of sulfate depletion; in a zone we designate ESMTZ. It 227 

includes 2 solid phases (organic matter and authigenic carbonate) and 3 dissolved 228 

components (sulfate, methane, and alkalinity) (Figure 5). All symbols used are listed 229 

in the Appendix. For the three dissolved components in Figure 5, we constructed a 230 

mass balance between input and output rates and fluxes, which includes transport 231 

(grey arrows) and reaction terms (red, orange, blue, purple, and green arrows). All 232 

components are linked via five reactions with a different degree of isotopic 233 

fractionation, which is parameterized as: 234 

 235 

r

p

r

r
α =  (2) 236 

 237 

where rr and rp are the isotopic ratios (
13

C/
12

C) of the reactant and product. 238 

 239 

The five reactions under consideration are: 240 

POC sulfate reduction (POCSR): 241 

2

2 4 2 3

1 1

2 2
CH O SO H S HCO

− −
+ → +   δ

13
CCH2O=-23‰, 1POCSRα ≅  (3) 242 

Calcium carbonate precipitation (CP): 243 
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2 2

3 3Ca CO CaCO+ −+ →   δ
13

CDIC=varies, 1CPα ≅  (4) 244 

Anaerobic oxidation of methane (AOM): 245 

2

4 4 3CH SO HS HCO− − −+ → +   δ
13

CCH4=varies, 1.004 1.03AOMα< <  (5) 246 

Secondary methanogenesis or CO2 reduction (CR) 247 

2 2 4 24 2CO H CH H O+ → +   δ
13

CDIC,
 13

CCH4 =varies, 1.01 1.095CRα< <  (6) 248 

Methanogenesis (ME) 249 

2 4 2

1 1

2 2
CH O CH CO→ +

 
δ

13
CDIC, 

13
CCH4 =varies, δ

13
CCH2O=-23‰,  250 

1.01 1.095MEα< <   (7) 251 

 252 

The isotopic fractionation factors listed here are from Whiticar (1999). Organic matter 253 

degradation via sulfate (POCSR, Eq. (3)) usually occurs well above the SMTZ (e.g., 254 

in the first tens centimeters below sediment-water interface as shown in Fossing et al. 255 

(2000)). Although POCSR does not occur within the SMTZ, it consumes a portion of 256 

sulfate supply from the seafloor and, therefore, decreases the flux of sulfate into the 257 

SMTZ. POCSR is thus expressed as the portion of sulfate flux that does not enter the 258 

SMTZ in our box model. AOM (Eq. (5)) that consumes both sulfate and methane in 259 

the SMTZ produces DIC and induces precipitation of calcium carbonate (Eq. (4)), 260 

which consumes most of the calcium flux from seafloor.  261 

 262 

The first three reactions discussed above (Eqs. (3) to (5)) has been well accepted 263 

among literature (e.g., Kim et al., 2007 and Chatterjee et al., 2011). However, Eqs. (6) 264 

and (7) are typically not considered in carbon cycling studies around the SMTZ, even 265 

though there are several studies showing that the rate of microbial methanogenesis 266 

peaks immediately below the SMTZ (e.g., Oremland et al., 1982; Claypool et al., 267 

2006; Colwell et al., 2008). Secondary methanogenesis or CR, is specified in our 268 

model as the reaction utilizes CO2 produced from AOM. For methanogenesis (ME), 269 

the primary substrate is organic carbon. Whereas this metabolic process involves 270 

several steps (e.g., production of CO2 and hydrogen gas; and carbonate reduction to 271 

methane), for the purpose of the model it is described by reaction (7). These two 272 

reactions that generate methane (CR and ME) are defined in terms of their carbon 273 
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sources: the DIC produced by ME comes directly from organic matter decomposition 274 

while the DIC utilized by CR is produced by AOM and it is not directly linked to 275 

organic matter degradation.  276 

 277 

Within the ESMTZ (defined to include the zone of methanogenesis below the SMTZ, 278 

Figure 1), the following three equations are used to describe the mass balance for 279 

sulfate, DIC, and methane: 280 

 281 

FSO4.in=FSO4.out+RPOCSR-S+RAOM (8) 282 

FDIC.in+RME-DIC+RPOCSR-C+RAOM=FDIC.out+RCR+RCP (9) 283 

FCH4.in+RCR+RME-CH4=FCH4.out+RAOM (10) 284 

 285 

where "F" denotes flux, "R" denotes reaction rate, and in and out indicate the flux 286 

direction relative to the ESMTZ. RPOCSR-S and RPOCSR-C are the rates of sulfate 287 

consumption and DIC production through POCSR. They relate to each other 288 

according to the stoichiometry in Eq. (3) (i.e., RPOCSR-C=2×RPOCSR-S). RME-DIC and 289 

RME-CH4 are rates of ME in terms of DIC and methane production. Both of these rates 290 

are half of the ME rate (i.e., RME=2× RME-DIC=2× RME-CH4) followed the stoichiometry 291 

in Eq. (7). These fluxes and rate terms are illustrated in Figure 4 and 5. In our 292 

following calculations and discussion, we assume that both sulfate and methane are 293 

fully consumed within the ESMTZ, so that the values for FSO4.out and FCH4.out are 294 

negligible and can be ignored in Eq.(8) and (10). FCH4.in denotes the flux of methane 295 

that comes from outside the box (Figure 1) and carries a distinct isotopic signature 296 

that is not related to any reaction considered in our model frame.  297 

 298 

4.1 Transport terms 299 

This study focuses on sites with diffusion-dominated concentration profiles (Figure 300 

4), and where no sign of advective flow was observed emerging from seafloor or in 301 

geophysical surveys (UBGH2 Scientists, 2010). By assuming a diffusion-dominated 302 

system under steady state, we can quantify the magnitude of the fluxes Fin and Fout 303 

with Fick’s law: 304 
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 305 

( )C
F D

z

φ∆
= −

∆
 (11) 306 

 307 

Porosity information is given in Figure 3 and Table 2. Tortuosity-corrected diffusion 308 

coefficients (D) for sulfate, calcium, and DIC are derived from the relationships in 309 

Boudreau (1997) assuming a constant temperature in the sediments of 4
o
C. The 310 

concentration gradients (
( )C

z

φ∆

∆
) are calculated from individual profiles and are used 311 

to calculate Fin and Fout. Since most of the gradients in our sites are linear, we apply a 312 

simple 1
st
 order linear regression to calculate each gradient (Table 3).  313 

 314 

To satisfy isotopic mass balance considerations, it is necessary to calculate the 315 

transport of both the heavy and light carbon (i.e., 
13

C and 
12

C) by CH4 and DIC. In 316 

combination with measured isotopic ratios, this information is used to infer the 317 

concentration profiles for 
12

CDIC and 
13

CDIC as follows:  318 

 319 

12

13 12

(1 )

T
DIC

DIC

DIC T DIC

C
C

r

C C C

=
+

= −

   (12) 320 

 321 

where CT is the total concentration (i.e., alkalinity in Figure 4) and rDIC is the 322 

concentration ratio of heavy to light carbon (
13

C/
12

C) from its isotopic value: 323 

 324 

13

( 1)
1000

DIC
DIC std

C
r r

δ
= + ×    (13) 325 

 326 

where rstd is the ratio for V-PDB standard (0.0112372). 327 

 328 

A migration-induced isotopic fractionation is related to the mass ratio of the two 329 

isotopes (Zeebe and Wolf-Gladrow, 2001). However, since such fractionation is much 330 

smaller than the fractionation from other reactions (diffusion coefficients of 
13

CO2 is 331 
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only 0.7-0.87 ‰ smaller than it for 
12

CO2; O'Leary, 1984 and Jähne and Dietrich, 332 

1987), we have neglected it in our calculation.  333 

 334 

4.2 Reaction terms 335 

The isotopic fractionation for each of the five reactions considered here (Eqs. (3) to 336 

(7)), is fundamental to our understanding of processes occurring within the SMTZ. 337 

The isotopic effect (α) for a steady-state one-step reaction may be expressed in terms 338 

of the rate constant of the heavy (k
H
) and light (k

L
) isotopes (Rees, 1973): 339 

 340 

L

H

k

k
α =    (14) 341 

 342 

From Eqs. (2) and (14), we can then formulate the reaction rates for all light and 343 

heavy isotopes. For light carbon (i.e., 
12

C), reactions are formulated as follow: 344 

 345 

12
RPOCSR-S=

1
( )
2

OMfRφ     (15) 346 

12
RPOCSR-C= ( )OMfRφ     (16) 347 

12
RME-DIC=

1
(1 )

2
OMf Rφ −     (17) 348 

12
RME-CH4=

1
(1 )

2
OMf Rφ −     (18) 349 

12
RAOM=

4.

1

2
SO in OMF fRφ−     (19) 350 

12
RCP= FCa     (20) 351 

12
RCR= b

12
RAOM    (21) 352 

 353 

where ROM is the rate of organic matter degradation through both POCSR and ME 354 

(i.e., ROM=RME+RPOCSR-C), f is the fraction of organic matter being utilized by 355 

POCSR. Stoichiometric considerations are included by the 0.5 multiplier in Eq. (15) 356 
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(i.e., every mole of organic matter consumed by sulfate is equivalent to 0.5 moles of 357 

sulfate) and the 0.5 multiplier in Eq. (17) and (18) (i.e., every mole of organic matter 358 

consumed by methanogenesis produces 0.5 moles each of DIC and CH4). To describe 359 

the production of methane through CR from the pool of DIC generated by AOM 360 

(Borowski et al., 1997), we assume the rate of CR is proportional to AOM rate within 361 

the SMTZ (Eq. (21)). Based on this definition, b in Eq. (21) must range from 0 to 1. 362 

 363 

For the heavy carbon (i.e., 
13

C), we apply the following reaction rate expressions  364 

 365 

13
RPOCSR-C= ( )OM OMfR rφ     (22) 366 

13
RME-DIC=

1
(1 )

2
OM DIC botf R rφ −−     (23) 367 

13
RME-CH4= 4

1
(1 )

2
OM CH botf R rφ −−     (24) 368 

13
RAOM= 4

4.

1
( )

2

CH SMTZ

SO in OM

AOM

r
F fRφ

α

−
−     (25) 369 

13
RCP= FCa DIC SMTZr −×     (26) 370 

13
RCR= b

13
RAOM

1

CRα
×     (27) 371 

 372 

where r is the 
13

C to 
12

C ratio of organic matter ( OMr ), DIC, and CH4 at the SMTZ 373 

(
4CH SMTZr −

and DIC SMTZr − ) or bottom of the core (
4CH botr −

and DIC botr − ) which can be 374 

calculated from the isotopic signature listed in Table 3. αΑΟΜ is the fractionation 375 

factor of AOM, which we will calculate from the box model. αCR is the isotopic 376 

fractionation of CR and ME. This value is estimated from the isotopic signature of 377 

DIC and CH4 at the core bottom (αCR=1+(δ
13

CDIC-bot-δ
13

CCH4-bot)× 1000) for each site 378 

(Table 3). Detail calculation of the box model can be found from the supplementary 379 

material.  380 

 381 
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4.3 Assessment of the error associated with flux estimates 382 

In our box model, reaction rates are always linked to the flux of dissolved species. 383 

Therefore, to estimate the errors in our model, we need to quantify the potential errors 384 

from our flux estimates; which fall within two general categories. The first include 385 

uncertainties associated with parameters such as porosity and tortuosity, which will 386 

have the same degree of influence on all fluxes at a given site. This type of error will 387 

only affect the absolute but not the relative magnitude of the fluxes, and since most of 388 

our discussion relies on the relative magnitude of the fluxes, these uncertainties do not 389 

directly impact our discussion.  390 

 391 

The second type of error, which arises during the calculation of gradient from each of 392 

the chemical species, will affect both the absolute and relative magnitude of the fluxes 393 

and hence directly affect our conclusions. The error on our flux estimates is the sum 394 

of the error associated with fitting the concentration and isotopic profiles to the data, 395 

plus the standard error of the regression slope. Fitting of concentration profiles for 396 

sulfate and calcium fluxes is not necessary, thus for these species the error of the flux 397 

estimates arises solely from the standard error of regression line, and is usually 398 

smaller than 5% (Table 4). Fitting of the concentration and isotopic profiles of DIC 399 

based on insufficient data, is responsible for most of the error associated with the DIC 400 

flux estimates, which range from 6.2 to 20.3% while, in most cases, around 10 to 401 

15%. The error of flux estimation may potentially increase the uncertainties of our 402 

rate estimation. Errors of different fluxes at different sites are summarized in Table 4. 403 

Detailed calculation of the errors is given in the supplementary material. 404 

 405 

5. Model evaluation  406 

To best illustrate the relative significance of each reaction involving carbon cycling at 407 

the ESMTZ, we run our box model on 4 different scenarios, as described below. 408 

 409 

Case1: Anaerobic oxidation of methane (AOM) as the only reaction 410 

In this first scenario (Figure 5A), we assumed that AOM is the ONLY reaction 411 

responsible for sulfate consumption and all methane for AOM is supported by upward 412 

diffusion of methane from below the SMTZ (i.e., no reactions generate methane 413 
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within the SMTZ). Eq. (9) is modified and applied to both carbon isotopes, such that 414 

the relevant fluxes are estimated by: 415 

 416 

FSO4.in=RAOM    (28) 417 

12
FDIC.in+

12
RAOM=

12
FDIC.out +

12
RCP    (29) 418 

13
FDIC.in+

13
RAOM=

13
FDIC.out +

13
RCP    (30) 419 

 420 

and Eq. (19) and (25) are modified to fit our assumption that sulfate is fully consumed 421 

by AOM:  422 

 423 

12
RAOM= 4.SO inF    (31) 424 

13
RAOM= 4

4.

CH SMTZ

SO in

AOM

r
F

α

−
×    (32) 425 

 426 

Eqs. (31) and (32) can be plugged into Eqs. (29) and (30), respectively. The 
AOMα is 427 

the only remaining unknown in this set of equations. Using this approach and the data 428 

available for Site UBGH2-1_1, the AOMα generated from this assumption is 0.934. 429 

Similar values for α<1 were obtained for all sites (Figure 6). Both experimental and 430 

field data have shown that αAOM is always slightly larger than 1 and ranges from 1.004 431 

to 1.030 (Whiticar, 1999) due to the preferential utilization of light carbon during this 432 

microbial-mediated reaction. The results of our Case 1 scenario demonstrate that 433 

AOM alone is not sufficient to explain the isotopic composition of DIC and methane 434 

observed at the SMTZ. 435 

 436 

Snyder et al. (2007) and Wehrmann et al. (2011) performed a similar calculation but 437 

did not include carbon isotopic considerations. Since they can fully satisfy Eq. (29) by 438 

their approaches, these authors concluded that AOM is the dominant reaction 439 

consuming sulfate. However, by including an isotopic mass balance we show the need 440 

to include other reactions, and argue that only balancing the fluxes of the total carbon 441 

does not provide sufficient evidence to conclude that AOM is the only reaction that 442 

needs consideration.  443 
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 444 

Case2: Anaerobic oxidation of methane (AOM) and particulate organic carbon 445 

sulfate reduction (POCSR)  446 

Here our box model is formulated as: 447 

 448 

FSO4.in=RPOCSR-S+RAOM    (33) 449 

12
FDIC.in+

12
RPOCSR-C+

12
RAOM=

12
FDIC.out+

12
RCP    (34) 450 

13
FDIC.in+

13
RPOCSR-C+

13
RAOM=

13
FDIC.out+

13
RCP    (35) 451 

 452 

In this scenario (Figure 5B), organic matter is allowed to react with sulfate only (i.e., 453 

f=1). 
12

RPOCSR-C and 
12

RAOM can be solved from Eqs. (33) and (34) (assuming 454 

12
RPOCSR-C= 2× RPOCSR-S and 

12
RAOM=RAOM). By plugging Eqs. (22) and (25) into Eq. 455 

(35), we can then estimate the isotopic fractionation for AOM (αAOM), which yields a 456 

value of 0.941 for Site UBGH2-1_1 (and similar values for other sites). Although this 457 

value is slightly larger than that by Case 1, it is still notably smaller than 1, 458 

demonstrating that the isotopic mass balance is not satisfied under the Case 2 scenario 459 

(Figure 6). The small αAOM from Case 1 and 2 suggests that consumption of 460 

isotopically light DIC is required to fulfill the mass balance. Such sign suggests 461 

consumption of DIC through CR and leads us to the next case.  462 

 463 

Case3: Anaerobic oxidation of methane (AOM), particulate organic carbon sulfate 464 

reduction (POCSR) and secondary methanogenesis by CO2 reduction (CR). 465 

By including in our methane sources the recycling of the DIC generated by AOM via 466 

CO2 reduction (CR in Figure 5C), we now expand the conventional SMTZ to include 467 

the region of methanogenesis in our ESMTZ and have 4 unknowns: ROM, RAOM, 468 

12
RCR, and the fractionation factors of AOM (αAOM). In order to uniquely solve this set 469 

of equations, we need another constraint, which comes from the mass balance 470 

equations for methane. The equation set becomes: 471 

 472 

FSO4.in=RPOCSR-S+RAOM    (36) 473 

12
FDIC.in+

12
RPOCSR-C+

12
RAOM=

12
FDIC.out+

12
RCR+

12
RCP    (37) 474 
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13
FDIC.in+

13
RPOCSR-C+

13
RAOM=

13
FDIC.out+

13
RCR+

13
RCP    (38) 475 

12
FCH4.in+

12
RCR=

12
RAOM     (39) 476 

13
FCH4.in+

13
RCR=

13
RAOM     (40) 477 

 478 

Since more than 90% of the in situ methane is lost during core recovery (Wallace et 479 

al., 2000), it is very unlikely to accurately determine methane flux (i.e., 
12

FCH4.in and 480 

13
FCH4.in). A slightly different in the degree of degassing would result in huge 481 

difference in flux estimation from headspace methane concentration gradient. Besides, 482 

the depth of gas hydrate first appearance is also adapted by some studies, such as 483 

Malinverno and Pohlman (2011), to be the constraint of methane flux since such 484 

depth should theoretically correspond to where dissolved methane concentration 485 

exceeds its solubility. However, as Torres et al. (2008) pointed out, the distribution of 486 

gas hydrate is also highly dependent on lithology. Such lithology-dependent control 487 

on gas hydrate distribution was observed in Ulleung Basin (UBGH2 scientists, 2010). 488 

Therefore, it may not be a proper approach. Alternatively, we constrain methane flux 489 

from its isotopic signature in order to solve another unknown in our equations. We 490 

consider this as a better approach since we focus here the isotopic signature of 491 

methane entering our model frame.  492 

 493 

If we assume that methane concentration within the SMTZ (
13

CCH4-SMTZ and 494 

12
CCH4-SMTZ) is much lower than the methane at depth (

13
CCH4-bot and 

12
CCH4-bot) 495 

(Figure 1), we are able to relate the flux ratio of methane ( 4

4

13

.

12

.

CH in

CH in

F

F
) to the 496 

concentration ratio of heavy to light methane carbon at the depth where δ
13

CCH4 497 

approaches a fixed value (
12/13

CCH4.bot in Figure 1). This assumption allows us to 498 

combine Eqs. (39) and (40) in the following way: 499 

 500 

4 4

4 4

4

4 44 4

13 13

13 13 13 13
.

12 1212 12 12 12

.

CH bot CH SMTZ

CH in CH bot AOM CR
CH bot

CH bot CH SMTZCH in CH bot AOM CR

C C
F C R RL r

C CF C R R

L

− −

−

−

− − −

−

−
= ≅ = =

− −
 (41) 501 

 502 
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where L is the depth between CCH4-SMTZ and CCH4-bot (Figure 1). From Eqs. (36), (37), 503 

(38), and (41), we can uniquely solve for the 4 unknowns (ROM, RAOM, b, and αAOM). 504 

Except for Site UBGH2-10, the resulting value for αAOM estimated with this approach 505 

(Figure 6) is higher than 1.03, which is out of the possible range suggested by 506 

Whiticar (1999). The unreasonably large αAOM for most sites suggests, under the 507 

assumption in Case 3, more isotopically light DIC has to be produced in order to 508 

satisfy the mass balance. ME, which produces isotopically heavier DIC than the 509 

signature at SMTZ, may not be a suitable reaction at first glance. However, ME also 510 

produces isotopically light CH4 which will be consumed and formed isotopically light 511 

DIC through AOM. Therefore, it is still logical to include this reaction.  512 

 513 

Case 4: Anaerobic oxidation of methane (AOM), particulate organic carbon sulfate 514 

reduction (POCSR), secondary methanogenesis by CO2 reduction (CR) and methane 515 

generation from organic carbon (ME) 516 

We thus include ME in the box mode (Figure 5D). Since we must account for a 517 

fraction of organic matter being converted to methane (Eq. (7)), the fraction of 518 

organic matter that is consumed by sulfate reduction (f values in Eqs. (15) and (17)) is 519 

no longer 1 as in Case 1 to 3, but a number smaller than 1. The equation set for this 520 

case can be expressed as (Figure 5D): 521 

 522 

FSO4.in=RPOCSR-S+RAOM    (42) 523 

12
FDIC.in+

12
RPOCSR-C+

12
RAOM+

12
RME-DIC =

12
FDIC.out+

12
RCR+

12
RCP    (43) 524 

13
FDIC.in+

13
RPOCSR-C+

13
RAOM+

13
RME-DIC =

13
FDIC.out+

13
RCR+

13
RCP    (44) 525 

4 4 4

4 4 4

13 13 13 13 13

.

12 12 12 12 12

.

CH in CH bot AOM CR ME CH

CH in CH bot AOM CR ME CH

F C R R R

F C R R R

− −

− −

− −
≅ =

− −
     (45) 526 

 527 

In addition to the 4 unknowns detailed in Case 3, we now have one more unknown, f. 528 

Therefore, we are not able to uniquely constrain the system with the available data. 529 

Nonetheless, we are able to evaluate the equation sets by varying f from 0 to 1 to 530 

determine the ranges of f for which αAOM falls within a reasonable range, as illustrated 531 

by the data that lie within the dash lines in Figure 7A. We also calculated the possible 532 
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fraction of DIC from AOM that is recycled through CR (i.e., b), as shown in Figure 533 

7B.  534 

 535 

Our results suggest that:  536 

1) In order to satisfy the isotopic mass balance (as inferred by agreement with 537 

αAOM values from the literature), a significant fraction (>50% in 4 of the studied sites 538 

as the f is smaller than 0.5 in Figure 7A for these sites) of the organic matter is 539 

metabolized via methanogenesis (ME) rather than via sulfate reduction POCSR. Only 540 

at Site UBGH2-10 can we achieve isotopic compliance without ME; and 541 

2) ME alone is not able to satisfy the isotopic mass balance, but in all cases a 542 

significant fraction (28 to 45%) of the DIC produced from AOM (b in Figure 7B) has 543 

to be recycled to methane by CR. This, however, is not what Chatterjee et al. (2011) 544 

concluded from their kinetic model that aims at achieving a mass balance with a full 545 

consideration of methane and DIC isotopic signatures. Our approach differs in that we 546 

specifically separate CR from ME in order to describe the cycling of carbon between 547 

methane and DIC pools, which influence the model results and hence leads to 548 

different interpretations. Although Chatterjee et al. (2011) also included isotopic 549 

signature of methane into their model, they did not track its change. Therefore, we are 550 

not able to verify the mass balance of their model based on the results presented. 551 

 552 

6. Discussion 553 

Carbon cycling around the SMTZ in Ulleung Basin 554 

The relative contribution of the 5 individual reactions considered in ESMTZ to the 555 

overall DIC pool, has been estimated as the ratio of the reaction rates to the net DIC 556 

flux (∆FDIC = FDIC.in –FDIC.out). The results at each of the study sites are depicted in 557 

Figure 8, and Table 5 summarizes the depth-integrated rates for each reaction. Except 558 

for Site UBGH2-10, the contribution of each reaction to DIC production is 559 

AOM>ME>POCSR. It is also apparent from these results that a fraction of the DIC 560 

produced by AOM is consumed by CR within the ESMTZ. To balance this DIC 561 

consumption, a similar rate of organic matter degradation becomes necessary, and as 562 

shown in Figure 8, the overall POCSR may be responsible for utilizing up to 30% of 563 

the total sulfate input from seafloor.  564 
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 565 

We conducted a series of correlation tests between the site-specific parameters (Table 566 

1) and the model inputs (Table 3) and outputs (Table 5). Although correlation can not 567 

be used to infer consequential relationships, it is informative to identify the connected 568 

parameters. The results of this correlation test could be found in the supplementary 569 

material. It is interesting to note that the depth of the SMTZ depth is, as expected, 570 

inversely correlated with the sulfate flux (r
2
=0.89) and with DIC flux above the 571 

SMTZ (r
2
=0.92). It is, however, not distinctly correlated with any of the absolute 572 

reaction rates except for POCSR (r
2
=0.61), which suggests a connection between the 573 

SMTZ depth and organic matter degradation rate rather than with the AOM rate. The 574 

average POC content is inversely correlated with the organic matter degradation rate 575 

(r
2
=0.54) and with the methane carbon isotope at the SMTZ (r

2
=0.51).  576 

 577 

Bhatnagar et al. (2011) suggested that the depth of gas hydrate first occurrence is 578 

positively correlated with the SMTZ depth assuming fluid flow is the most dominant 579 

factor affecting both. However for the Ulleung Basin, neither the depths of BSR nor 580 

that of the gas hydrate first appearance shows any appreciable correlation with the 581 

SMTZ depth nor with the carbon or sulfate fluxes. Bhatnagar et al. (2011) shows that 582 

SMTZ depth and sulfate gradients may be used to infer the average gas hydrate 583 

saturation in the Cascadia margin system but only when all methane comes from a 584 

deep external reservoir (e.g., gas hydrate) and AOM is the only sink of sulfate. Our 585 

box model results indicate that neither of these assumptions is valid in the Ulleung 586 

Basin, since POCSR consumes a significant fraction of sulfate and there is an 587 

important methane source that originates just below the SMTZ also contributes to the 588 

overall carbon cycling within the SMTZ. There is also no correlation between the 589 

AOM rate and gas hydrate abundance indicators (i.e., depth of BSR and first gas 590 

hydrate appearance in Table 1), which suggests that the deep gas hydrate system (>70 591 

mbsf) in these diffusion-dominated sites at Ulleung Basin is too remote to effectively 592 

influence the shallow (< 30 mbsf) carbon cycles around the SMTZ. Thus, in the sites 593 

discussed here, the AOM rates cannot be used to quantify methane contributions from 594 

gas hydrate reservoirs that lay tens to hundreds of meters below the SMTZ. 595 

Nonetheless, we speculate that the advective systems that characterize acoustic 596 

chimney locations in the Ulleung Basin (Torres et al., 2011; Kim et al., 2011, 2012) 597 

will indeed have a profound influence on the carbon cycling around the SMTZ. 598 
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 599 

 600 

Evidence for coupling AOM and CR in natural and laboratory studies 601 

Carbon cycling through an AOM-CR coupled pathway at the SMTZ, was originally 602 

proposed by Borowski et al. (1997), based on observations of anomalously light 603 

carbon isotopic values of DIC and methane around the SMTZ in samples collected by 604 

Ocean Drilling Program at the Blake Ridge (Claypool and Threlkeld, 1983; Galimov 605 

and Kvenvolden, 1983). Since then, an anomalously light carbon isotopic signature of 606 

microbial biomass (House et al., 2009) and lipid biomarkers (Orcutt et al., 2005; 607 

Alperin and Hoehler, 2009) near the SMTZ, have been used as an important 608 

AOM-CR coupling indicator, because the measured fractionations cannot be 609 

explained solely from organic carbon degradation, and require fractionation by 610 

methanogens (Alperin and Hoehler, 2009). 611 

 612 

Direct evidence for the existence of this AOM-CR coupling was presented by 613 

Zehnder and Brock (1979, 1980), who quantified both reactions simultaneously in 614 

culture experiments. Radiotracer experiments have also shown that the CR rate is not 615 

only of comparable magnitude to that of AOM, in some cases, these rates are shown 616 

to be proportional to each other (Pimenov et al., 1997; Orcutt et al., 2005; Seifert et 617 

al., 2006; Knab et al., 2009) and maybe a function of the methane and sulfate 618 

availability (Orcutt et al., 2008). 619 

 620 

Hoehler et al. (1994) postulated that the methanogenic archaea, which mediate AOM, 621 

may be able to switch their metabolism between methanogenesis and methanotrophy 622 

depending on the fluid composition, and thus may thermodynamically favor one 623 

pathway over the other. In addition, metagenomic studies of communities collected 624 

from the SMTZ indicate that methanotrophic archaea possess most of the genes that 625 

are typically required for methanogenesis thus supporting the hypothesis that these 626 

microbes are capable of carrying out "reverse methanogenesis" (Hallam et al. 2004). 627 

Whether methanogenic archaea can indeed switch their metabolic pathway is still 628 

debated. However, rDNA and rRNA maxima at and immediately below the SMTZ, 629 

were used by Lloyd et al. (2011) to reinforce the idea that ANME-1 may indeed be 630 

capable of consuming and producing methane, and that the dominant metabolic 631 

pathway does depend on the attendant geochemical environment. 632 
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 633 

Of course, for CR to precede an additional source of H2 is needed. We do not know 634 

that the H2 source has been established; however, the aforementioned studies all show 635 

the coupling between AOM and CR to be highly prevalent. The actual metabolic 636 

pathways and the organisms involved are still being debated by the geomicrobiology 637 

community; however, it is becoming more and more apparent that the AOM and CR 638 

reaction rates are interdependent and are controlled by the methane and sulfate 639 

availability. These observations and the results of our box model indicate that it is 640 

necessary to take this important carbon cycling pathway into consideration in future 641 

studies aimed at unraveling processes at, and immediately below, the SMTZ. 642 

 643 

Future improvements  644 

We were not able to uniquely solve all 5 reactions involved in the cycling of carbon 645 

(Case 4), due to lack of additional data. Quantification of the 5 unknowns (ROM, 646 

RAOM, b, αAOM, and f) from field or experimental studies, would allow us to fully 647 

constrain the system. Alternatively, we can also use robust data on the in situ methane 648 

concentrations, which would allow us to confidently estimate the methane fluxes from 649 

beneath the ESMTZ (CCH4-bot or FCH4.in in Figure 4A). This in situ methane 650 

concentration may be obtained by sampling the sediments with a pressure core 651 

sampler (PCS) that maintains the in-situ conditions. Results from Case 3 and 4 also 652 

emphasize the need of incorporating the methane isotopic composition to fully 653 

constrain the carbon metabolic pathways in the SMTZ. These data have not been 654 

included in previous studies (Snyder et al., 2007) or its significance was not fully 655 

appreciated (Chatterjee et al., 2011; Malinverno and Pohlman, 2011). 656 

 657 

7. Conclusion 658 

Sulfate gradients have been used as an important proxy to quantify the methane 659 

supply from deep reservoirs such as gas hydrate, which is critical to fully constrain 660 

carbon cycling in marine sediments. However, the commonly used assumption that 661 

sulfate gradients are fully coupled to the anaerobic oxidation of methane (AOM) is 662 

complicated by the sulfate consumption from organic matter degradation (POCSR), 663 
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and carbon cycling between pools of methane and dissolved inorganic carbon (DIC) 664 

via and CO2 reduction (CR). 665 

 666 

We developed a box model, which incorporates stoichiometry, flux, and isotopic mass 667 

balances, to constrain the relative proportion of the five reactions involved the cycling 668 

of carbon within the SMTZ. We show that in the Ulleung Basin, more than half of the 669 

DIC input to the SMTZ is directly related to organic matter degradation (either via 670 

sulfate reduction, POCSR, or methanogenesis (ME), while AOM is responsible for 671 

the rest of DIC flux. The fraction of DIC that is reduced to methane via a secondary 672 

methanogenesis (i.e., CR) within the SMTZ ranges from 25 to 35%, and the methane 673 

produced by this reaction will further feed AOM.  674 

 675 

By including isotopic considerations in our model, the quantification of organic 676 

matter degradation and of the cycling of carbon between the DIC and methane pools 677 

(through AOM and CR) revealed that the rates of AOM and sulfate reduction are not 678 

necessary equal to each other, as would be suggested by mass fluxes alone. Instead, 679 

the fraction of sulfate consumed by AOM ranges from 70 to 90%. Therefore, whereas 680 

first order relative estimates of methane fluxes can be made based solely on sulfate 681 

data, such methane flux estimates may have errors that range from 10 to 30%. 682 

 683 

Isotopic data was also the key in documenting that AOM is not supported in its 684 

entirety by a methane flux into the SMTZ from deep sources, rather a significant 685 

contribution of this methane originates immediately below the SMTZ. Thus, at least 686 

in the Ulleung Basin, the SMTZ depth by itself cannot be used as a quantitative 687 

indicator of methane supplied from gas hydrate reservoirs, as it has been postulated 688 

for other gas hydrate bearing locations.  689 

 690 
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Figure Captions 882 

 883 

Figure 1: The definitions of SMTZ and ESMTZ considered in our model. ESMTZ 884 

stands for Expanded Sulfate Methane Transition Zone that includes the shollow 885 

methanogenic zone right below the SMTZ. 886 

 887 

Figure 2: Map of the UBGH2 drill sites in the Ulleung Basin. (A) Regional map of the 888 

basin. (B) The five sites investigated in this study. 889 

 890 

Figure 3: Porosity profiles of the study sites. Black dots are onboard measurements 891 

while black lines are fitted profile using the parameters listed in Table 2. 892 

 893 

Figure 4: Pore water profiles of data available for the box model. Red arrows illustrate 894 

the flux terms used in our box model. rCH4.SMTZ, rDIC.SMTZ are 
12

C/
13

C of DIC or CH4 895 

that are calculated from isotopic values. 896 

 897 

Figure 5: Framework of our box model. (A) Illustration of box model for Case 1, 898 

which only considers AOM and CP with in the SMTZ. (B) POCSR is added into the 899 

box in addition to the reactions considered in Case 1. (C) CR is included in the box 900 

model in addition to the reactions considered in Case 2. (D) ME is included in Case 4 901 

which requires expanding the SMTZ (i.e., ESMTZ) in this case. 902 

 903 

Figure 6: The isotopic fractionation factors for AOM (αAOM) calculated from our box 904 

model based on the 4 different settings. The green area indicates range of 905 

fractionation factors from the literature (1.004-1.03; Whitcar, 1999). In Case 1 and 2, 906 

the fractionation factors are notably lower than expected. For Case 3, only the value 907 

for the site UBGH2-10 falls in the reasonable range; the rest are distinctly higher than 908 

expected range of value. The fractionation factors for sites UBGH2-1_1 and 909 

UBGH2-5 are much larger than 2; thus, they are not plotted in the figure. All the 910 

fractionation factors calculated from all sites in Case 4 agree well with the expected 911 

range indicating that isotopic mass balance is satisfied in this setting. 912 

 913 
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Figure 7: (A) Relationship between fraction of organic matter that is consumed by 914 

sulfate reduction (f) and isotopic fractionation of AOM (αAOM). The horizontal dash 915 

line marks the range of αAOM from literature (Whiticar, 1999). The vertical dash line 916 

marks the result of Case 3 which assumes all organic matter is consumed through 917 

POCSR. (B) Relationship between the fraction of organic matter that is consumed by 918 

sulfate reduction (f) and the fraction of DIC that is recycled by AOM (b) at each of the 919 

five sites. Only the f values that result in the literature αAOM values in (A) are plotted 920 

here. 921 

 922 

Figure 8: The relative contribution of each reaction. In the left panel, the contribution 923 

from the five reactions studied are normalized with different DIC fluxes 924 

(∆FDIC=FDIC.in-FDIC.out). In the right panel, the fraction of sulfate that is consumed 925 

through AOM is plotted. The bars at the top of each column represent the range of 926 

contributions. 927 

 928 

 929 



Figure1
Click here to download high resolution image

http://www.editorialmanager.com/biog/download.aspx?id=53936&guid=edddbd80-1f8f-4e56-997d-6ff22a1e12cb&scheme=1


Figure2
Click here to download high resolution image

http://www.editorialmanager.com/biog/download.aspx?id=53937&guid=c49e293d-0e74-4590-a343-975df09390d9&scheme=1


Figure3
Click here to download high resolution image

http://www.editorialmanager.com/biog/download.aspx?id=53938&guid=ac4c6ca9-966c-4ca5-b215-555b28620fbe&scheme=1


Figure4
Click here to download high resolution image

http://www.editorialmanager.com/biog/download.aspx?id=53949&guid=a70afaf8-6342-48de-8901-9ccc6ce7c91e&scheme=1


Figure5
Click here to download high resolution image

http://www.editorialmanager.com/biog/download.aspx?id=53939&guid=e194e841-e151-4761-aef6-3a59d0a35866&scheme=1


Figure6
Click here to download high resolution image

http://www.editorialmanager.com/biog/download.aspx?id=53944&guid=46a45397-4492-4534-96b3-997c101f4867&scheme=1


Figure7
Click here to download high resolution image

http://www.editorialmanager.com/biog/download.aspx?id=53950&guid=613adbbe-15dd-4344-9275-a60afb566f35&scheme=1


Figure8
Click here to download high resolution image

http://www.editorialmanager.com/biog/download.aspx?id=53945&guid=76318c39-2ad6-4d2d-9d2a-d5e9284ae461&scheme=1


 32 

Table 1 Depth of the BSR, first appearance of gas hydrate and the SMTZ, as well as organic carbon content of the study sites 

 
POC (wt%) 

Site BSR (mbsf) 
First GH appearance 

depth (mbsf) 

Depth of  

the SMTZ  

(mbsf) Min. Average Max. 

UBGH2-1_1 165 93 7.7 0.62  1.93  4.03  

UBGH2-2_1 176 71 7.0 0.31  1.59  3.66  

UBGH2-5 189.5 153 8.0 0.16  1.30  3.91  

UBGH2-6 167 113 6.6 0.09  1.23  4.15  

UBGH2-10 171 77 6.2 0.21  1.40  3.44  

Table1
Click here to download Table: table1.pdf 

http://www.editorialmanager.com/biog/download.aspx?id=53940&guid=19720557-e2cd-4a09-aab4-02d3e58b477a&scheme=1
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Table 2 Parameters used to fit the porosity profiles shown in Figure 2 

Site 

Initial porosity at 

water-sediment 

interface    

φφφφ0 (%) 

Final porosity at 

depth    

φφφφf (%) 

empirical constant 

for data fitting    

γγγγ    

UBGH2-1_1 86.50 68.00 -0.05 

UBGH2-2_1 87.00 65.00 -0.03 

UBGH2-5 86.97 68.00 -0.05 

UBGH2-6 86.48 68.00 -0.05 

UBGH2-10 86.74 68.00 -0.05 

 

Table2
Click here to download Table: table2.pdf 

http://www.editorialmanager.com/biog/download.aspx?id=53946&guid=02be630a-77c2-40d6-b1cd-ebcf548192d6&scheme=1
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Table 3 Fluxes (positive for upward flow) of various solutes across the SMTZ calculated from pore water profiles, DIC and CH4 carbon isotopes 

at the SMTZ and at the core bottom for each of the 5 sites investigated in the Ulleung Basin. See text for the detailed definition of each term. 

 

Site 

12
FDIC.in 

(µµµµmol/cm
2
/yr) 

12
FDIC.out 

(µµµµmol/cm
2
/yr) 

13
FDIC.in                               

(10
-2
  

µµµµmol/cm
2
/yr) 

13
FDIC.out                                                   

(10
-2
  

µµµµmol/cm
2
/yr) 

FSO4.in   

(µµµµmol/cm
2
/yr) 

FCa   

(µµµµmol/cm
2
/yr) 



13
CDIC-SMTZ  

(‰)    



13
CCH4-SMTZ 

(‰)    



13
CDIC-bot 

(‰)    



13
CCH4-bot 

(‰)    

ααααCR    

UBGH2-1_1 1.92 7.44 2.23 8.28 -4.92 -0.59 -13.0 -88.8 17.0 -64.5 1.082 

UBGH2-2_1 0.28 7.97 0.37 8.84 -6.04 -0.57 -17.8 -90.0 22.0 -62.0 1.084 

UBGH2-5 0.63 7.25 0.76 8.03 -5.40 -0.84 -14.4 -87.4 18.5 -62.0 1.081 

UBGH2-6 0.41 9.35 0.51 10.31 -6.70 -0.65 -20.4 -85.9 17.0 -63.3 1.080 

UBGH2-10 0.57 9.53 0.76 10.49 -7.23 -0.55 -18.9 -86.6 20.0 -64.3 1.084 

Table3
Click here to download Table: table3.pdf 

http://www.editorialmanager.com/biog/download.aspx?id=53947&guid=1a397fc4-550f-4296-acda-507c5917e889&scheme=1
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Table 4 Error of flux estimates for each of the dissolved species considered in our model 

 UBGH2-1_1 UBGH2-2_1 UBGH2-5 UBGH2-6 UBGH2-10 

FSO4 3.2% 3.2% 1.8% 3.3% 3.0% 

12
FDIC.in 6.2% 14.7% 20.3% 9.1% 12.6% 

12
FDIC.out 17.5% 16.7% 7.9% 11.2% 9.0% 

13
FDIC.in 6.3% 8.9% 20.2% 9.1% 11.8% 

13
FDIC.out 17.3% 14.5% 7.8% 11.2% 9.1% 

FCa 3.2% 4.9% 12.0% 4.4% 2.9% 

 

Table4
Click here to download Table: table4.pdf 

http://www.editorialmanager.com/biog/download.aspx?id=53941&guid=5fd55c4c-70a2-491a-abb6-8d9bf1c781d6&scheme=1
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Table 5 Range of the depth-integrated reaction rates (µmol/cm
2
/yr) derived from Case 4.  

 

 
RAOM 

µmol/cm
2
/yr    

RCR 

µmol/cm
2
/yr    

RCP 

µmol/cm
2
/yr    

ROM 

µmol/cm
2
/yr    

RME 

µmol/cm
2
/yr    

RPOCSR-C 

µmol/cm
2
/yr    

UBGH2-1_1 4.54±0.37 1.81±0.01 0.58 6.00±0.01 5.25±0.76 0.75±0.75 

UBGH2-2_1 5.30±0.74 1.96±0.05 0.56 8.34±0.11 6.86±1.37 1.48±1.48 

UBGH2-5 4.65±0.75 1.68±0.02 0.83 7.47±0.04 5.97±1.46 1.50±1.5 

UBGH2-6 5.53±1.17 1.83±0.01 0.64 9.41±0.01 7.06±2.36 2.35±2.35 

UBGH2-10 4.52±0.92 1.34±0.02 0.55 7.22±0.04 1.80±1.8 5.42±1.83 

Table5
Click here to download Table: table5.pdf 

http://www.editorialmanager.com/biog/download.aspx?id=53942&guid=47a97b15-4ab2-43d9-b128-37ace2cbb6bd&scheme=1


Variables Symbol Value or Explanation 

 Degree of isotopic fractionation 

POCSR 1 

CP 1 

AMO 1.004-1.03 

ME 1.055-1.095 

CR 1.055-1.095 

b Proportion of AMO that is being recycled through CR 

 
Concentration gradient (porosity corrected) 

12/13
C Concentration of carbon 12 or carbon 13 

12/13
CCH4-SMTZ Concentration of carbon 12 or 13 of CH4 at SMTZ 

12/13
CCH4-bot Concentration of carbon 12 or 13 of CH4 at the same 

depth as rCH4-bot 
12/13

CDIC Concentration of carbon 12 or 13 of DIC 


13

C 
13

CCH2O Carbon isotope of organic matter 


13

CCH4-bot Carbon isotope of CH4 at core bottom 


13

CCH4-SMTZ Carbon isotope of CH4 at the SMTZ 


13

CDIC-bot Carbon isotope of DIC at core bottom 


13

CDIC-SMTZ Carbon isotope of DIC at the SMTZ 

CT Total concentration of carbon (i.e., 
12

C+
13

C) 

D Diffusion coefficient 

f Fraction of organic matter being utilized by POCSR 

 Porosity 

 Porosity at water-sediment interface 

f Porosity at great depth 

Fin Flux into SMTZ 

FSO4.in  

FDIC.in  

FCH4.in  

FCa  

Fout Flux out from SMTZ 

FSO4.out  

FDIC.out  

FCH4.out  

 Empirical constant for porosity fitting 

k Rate constant 

Attachment to Manuscript
Click here to download Attachment to Manuscript: Appendix.doc 
Click here to view linked References

http://www.editorialmanager.com/biog/download.aspx?id=53951&guid=8ac53eb4-bec0-4ef3-893a-db369cac3744&scheme=1
http://www.editorialmanager.com/biog/viewRCResults.aspx?pdf=1&docID=2838&rev=2&fileID=53951&msid={74C0E717-31FB-4748-8E58-51C8BC41E012}


k
L
 Rate constant for light isotope 

k
H
 Rate constant for heavy isotope 

r 
13

C/
12

C ratio 

rr 
13

C/
12

C ratio of reactant 

rp 
13

C/
12

C ratio of product 

rstd 
13

C/
12

C ratio of PDB standard (0.0112372) 

rOM 
13

C/
12

C ratio of organic matter 

rDIC 
13

C/
12

C ratio of DIC 

rDIC-SMTZ 
13

C/
12

C ratio of DIC at SMTZ 

rCH4-SMTZ 
13

C/
12

C ratio of CH4 at SMTZ 

rDIC-bot 
13

C/
12

C ratio of CH4 at the depth where isotopic value 

approaching a fixed value 

rCH4-bot 
13

C/
12

C ratio of CH4 at the depth where isotopic value 

approaching a fixed value 
12/13

R Reaction rate for carbon 12 or 13 
12/13

ROM Gross organic matter degradation rate 
12/13

RPOCSR-S Rate of POC sulfate reduction in terms of sulfate 

consumption 
12/13

RPOCSR-C Rate of POC sulfate reduction in terms of DIC 

production 
12/13

RCP Rate of carbonate precipitation 
12/13

RAOM Rate of anaerobic oxidation of methane 
12/13

RME-CH4 Rate methane production from methanogenesis  
12/13

RME-DIC
 

Rate DIC production from methanogenesis 
12/13

RCR Rate of CO2 reduction 

z Depth in the sediments 
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