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Abstract

The significance of the various carbon cycling pathways in driving the sharp sulfate methane transition
(SMTZ) observed at many locations on continental margins is still a topic of debate. Unraveling these
processes is important to our understanding of the carbon cycle in general and to evaluate whether the
location of this front can be used to infer present and past methane fluxes from deep reservoirs (e.g.,
gas hydrate). Here we report the pore water data from the second Ulleung Basin Gas Hydrate
Expedition (UBGH2) and on the results of a box model that balances solute fluxes among different
carbon pools and satisfies the observed isotopic signatures. Our analysis identifies a secondary
methanogenesis pathway within the SMTZ, whereby 25 to 35% of the dissolved inorganic carbon
(DIC) produced by the anaerobic oxidation of methane (AOM) is consumed by CO, reduction (CR). To
balance this DIC consumption, a comparable rate of organic matter degradation becomes necessary,
which in turn consumes a significant amount of sulfate. The fraction of sulfate consumed by AOM
ranges from 70 to 90%. Whereas a simple mass balance would suggest a one to one relationship
between sulfate and methane fluxes; our isotopic considerations show that methane flux estimates
based solely on sulfate data may be in error by as much as 30%. Furthermore, the carbon cycling within
the SMTZ is fueled by a significant contribution (10-40%) of methane produced by organic matter
degradation just below the SMTZ. Therefore AOM rates cannot necessarily be used to infer methane

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

Keywords: anaerobic oxidation of methane, CO; reduction, sulfate-methane-

transition-zone, cold seep environment
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1. Introduction

The sulfate methane transition zone (SMTZ) along continental margins, where sulfate
is almost depleted and methane concentration starts to dramatically increase (Figure
1), is usually no deeper than a few to tens of meters. We have a good first order
understanding of the reactions driving this front; however, the various carbon cycle
pathways involved, and the relative fraction of sulfate consumed by these reactions is
still being debated. Using data from sediment cores taken off Namibia and assuming
there was no organoclastic sulfate reduction at the sediment surface, Niewdhner et al.
(1998) suggested that the sulfate flux in this region can be fully explained by
anaerobic oxidation of methane (AOM). On the other hand, down-core sulfate
reduction rate measurements were used by Fossing et al. (2000) to demonstrate that
more than 60% of the sulfate reduction can occur within the first meter of the
sediments due to fast organic matter degradation. For the Black Sea, Jorgensen et al.
(2001) showed that sulfate profile remained unaffected by organoclastic sulfate
reduction because in this area sulfate diffuses rapidly into surface sediments, whereas
sulfate is replenished only very slowly at the SMTZ depth. These data suggest that in
diffusive systems, sulfate profiles may be fully dictated by AOM and not by
organoclastic sulfate reduction, even if there was a significant component of

organoclastic sulfate reduction in the shallowest sediments.

These results are significant because, if the depth of the SMTZ were to scale inversely
with the strength of an upward diffusive methane flux, sulfate can be used as a proxy
for the methane supply from the gas hydrate reservoirs, as postulated by several
investigators (Borowski et al., 1996, 1999; Niewohner et al., 1998; Dickens, 2001;
Lin et al., 2006; Yang et al., 2008; Chuang et al., 2006, 2010). However, such
inference is based on two simplified assumptions: 1) sulfate is dominantly consumed
by methane through AOM and 2) all the methane consumed by AOM comes from gas
hydrate dissociation. The first assumption may be undermined if there is a significant
contribution of sulfate reduction fueled by organic matter degradation above or within
the SMTZ. The second assumption may also be problematic, since a zone of methane
generation by microbial activity has been shown to occur just below the SMTZ

(Oremland et al., 1982; Claypool et al., 2006; Colwell et al., 2008). To account for



88
89
90
91
92

93
94
95
96
97
98
99
100
101
102
103
104
105
106
107

108

109
110
111
112
113
114
115
116
117
118
119

this shallow zone of methane generation, we incorporate it into our model, and

designate our box as an expanded sulfate methane transition zone (ESMTZ) (Figure
1). The upper boundary of this box is demarked by the sharp transition in the sulfate
and methane profiles, and the lower boundary is conceptually defined to include the

methanogenesis zone just below the depth where sulfate is exhausted.

Here we report on pore water profiles for the upper 30 m at five sites drilled in the
Ulleung Basin offshore Korea, and present a complete mass balance approach that
includes concentrations, isotopes and fluxes of various metabolites from SMTZ or
ESMTZ (Figure 1). Our primary conclusion is that, while AOM may consume much
of the sulfate in this basin, other pathways that modify the DIC

concentration —namely, reduction of POC, and shallow methanogenesis- are
important, and need to be quantified. We argue that the methane produced locally by
converting DIC from AOM into methane (secondary methanogenesis) and from
organic carbon diagenesis immediately below SMTZ need to be considered in order to
achieve a carbon isotopic mass balance across the SMTZ. These shallow methane
sources, both distinct in the isotopic composition of the substrate, need to be
considered to fully characterize carbon cycle budgets and in the assessment of

methane contribution from gas hydrate reservoirs based on sulfate gradients.

2. Study area and sediment properties

The Ulleung Basin, one of the three main basins in the East Sea, is bounded by the
steep continental slope of the Korean Peninsula to the west and the Korean Plateau to
the north (Figure 2A). This area harbors a thick (4 km) sediment section characterized
by extensive turbidite and mass transport deposits, with moderate total organic matter
content (~1-4%, Kim et al., 2007 and Table 1). Gas hydrates have been recovered
from this margin, and hydrocarbon analyses point to a biogenic source for the
methane in these deposits (Bahk et al., 2009; Chun et al., 2011; Kim et al., 2011,
2012).

Here we focus on five sites (UBGH2-1 1, 2-2 1, 2-5, 2-6, and 2-10) drilled during
the second Ulleung Basin Gas Hydrate Expedition (UBGH2) in 2010 (Figure 2B).
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The depth penetrated by these sites ranges from 230 to 360 meters below seafloor
(mbsf). The depth of bottom simulating reflector (BSR), depth of gas hydrate first
appearance, and average content of particulate organic carbon (POC) content, have
been reported by the UBGH2 Scientists (2010), and are included in Table 1. The
depth of the BSR is shallower than 190 meters at all sites. Gas hydrate in these sites
was first observed at 71 to 153 mbsf. POC content ranges from less than 0.1% to 4%,

with an average of ~1.5%.

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

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

#(2)= ¢, +(d ) exp(rz) (1)

where ¢, and ¢, are porosity at great depth and at the water-sediment interface,

respectively. y is an empirical constant, which can be obtained from data fitting and z
is the depth in the sediments. The measured porosity (UBGH?2 Scientists, 2010) and
trends used to fit those measurements are shown in Figure 3. Parameters used to fit
the observations according to Eq.(1) are listed in Table 2. These fitted trends will be

used for porosity estimation in our box model.

3. Analytical method and results

3.1 Sample collection

Pore water, gas, gas hydrate and sediment samples were collected from all the drilled
sites following the protocols detailed in UBGH2 Scientists (2010). Pore water was
extracted from whole round sediment samples (5-20 cm length) collected immediately
after retrieval of the cores. Following extrusion from the core liner, the surface of the
sediment sample was carefully scraped with a clean spatula or clean ceramic knife to
avoid any contamination with drilling fluid (ambient surface seawater). Pore water
was extracted from the clean sediments using titanium squeezer, modified after the

stainless steel squeezer of Manheim and Sayles (1974), and a laboratory Carver
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hydraulic press (< 20 MPa). Pore water was filtered through a Whatman paper and a
0.20 pm disposable polytetrafluoroethylene in-line filter, and collected in HC1
prewashed syringes. Aliquots were transferred into HCI prewashed high density
polyethylene vials for shipboard analyses of major and minor ions. Subsamples for
isotopic analyses of the dissolved inorganic carbon (DIC) were collected in 2 ml

septum screw-lid glass vials and preserved with HgCl,.

Void gases in the core were sampled by piercing the liner and allowing gas to expand
into a 60 ml syringe connected to the penetration tool. The gas sample was then
transferred to a 50 ml serum glass vial which was pre-filled with saturated NaCl
solution. For headspace gas analyses, a 3 ml sediment sample was taken with a 5 ml
cut-off plastic syringe from the freshly exposed end of each core section, and extruded
into a 30 ml serum glass vial. Following the method described in Riedel et al. (2006),
2 ml of saturated NaCl was added to each vial, which was then sealed with a 10

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

3.2 Analytical approaches

Sulfate and alkalinity were measured onboard. The first 5 ml of pore water was
immediately subsampled for pH and alkalinity determinations using a pH electrode
and a Gran titration with a Metrohm autotitrator. The precision of the alkalinity
titrations was monitored by repeated analysis of International Association for the
Physical Sciences of the Ocean (IAPSO) standard seawater, and was less than 2%.
Sulfate was analyzed by ion chromatography (Dionex ICS-2100 IC) using 0.2 ml
samples diluted with 5.8 ml of Milli-Q water. At the beginning and the end of each
run, several different dilutions of IAPSO standard seawater were analyzed as a quality
control and to determine accuracy. [APSO standard seawater was analyzed after every
seven samples as a check for instrumental drift and to calculate analytical precision.
Precision for the sulfate analyses was better than 0.8%, and average accuracy was

better than 1.5%.

Immediately after samples were collected, concentration of methane, ethane, propane,
and CO; in the head space and void gas samples were measured onboard by gas

chromatography (GC; Agilent 3000A Micro GC) with a thermal conductivity detector

6
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(TCD) and two independent columns: PLOT-U (8 m long and 0.32 mm inner
diameter) for C;-C,4 hydrocarbons and MolSieve 5A Plot (10 m long and 0.32 mm
inner diameter) for Oy, N, CO, and CO. The temperature of the injector and the
Plot-U column is stabilized at 90 °C while the temperature for the MolSieve 5A Plot is
105 °C. Helium is chosen as carrier gas and column flow rate is 2.2 ml/min. The
accuracy of CH, and CO; analysis, determined by repeated measurements of 1%
standard gas, is better than 4 % and 6%, respectively. Since both headspace gas and
void gas samples suffered from severe degassing during core recovery, it is

impossible to precisely determine the in-situ gas concentration.

The isotopic composition of DIC in pore water was analyzed with a Finnigan
DELTA-Plus mass spectrometer using a Gas-Bench II automated sampler at Oregon
State University, as described in Torres et al. (2005). The precision and accuracy are
better than +0.15%o and +0.07%o, respectively, based on the multiple standard
measurements. The stable carbon isotope of methane (813 Ccua) was measured using
an isotope ratio-monitoring gas chromatography/mass spectrometer in Isotech,
Champaign, IL. The reproducibility was +0.1%o. The stable carbon isotope values for
DIC and methane are reported in the conventional d notation in permil (%o) relative to

V-PDB.

3.3 Analytical results

The concentration profiles of the parameters required for our box model are illustrated
in Figure 4 and listed in Table 3. Data and the detailed calculations can be found in
the supplementary material online. The depth of the SMTZ was defined by the sulfate
and methane profiles at each site. Since this study only examines the carbon cycling
around the depth of the SMTZ, we only show data for the upper 30 mbsf. We did not
differentiate among the various dissolved carbonate species (bicarbonate, carbonate,
and COy(y)) but treat them as a single DIC (dissolved inorganic carbon) pool.
Alkalinity can reasonably represent DIC concentration within the pH range of our
samples (7.3-7.8). Therefore, alkalinity is used as synonymous with DIC throughout
this paper. The alkalinity and calcium profiles show a distinct change in their

concentration gradient across the depth of the SMTZ, indicating that the bicarbonate
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produced by AOM increases alkalinity and consumes calcium through authigenic
carbonate precipitation. Abnormally high alkalinity around the SMTZ was explained
by Kim et al. (2011) as an indication of DIC leaking from a deep methanogenesis
zone; this observation suggests that organic matter degradation by methanogenesis is
an important component of the carbon cycling in the Ulleung Basin. The carbon
isotopic profiles of methane and DIC, display minimum values around the SMTZ,
reflecting the carbon pathways between the methane and DIC pools through AOM
and CR, as previously suggested by Borowski et al. (1997) for Blake Ridge

sediments.

4. Box model framework

We constructed a model that encompasses the SMTZ and the methanogenesis zone
immediately below the depth of sulfate depletion; in a zone we designate ESMTZ. It
includes 2 solid phases (organic matter and authigenic carbonate) and 3 dissolved
components (sulfate, methane, and alkalinity) (Figure 5). All symbols used are listed
in the Appendix. For the three dissolved components in Figure 5, we constructed a
mass balance between input and output rates and fluxes, which includes transport
(grey arrows) and reaction terms (red, orange, blue, purple, and green arrows). All
components are linked via five reactions with a different degree of isotopic

fractionation, which is parameterized as:

a="
r

P

where r; and r,, are the isotopic ratios (C/"C) of the reactant and product.

The five reactions under consideration are:

POC sulfate reduction (POCSR):
CH,O+ % 50,2 - %st +HCO,  8"Cco=-23%, appesz =1 (3)

Calcium carbonate precipitation (CP):
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Ca™+CO,? - CaCO, 8" Cpic=varies, a., =1 (4)
Anaerobic oxidation of methane (AOM):

CH,+S50,? - HS + HCO,” 8"“Ccuy=varies, 1.004<a,,,, <1.03 (5)

Secondary methanogenesis or CO, reduction (CR)

CO,+4H, — CH,+2H,0 8"Cpic, "Cemy =varies, 1.01<a, <1.095 (6)

Methanogenesis (ME)

CH20 —> %CH4 +%CO2 613CDIC, 13CCH4 =Varies, SISCCH20:—23%0,

1.01<a,, <1.095 (7)

The isotopic fractionation factors listed here are from Whiticar (1999). Organic matter
degradation via sulfate (POCSR, Eq. (3)) usually occurs well above the SMTZ (e.g.,
in the first tens centimeters below sediment-water interface as shown in Fossing et al.
(2000)). Although POCSR does not occur within the SMTZ, it consumes a portion of
sulfate supply from the seafloor and, therefore, decreases the flux of sulfate into the
SMTZ. POCSR is thus expressed as the portion of sulfate flux that does not enter the
SMTZ in our box model. AOM (Eq. (5)) that consumes both sulfate and methane in
the SMTZ produces DIC and induces precipitation of calcium carbonate (Eq. (4)),

which consumes most of the calcium flux from seafloor.

The first three reactions discussed above (Egs. (3) to (5)) has been well accepted
among literature (e.g., Kim et al., 2007 and Chatterjee et al., 2011). However, Egs. (6)
and (7) are typically not considered in carbon cycling studies around the SMTZ, even
though there are several studies showing that the rate of microbial methanogenesis
peaks immediately below the SMTZ (e.g., Oremland et al., 1982; Claypool et al.,
2006; Colwell et al., 2008). Secondary methanogenesis or CR, is specified in our
model as the reaction utilizes CO; produced from AOM. For methanogenesis (ME),
the primary substrate is organic carbon. Whereas this metabolic process involves
several steps (e.g., production of CO; and hydrogen gas; and carbonate reduction to
methane), for the purpose of the model it is described by reaction (7). These two

reactions that generate methane (CR and ME) are defined in terms of their carbon
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sources: the DIC produced by ME comes directly from organic matter decomposition
while the DIC utilized by CR is produced by AOM and it is not directly linked to

organic matter degradation.

Within the ESMTZ (defined to include the zone of methanogenesis below the SMTZ,
Figure 1), the following three equations are used to describe the mass balance for

sulfate, DIC, and methane:

Fs04.in=Fso4.ou7Rpocsr-sTRaom (8)
Fpic.intRMmE-DIcTRPOCSR-ctRAOM=FDIC.0urt RcrR TR cp (9)

Fena.intRerTRME-cHa=F cHa.outRAoM (10)

where "F" denotes flux, "R" denotes reaction rate, and in and out indicate the flux
direction relative to the ESMTZ. Rpocsr-s and Rpocsr-c are the rates of sulfate
consumption and DIC production through POCSR. They relate to each other
according to the stoichiometry in Eq. (3) (i.e., Rpocsr-c=2x Rpocsr-s). Rme-pic and
RwmE-cha are rates of ME in terms of DIC and methane production. Both of these rates
are half of the ME rate (i.e., Ryp=2 x Rme-pic=2 x Rme-cn4) followed the stoichiometry
in Eq. (7). These fluxes and rate terms are illustrated in Figure 4 and 5. In our
following calculations and discussion, we assume that both sulfate and methane are
fully consumed within the ESMTZ, so that the values for Fso4.out and Fepa out are
negligible and can be ignored in Eq.(8) and (10). Fcyain denotes the flux of methane
that comes from outside the box (Figure 1) and carries a distinct isotopic signature

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

4.1 Transport terms

This study focuses on sites with diffusion-dominated concentration profiles (Figure
4), and where no sign of advective flow was observed emerging from seafloor or in
geophysical surveys (UBGH2 Scientists, 2010). By assuming a diffusion-dominated
system under steady state, we can quantify the magnitude of the fluxes Fi, and Foy

with Fick’s law:

10
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Porosity information is given in Figure 3 and Table 2. Tortuosity-corrected diffusion
coefficients (D) for sulfate, calcium, and DIC are derived from the relationships in

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

concentration gradients (%) are calculated from individual profiles and are used

to calculate Fj, and F,. Since most of the gradients in our sites are linear, we apply a

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

To satisfy isotopic mass balance considerations, it is necessary to calculate the
transport of both the heavy and light carbon (i.e., °C and '2C) by CH, and DIC. In
combination with measured isotopic ratios, this information is used to infer the

. 12 13
concentration profiles for “Cpjc and ~Cpyc as follows:

12 = C’T
T e (12)
13CDIC = CT — CDIC

where Cr is the total concentration (i.e., alkalinity in Figure 4) and rpc is the

concentration ratio of heavy to light carbon (13 C/ 12C) from its isotopic value:

s°c
Tpic = ( ve
1000

+D)xr, (13)

where ryq is the ratio for V-PDB standard (0.0112372).
A migration-induced isotopic fractionation is related to the mass ratio of the two

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

smaller than the fractionation from other reactions (diffusion coefficients of *CO; is

11
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only 0.7-0.87 %o smaller than it for 12C02; O'Leary, 1984 and Jéhne and Dietrich,

1987), we have neglected it in our calculation.

4.2 Reaction terms

The isotopic fractionation for each of the five reactions considered here (Egs. (3) to
(7)), is fundamental to our understanding of processes occurring within the SMTZ.
The isotopic effect (o) for a steady-state one-step reaction may be expressed in terms

of the rate constant of the heavy (k") and light (k5 isotopes (Rees, 1973):

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

heavy isotopes. For light carbon (i.e., '*C), reactions are formulated as follow:

2R pocsis ¢(% Ry)  (15)
PRpocsrc= #(fR,,,) (16)

PRyie-pic=¢(1 - f) % Rou (17)
1
PRyte-cra= (1 - f)EROM (18)

1
IZRAOM: F:SO4Ain -¢ 5 fROM (19)

lchp: FCa (20)

12RCR: blzRAOM (2 1)

where Roy is the rate of organic matter degradation through both POCSR and ME
(i.e., Rom=RmetRpocsr-c), fis the fraction of organic matter being utilized by

POCSR. Stoichiometric considerations are included by the 0.5 multiplier in Eq. (15)

12
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(i.e., every mole of organic matter consumed by sulfate is equivalent to 0.5 moles of
sulfate) and the 0.5 multiplier in Eq. (17) and (18) (i.e., every mole of organic matter
consumed by methanogenesis produces 0.5 moles each of DIC and CHy). To describe
the production of methane through CR from the pool of DIC generated by AOM
(Borowski et al., 1997), we assume the rate of CR is proportional to AOM rate within
the SMTZ (Eq. (21)). Based on this definition, » in Eq. (21) must range from O to 1.

For the heavy carbon (i.e., >C), we apply the following reaction rate expressions

PRpocsr.c= P(SRov Vow (22)

1

BRME-DIC: p(1- 1) E RouToic_pos (23)
1

13RME-CH4: ¢(1 - f ) E ROM Vet 4ot (24)

1 Yoy,
13RA0M: (F504Am - ¢E fROM )M (25)

AOM

ISRCP: FeaxXtpie_surz (26)

1
13RCR: bl3RA0M><— (27)

Acr

where r is the °C to '*C ratio of organic matter (7,,, ), DIC, and CH, at the SMTZ

(Tep, -surz A0 Tpye_gppr, ) OF bottom of the core (7, and 7. 4, ) which can be

calculated from the isotopic signature listed in Table 3. a40ps1s the fractionation
factor of AOM, which we will calculate from the box model. oy is the isotopic
fractionation of CR and ME. This value is estimated from the isotopic signature of
DIC and CHj at the core bottom (0cr=1+(8"Cpic-bor-8"*Cctabor) x 1000) for each site
(Table 3). Detail calculation of the box model can be found from the supplementary

material.

13
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4.3 Assessment of the error associated with flux estimates

In our box model, reaction rates are always linked to the flux of dissolved species.
Therefore, to estimate the errors in our model, we need to quantify the potential errors
from our flux estimates; which fall within two general categories. The first include
uncertainties associated with parameters such as porosity and tortuosity, which will
have the same degree of influence on all fluxes at a given site. This type of error will
only affect the absolute but not the relative magnitude of the fluxes, and since most of
our discussion relies on the relative magnitude of the fluxes, these uncertainties do not

directly impact our discussion.

The second type of error, which arises during the calculation of gradient from each of
the chemical species, will affect both the absolute and relative magnitude of the fluxes
and hence directly affect our conclusions. The error on our flux estimates is the sum
of the error associated with fitting the concentration and isotopic profiles to the data,
plus the standard error of the regression slope. Fitting of concentration profiles for
sulfate and calcium fluxes is not necessary, thus for these species the error of the flux
estimates arises solely from the standard error of regression line, and is usually
smaller than 5% (Table 4). Fitting of the concentration and isotopic profiles of DIC
based on insufficient data, is responsible for most of the error associated with the DIC
flux estimates, which range from 6.2 to 20.3% while, in most cases, around 10 to
15%. The error of flux estimation may potentially increase the uncertainties of our
rate estimation. Errors of different fluxes at different sites are summarized in Table 4.

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

5. Model evaluation

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

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

Casel: Anaerobic oxidation of methane (AOM) as the only reaction
In this first scenario (Figure 5A), we assumed that AOM is the ONLY reaction
responsible for sulfate consumption and all methane for AOM is supported by upward

diffusion of methane from below the SMTZ (i.e., no reactions generate methane

14
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within the SMTZ). Eq. (9) is modified and applied to both carbon isotopes, such that

the relevant fluxes are estimated by:

Fsos4in=Raom (28)
PFpicint “Raom=""Fpic.out + Rep (29)

13 13 13 13
Fpicint "Raov= "Foic.our + "Rep (30)

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

12RA0M: Fo4in (€2))

’
13 _ CH,~-SMTZ
Raom=Fpusnx———  (32)
oM

Egs. (31) and (32) can be plugged into Egs. (29) and (30), respectively. The «,,,, is
the only remaining unknown in this set of equations. Using this approach and the data

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

Similar values for a<1 were obtained for all sites (Figure 6). Both experimental and
field data have shown that a0y is always slightly larger than 1 and ranges from 1.004
to 1.030 (Whiticar, 1999) due to the preferential utilization of light carbon during this
microbial-mediated reaction. The results of our Case 1 scenario demonstrate that
AOM alone is not sufficient to explain the isotopic composition of DIC and methane

observed at the SMTZ.

Snyder et al. (2007) and Wehrmann et al. (2011) performed a similar calculation but
did not include carbon isotopic considerations. Since they can fully satisfy Eq. (29) by
their approaches, these authors concluded that AOM is the dominant reaction
consuming sulfate. However, by including an isotopic mass balance we show the need
to include other reactions, and argue that only balancing the fluxes of the total carbon
does not provide sufficient evidence to conclude that AOM is the only reaction that

needs consideration.
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Case2: Anaerobic oxidation of methane (AOM) and particulate organic carbon
sulfate reduction (POCSR)

Here our box model is formulated as:

Fso4.in=Rpocsr-stRaom (33)
12 12 12 12 12
Fpic.int "Rpeocsr-ct "Raom= Fpic.out Rep (34)

13 13 13 13 13
Fpic.int "Rpocsr-ct "Raom= "Fpic.out "Rep (35)

In this scenario (Figure 5B), organic matter is allowed to react with sulfate only (i.e.,
1. PR pocsr.c and R aom can be solved from Egs. (33) and (34) (assuming
1ZRPC)CSR_(;:Z x Rpocsr-s and 12RAOM:RAOM)- By plugging Egs. (22) and (25) into Eq.
(35), we can then estimate the isotopic fractionation for AOM (@y0n), Which yields a
value of 0.941 for Site UBGH2-1 1 (and similar values for other sites). Although this
value is slightly larger than that by Case 1, it is still notably smaller than 1,
demonstrating that the isotopic mass balance is not satisfied under the Case 2 scenario
(Figure 6). The small a0 from Case 1 and 2 suggests that consumption of
isotopically light DIC is required to fulfill the mass balance. Such sign suggests

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

Case3: Anaerobic oxidation of methane (AOM), particulate organic carbon sulfate
reduction (POCSR) and secondary methanogenesis by CO, reduction (CR).

By including in our methane sources the recycling of the DIC generated by AOM via
CO; reduction (CR in Figure 5C), we now expand the conventional SMTZ to include
the region of methanogenesis in our ESMTZ and have 4 unknowns: Rom, Raowm,
IZRCR, and the fractionation factors of AOM (aaom). In order to uniquely solve this set
of equations, we need another constraint, which comes from the mass balance

equations for methane. The equation set becomes:

Fso4.in=Rpocsr-sTRaom (36)

12 12 12 12 12 12
Fpic.int "Rrocsr-ct "Raom= “Foic.ourt "Rert Rep 37)
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13 13 13 13 13 13
Fpic.int "Rpocsr-ct "Raom= "Fpic.ourt "Rert "Rep (38)
12 2p 12
Fcnain™ "Rer= "Raom (39)

PFenint " Rer="Raom (40)

Since more than 90% of the in situ methane is lost during core recovery (Wallace et
al., 2000), it is very unlikely to accurately determine methane flux (i.e., F 4in and
13 Fcpain)- A slightly different in the degree of degassing would result in huge
difference in flux estimation from headspace methane concentration gradient. Besides,
the depth of gas hydrate first appearance is also adapted by some studies, such as
Malinverno and Pohlman (2011), to be the constraint of methane flux since such
depth should theoretically correspond to where dissolved methane concentration
exceeds its solubility. However, as Torres et al. (2008) pointed out, the distribution of
gas hydrate is also highly dependent on lithology. Such lithology-dependent control
on gas hydrate distribution was observed in Ulleung Basin (UBGH2 scientists, 2010).
Therefore, it may not be a proper approach. Alternatively, we constrain methane flux
from its isotopic signature in order to solve another unknown in our equations. We
consider this as a better approach since we focus here the isotopic signature of

methane entering our model frame.

If we assume that methane concentration within the SMTZ (13 Ccha-smtz and

12CCH4_SMTZ) is much lower than the methane at depth (13CCH4_b0t and 12CCH4_b0t)

13

CH .in
12

CH,.in

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

) to the

concentration ratio of heavy to light methane carbon at the depth where 8"Ccra
approaches a fixed value (12/13 Ccuapot in Figure 1). This assumption allows us to

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

13C _13 C
FCH4.in _ L ~ BCCHrhm 13RAOM - Rer 41)
12

CH, -bot CH,-SMTZ

13

12 Ry =Ter,—-bor = 7

12 C _12 C _
CH 4.in CH 4 —bot CH ,—SMTZ CH 4—bot AOM CR

L
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where L is the depth between Ccpa-smrz and Cepa-bot (Figure 1). From Egs. (36), (37),
(38), and (41), we can uniquely solve for the 4 unknowns (Rom, Raom, b, and aaom).
Except for Site UBGH2-10, the resulting value for asom estimated with this approach
(Figure 6) is higher than 1.03, which is out of the possible range suggested by
Whiticar (1999). The unreasonably large aaowm for most sites suggests, under the
assumption in Case 3, more isotopically light DIC has to be produced in order to
satisfy the mass balance. ME, which produces isotopically heavier DIC than the
signature at SMTZ, may not be a suitable reaction at first glance. However, ME also
produces isotopically light CH4 which will be consumed and formed isotopically light
DIC through AOM. Therefore, it is still logical to include this reaction.

Case 4: Anaerobic oxidation of methane (AOM), particulate organic carbon sulfate
reduction (POCSR), secondary methanogenesis by CO; reduction (CR) and methane
generation from organic carbon (ME)

We thus include ME in the box mode (Figure 5D). Since we must account for a
fraction of organic matter being converted to methane (Eq. (7)), the fraction of
organic matter that is consumed by sulfate reduction (f'values in Egs. (15) and (17)) is
no longer 1 as in Case 1 to 3, but a number smaller than 1. The equation set for this

case can be expressed as (Figure 5D):

Fso4.in=Rpocsr-stRaom (42)
12 12 12 12 12 12 12
Fpic.int “Rpocsr-ct “Raom™ “Rme-pic = “Fpic.ourt "Rert "Rep (43)
13 13 13 13 13 13 13
Fpic.int "Rpocsr-ct "Raom™ "Rume-pic = “Fpic.ourt "Rert "Rep (44)
13 13 13 13 13
F CHy.in _ Ccm,—bm _ RAOM - RCR - RME—CH4 45
2 =12C T p _2p _Bp (45)
CH,.in CH,~bot AOM CR ME-CH,

In addition to the 4 unknowns detailed in Case 3, we now have one more unknown, f.
Therefore, we are not able to uniquely constrain the system with the available data.
Nonetheless, we are able to evaluate the equation sets by varying f from 0 to 1 to
determine the ranges of f'for which asom falls within a reasonable range, as illustrated

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

Our results suggest that:

1) In order to satisfy the isotopic mass balance (as inferred by agreement with
aaom values from the literature), a significant fraction (>50% in 4 of the studied sites
as the f'is smaller than 0.5 in Figure 7A for these sites) of the organic matter is
metabolized via methanogenesis (ME) rather than via sulfate reduction POCSR. Only
at Site UBGH2-10 can we achieve isotopic compliance without ME; and

2) ME alone is not able to satisfy the isotopic mass balance, but in all cases a
significant fraction (28 to 45%) of the DIC produced from AOM (b in Figure 7B) has
to be recycled to methane by CR. This, however, is not what Chatterjee et al. (2011)
concluded from their kinetic model that aims at achieving a mass balance with a full
consideration of methane and DIC isotopic signatures. Our approach differs in that we
specifically separate CR from ME in order to describe the cycling of carbon between
methane and DIC pools, which influence the model results and hence leads to
different interpretations. Although Chatterjee et al. (2011) also included isotopic
signature of methane into their model, they did not track its change. Therefore, we are

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

6. Discussion

Carbon cycling around the SMTZ in Ulleung Basin

The relative contribution of the 5 individual reactions considered in ESMTZ to the
overall DIC pool, has been estimated as the ratio of the reaction rates to the net DIC
flux (AFpic = Fpic.in —Fpic.out)- The results at each of the study sites are depicted in
Figure 8, and Table 5 summarizes the depth-integrated rates for each reaction. Except
for Site UBGH2-10, the contribution of each reaction to DIC production is
AOM>ME>POCSR. It is also apparent from these results that a fraction of the DIC
produced by AOM is consumed by CR within the ESMTZ. To balance this DIC
consumption, a similar rate of organic matter degradation becomes necessary, and as
shown in Figure 8, the overall POCSR may be responsible for utilizing up to 30% of

the total sulfate input from seafloor.
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We conducted a series of correlation tests between the site-specific parameters (Table
1) and the model inputs (Table 3) and outputs (Table 5). Although correlation can not
be used to infer consequential relationships, it is informative to identify the connected
parameters. The results of this correlation test could be found in the supplementary
material. It is interesting to note that the depth of the SMTZ depth is, as expected,
inversely correlated with the sulfate flux (r2=0.89) and with DIC flux above the
SMTZ (r*=0.92). It is, however, not distinctly correlated with any of the absolute
reaction rates except for POCSR (r2=0.61), which suggests a connection between the
SMTZ depth and organic matter degradation rate rather than with the AOM rate. The
average POC content is inversely correlated with the organic matter degradation rate

(r*=0.54) and with the methane carbon isotope at the SMTZ (r*=0.51).

Bhatnagar et al. (2011) suggested that the depth of gas hydrate first occurrence is
positively correlated with the SMTZ depth assuming fluid flow is the most dominant
factor affecting both. However for the Ulleung Basin, neither the depths of BSR nor
that of the gas hydrate first appearance shows any appreciable correlation with the
SMTZ depth nor with the carbon or sulfate fluxes. Bhatnagar et al. (2011) shows that
SMTZ depth and sulfate gradients may be used to infer the average gas hydrate
saturation in the Cascadia margin system but only when all methane comes from a
deep external reservoir (e.g., gas hydrate) and AOM is the only sink of sulfate. Our
box model results indicate that neither of these assumptions is valid in the Ulleung
Basin, since POCSR consumes a significant fraction of sulfate and there is an
important methane source that originates just below the SMTZ also contributes to the
overall carbon cycling within the SMTZ. There is also no correlation between the
AOM rate and gas hydrate abundance indicators (i.e., depth of BSR and first gas
hydrate appearance in Table 1), which suggests that the deep gas hydrate system (>70
mbsf) in these diffusion-dominated sites at Ulleung Basin is too remote to effectively
influence the shallow (< 30 mbsf) carbon cycles around the SMTZ. Thus, in the sites
discussed here, the AOM rates cannot be used to quantify methane contributions from
gas hydrate reservoirs that lay tens to hundreds of meters below the SMTZ.
Nonetheless, we speculate that the advective systems that characterize acoustic
chimney locations in the Ulleung Basin (Torres et al., 2011; Kim et al., 2011, 2012)

will indeed have a profound influence on the carbon cycling around the SMTZ.
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Evidence for coupling AOM and CR in natural and laboratory studies

Carbon cycling through an AOM-CR coupled pathway at the SMTZ, was originally
proposed by Borowski et al. (1997), based on observations of anomalously light
carbon isotopic values of DIC and methane around the SMTZ in samples collected by
Ocean Drilling Program at the Blake Ridge (Claypool and Threlkeld, 1983; Galimov
and Kvenvolden, 1983). Since then, an anomalously light carbon isotopic signature of
microbial biomass (House et al., 2009) and lipid biomarkers (Orcutt et al., 2005;
Alperin and Hoehler, 2009) near the SMTZ, have been used as an important
AOM-CR coupling indicator, because the measured fractionations cannot be
explained solely from organic carbon degradation, and require fractionation by

methanogens (Alperin and Hoehler, 2009).

Direct evidence for the existence of this AOM-CR coupling was presented by
Zehnder and Brock (1979, 1980), who quantified both reactions simultaneously in
culture experiments. Radiotracer experiments have also shown that the CR rate is not
only of comparable magnitude to that of AOM, in some cases, these rates are shown
to be proportional to each other (Pimenov et al., 1997; Orcutt et al., 2005; Seifert et
al., 2006; Knab et al., 2009) and maybe a function of the methane and sulfate
availability (Orcutt et al., 2008).

Hoehler et al. (1994) postulated that the methanogenic archaea, which mediate AOM,
may be able to switch their metabolism between methanogenesis and methanotrophy
depending on the fluid composition, and thus may thermodynamically favor one
pathway over the other. In addition, metagenomic studies of communities collected
from the SMTZ indicate that methanotrophic archaea possess most of the genes that
are typically required for methanogenesis thus supporting the hypothesis that these
microbes are capable of carrying out "reverse methanogenesis" (Hallam et al. 2004).
Whether methanogenic archaea can indeed switch their metabolic pathway is still
debated. However, rTDNA and rRNA maxima at and immediately below the SMTZ,
were used by Lloyd et al. (2011) to reinforce the idea that ANME-1 may indeed be
capable of consuming and producing methane, and that the dominant metabolic

pathway does depend on the attendant geochemical environment.
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Of course, for CR to precede an additional source of H; is needed. We do not know
that the H, source has been established; however, the aforementioned studies all show
the coupling between AOM and CR to be highly prevalent. The actual metabolic
pathways and the organisms involved are still being debated by the geomicrobiology
community; however, it is becoming more and more apparent that the AOM and CR
reaction rates are interdependent and are controlled by the methane and sulfate
availability. These observations and the results of our box model indicate that it is
necessary to take this important carbon cycling pathway into consideration in future

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

Future improvements

We were not able to uniquely solve all 5 reactions involved in the cycling of carbon
(Case 4), due to lack of additional data. Quantification of the 5 unknowns (Rowm,
Raom, b, aaom, and f) from field or experimental studies, would allow us to fully
constrain the system. Alternatively, we can also use robust data on the in situ methane
concentrations, which would allow us to confidently estimate the methane fluxes from
beneath the ESMTZ (Ccpa-bot OF Fepa.in in Figure 4A). This in situ methane
concentration may be obtained by sampling the sediments with a pressure core
sampler (PCS) that maintains the in-situ conditions. Results from Case 3 and 4 also
emphasize the need of incorporating the methane isotopic composition to fully
constrain the carbon metabolic pathways in the SMTZ. These data have not been
included in previous studies (Snyder et al., 2007) or its significance was not fully

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

7. Conclusion

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

supply from deep reservoirs such as gas hydrate, which is critical to fully constrain
carbon cycling in marine sediments. However, the commonly used assumption that
sulfate gradients are fully coupled to the anaerobic oxidation of methane (AOM) is

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

via and CO, reduction (CR).

We developed a box model, which incorporates stoichiometry, flux, and isotopic mass
balances, to constrain the relative proportion of the five reactions involved the cycling
of carbon within the SMTZ. We show that in the Ulleung Basin, more than half of the
DIC input to the SMTZ is directly related to organic matter degradation (either via
sulfate reduction, POCSR, or methanogenesis (ME), while AOM is responsible for
the rest of DIC flux. The fraction of DIC that is reduced to methane via a secondary
methanogenesis (i.e., CR) within the SMTZ ranges from 25 to 35%, and the methane
produced by this reaction will further feed AOM.

By including isotopic considerations in our model, the quantification of organic
matter degradation and of the cycling of carbon between the DIC and methane pools
(through AOM and CR) revealed that the rates of AOM and sulfate reduction are not
necessary equal to each other, as would be suggested by mass fluxes alone. Instead,
the fraction of sulfate consumed by AOM ranges from 70 to 90%. Therefore, whereas
first order relative estimates of methane fluxes can be made based solely on sulfate

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

Isotopic data was also the key in documenting that AOM is not supported in its
entirety by a methane flux into the SMTZ from deep sources, rather a significant
contribution of this methane originates immediately below the SMTZ. Thus, at least
in the Ulleung Basin, the SMTZ depth by itself cannot be used as a quantitative
indicator of methane supplied from gas hydrate reservoirs, as it has been postulated

for other gas hydrate bearing locations.
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Figure Captions

Figure 1: The definitions of SMTZ and ESMTZ considered in our model. ESMTZ
stands for Expanded Sulfate Methane Transition Zone that includes the shollow

methanogenic zone right below the SMTZ.

Figure 2: Map of the UBGH2 drill sites in the Ulleung Basin. (A) Regional map of the
basin. (B) The five sites investigated in this study.

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

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

Figure 4: Pore water profiles of data available for the box model. Red arrows illustrate
the flux terms used in our box model. rcpy.sprz, Fpic.surz are °C/C of DIC or CH,

that are calculated from isotopic values.

Figure 5: Framework of our box model. (A) Illustration of box model for Case 1,
which only considers AOM and CP with in the SMTZ. (B) POCSR is added into the
box in addition to the reactions considered in Case 1. (C) CR is included in the box
model in addition to the reactions considered in Case 2. (D) ME is included in Case 4

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

Figure 6: The isotopic fractionation factors for AOM (aaom) calculated from our box
model based on the 4 different settings. The green area indicates range of
fractionation factors from the literature (1.004-1.03; Whitcar, 1999). In Case 1 and 2,
the fractionation factors are notably lower than expected. For Case 3, only the value
for the site UBGH2-10 falls in the reasonable range; the rest are distinctly higher than
expected range of value. The fractionation factors for sites UBGH2-1 1 and
UBGH2-5 are much larger than 2; thus, they are not plotted in the figure. All the
fractionation factors calculated from all sites in Case 4 agree well with the expected

range indicating that isotopic mass balance is satisfied in this setting.
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Figure 7: (A) Relationship between fraction of organic matter that is consumed by
sulfate reduction (f) and isotopic fractionation of AOM (aaom)- The horizontal dash
line marks the range of aiaom from literature (Whiticar, 1999). The vertical dash line
marks the result of Case 3 which assumes all organic matter is consumed through
POCSR. (B) Relationship between the fraction of organic matter that is consumed by
sulfate reduction (f) and the fraction of DIC that is recycled by AOM (b) at each of the
five sites. Only the f'values that result in the literature asom values in (A) are plotted

here.

Figure 8: The relative contribution of each reaction. In the left panel, the contribution
from the five reactions studied are normalized with different DIC fluxes
(AFpic=Fpic.in-Fpic.out)- In the right panel, the fraction of sulfate that is consumed
through AOM is plotted. The bars at the top of each column represent the range of

contributions.
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Table1
Click here to download Table: table1.pdf

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

Depth of o
First GH appearance TR o POC (wt%)
Site BSR (mbsf) the SMTZ

depth (mbsf) (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
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Table2
Click here to download Table: table2.pdf

Table 2 Parameters used to fit the porosity profiles shown in Figure 2

Initial porosity at Final porosity at empirical constant
Site water-sediment depth for data fitting
interface ¢r (%) Y
o (Yo)
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
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Table3
Click here to download Table: table3.pdf

Table 3 Fluxes (positive for upward flow) of various solutes across the SMTZ calculated from pore water profiles, DIC and CHy4 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.

13F . 13F
12 12 DIC.in DIC.out
. Fpic.in Foic.out 2 2 Fso4.in Fca
Site 2 2 10 (10 2 2 13CDIC-SMTZ 13CCH4-SMTZ 13CDIC-hm 13CCH4-hm Ocr
(umol/em™/yr) (umol/cm®/yr) 5 , (umol/cm”/yr) (umol/cm™/yr)
pmol/em®/yr) pmol/cm™/yr) (%o) (%o) (%o) (%o)
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
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Table4
Click here to download Table: table4.pdf

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%
2R bicin 6.2% 14.7% 20.3% 9.1% 12.6%
R bic.out 17.5% 16.7% 7.9% 11.2% 9.0%
SFbicin 6.3% 8.9% 20.2% 9.1% 11.8%
BFbic.out 17.3% 14.5% 7.8% 11.2% 9.1%
Fca 3.2% 4.9% 12.0% 4.4% 2.9%

35


http://www.editorialmanager.com/biog/download.aspx?id=53941&guid=5fd55c4c-70a2-491a-abb6-8d9bf1c781d6&scheme=1

Table5
Click here to download Table: table5.pdf

Table 5 Range of the depth-integrated reaction rates (pmol/cm?/yr) derived from Case 4.

Riom

Rcr

Rcp

Rom

Rwve

Rrocsr-c

pumol/cm?’/yr pmol/em?*/yr pmol/cm*yr pmol/em?yr pmol/em?/yr pmol/cm?/yr

UBGH2-1_1 4.54+0.37 1.814+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 1.834+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
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Attachment to Manuscript

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

Variables | Symbol Value or Explanation
o Degree of isotopic fractionation
OlPOCSR 1
olcp 1
OLAMO 1.004-1.03
OME 1.055-1.095
OlCR 1.055-1.095
b Proportion of AMO that is being recycled through CR
AT Concentration gradient (porosity corrected)
Az
L3¢ Concentration of carbon 12 or carbon 13
23C cha-smrz | Concentration of carbon 12 or 13 of CH, at SMTZ
YCehanot | Concentration of carbon 12 or 13 of CH, at the same
depth as rcyg-pot
2BCh1e Concentration of carbon 12 or 13 of DIC
§3c 8"Cchzo Carbon isotope of organic matter
SCehabot Carbon isotope of CHj at core bottom
8BCcpasurz | Carbon isotope of CH, at the SMTZ
S™Coic-bot Carbon isotope of DIC at core bottom
8BCbic.swtz | Carbon isotope of DIC at the SMTZ
Cr Total concentration of carbon (i.e., *C+C)
D Diffusion coefficient
f Fraction of organic matter being utilized by POCSR
) Porosity
do Porosity at water-sediment interface
dr Porosity at great depth
Fin Flux into SMTZ
Fso4.in
Foic.in
FcHa.in
FCa
Fout Flux out from SMTZ
Fsos.out
Foic.out
FcHa.out
Y Empirical constant for porosity fitting
k Rate constant
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kL

Rate constant for light isotope

kH

Rate constant for heavy isotope

B¢ ratio

Iy

B¢c/A2C ratio of reactant

o B3C/**C ratio of product

Fstd 13C/*C ratio of PDB standard (0.0112372)

Fom 13¢/*2C ratio of organic matter

Ibic B3¢/*C ratio of DIC

IDic-sMTZ 3C/*C ratio of DIC at SMTZ

FCHA-SMTZ 13C/*C ratio of CH,4 at SMTZ

rDIC-bot 13C/*C ratio of CH, at the depth where isotopic value
approaching a fixed value

F CHa-bot 13C/*2C ratio of CH, at the depth where isotopic value

approaching a fixed value

L2IBR Reaction rate for carbon 12 or 13
L2IBRom Gross organic matter degradation rate
23R o0csrs | Rate of POC sulfate reduction in terms of sulfate
consumption
L3R 0csre | Rate of POC sulfate reduction in terms of DIC
production
LBRep Rate of carbonate precipitation
L2I3R oM Rate of anaerobic oxidation of methane
LR ME-ChHa Rate methane production from methanogenesis
LBRveoic | Rate DIC production from methanogenesis
LBRer Rate of CO, reduction
z Depth in the sediments
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