Geaobiology (2008), 6, 436449 DOIL: 10.1111/j.1472-4669.2008.00170.x

A thermodynamic analysis of the anaerobic oxidation
of methane in marine sediments
D. E. LAROWE, A. W. DALE AND P. REGNIER

Department of Earth Science — Geochemistry, Faculty of Geosciences, Utrecht University, PO Box 80.021, 3508 TA Utrecht,
The Netherlands

ABSTRACT

Anaerobic oxidation of methane (AOM) in anoxic marine sediments is a significant process in the global
methane cycle, yet little is known about the role of bulk composition, temperature and pressure on the overall
energetics of this process. To better understand the biogeochemistry of AOM, we have calculated and compared
the energetics of a number of candidate reactions that microorganisms catalyse during the anaerobic oxidation
of methane in (i) a coastal lagoon (Cape Lookout Bight, USA), (ii) the deep Black Sea, and (jii) a deep-sea
hydrothermal system (Guaymas basin, Gulf of California). Depending on the metabolic pathway and the
environment considered, the amount of energy available to the microorganisms varies from O to 184 kJ mol-1.
At each site, the reactions in which methane is either oxidized to HCO;, acetate or formate are generally only
favoured under a narrow range of pressure, temperature and solution composition — particularly under low (10~0 m)
hydrogen concentrations. In contrast, the reactions involving sulfate reduction with H,, formate and acetate as
electron donors are nearly always thermodynamically favoured. Furthermore, the energetics of ATP synthesis was
quantified per mole of methane oxidized. Depending on depth, between 0.4 and 0.6 mol of ATP (mol CH,)™
was produced in the Black Sea sediments. The largest potential productivity of 0.7 mol of ATP (mol CH,)" was
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calculated for Guaymas Basin, while the lowest values were predicted at Cape Lookout Bight. The approach
used in this study leads to a better understanding of the environmental controls on the energetics of AOM.
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INTRODUCTION

Because of its role as a greenhouse gas (Lashoft & Ahuja,
1990), much has been learned in recent vears about the
biogeochemical cycles influencing the sources, fluxes and sinks
of methane on Earth (Kvenvolden, 1993; Mancinelli, 1995;
Brcas ¢¢ al., 2002; Whalen, 2005). In particular, considerable
attention has been dedicated to better understand the
consumption of methane in anoxic marine sediments, the
largest known methane reseevoir (Kvenvolden et al, 1993).
Although this process, referred to as the anacrobic oxidation
of methane (AOM) (e.g. Hochler ez al., 1994; Orphan et al.,
2001; Hinrichs & Boctius, 2002; Michaclis ¢ral., 2002;
Orcutt et al., 2005; Dale et al., 2006; Jorgensen & Kasten,
2006; Nauhaus et al., 2007), is responsible for oxidizing 90%
of the methane produced in situ (Iversen, 1996; Reeburgh,
1996), little is known about the role of bulk chemical
composition, temperature and pressure on the overall
cnergetics of AOM and the suite of intermediate reactions
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that have been hypothesized to occur during the oxidation
of methane (Hoh & Cord-Ruwisch, 1997; Boetius ¢z al.,
2000; Valentine & Reeburgh, 2000; Serensen et al., 2001). A
thermodynamic approach is required to take into account
mass-action effects that are generally ignored in biochemical
descriptions of metabolic strategies (Hoh & Cord-Ruwisch,
1997), which are particularly important when these processes
operate near equilibrium,

Since the pioneering work by Barnes & Goldberg (1976)
and Reeburgh (1976), a variety of studies have addressed the
cnergetics of AOM, and more specifically, determined the
cnergy available to the organisms that catalyse the reactions
describing methane oxidation. Several authors have reported
thermodynamic calculations for AOM-related reactions at or
near 25 °C and 0.1 MPa (Hoehler er al., 1994; Schink, 1997;
Boctius er al., 2000; Valentine & Reeburgh, 2000; Serensen
et al., 2001). Others (Hoehler et al., 1998, 2002) have
examined the effect of temperature and hydrogen concentra-
tion on sulfate reduction and methanogenesis in sediments
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from Cape Lookout Bight. Kallmeyer & Boetius (2004)
measured the rates of sulfate reduction and AOM in sediments
from Guaymas Basin over a range of temperatures and
pressures while Treude ¢z al. (2005) investigated how varia-
tions in temperature and methane and sulfate concentrations
affected the rate and distribution of AOM in Eckernforde Bay
(Germany). However, these studies and many others that have
examined or reviewed the thermodynamics of AOM (Martens
& Berner, 1977; Hochler ¢z al., 1994; Sorensen et al., 2001)
did not account for the large differences in temperature,
pressure and bulk composition that can be found in the
various sedimentary settings where AOM occurs.

The purpose of this study is to quantify the thermodynamic
drive of the AOM process, including reactions involving
potential intermediate compounds, and to assess the maximum
amount of ATP that can be synthesized by AOM-based microbial
communities. The latter allows for a better understanding of
the role of past and present AOM communities on the methane
cycle (Dale ez al., 2008) since the energy required to synthesize
ATP from ADP and monophosphate is commonly used as a
proxy for potential microbial growth (Hoehler, 2004). The
approach builds on recent work on the thermodynamics of
bioenergetic processes (Shock, 1992; McCollom & Shock,
1997; Amend & Shock, 1998, 2001; Spear ez al., 2005; Dick
et al., 2006; LaRowe & Helgeson, 2007). It uses recently
available thermodynamic data and equation of state parameters
to calculate the energetics of AOM reactions and the maximum
amount of ATP produced by the microbes catalysing these
reactions in situ (LaRowe & Helgeson, 2006a, b). Three
study sites for which data were available in the literature were
chosen for their diversity in temperature, pressure and bulk
composition: a deep-sea hydrothermal system (Guyamas Basin),
a deep-seated sediment in an enclosed marine basin (Black Sea),
and a shallow, temperate coastal lagoon (Cape Lookout Bight).

AOM AND ATP REACTIONS

AOM reactions

Numerous field- and laboratory-based studies support the
hypothesis that AOM is coupled to the reduction of sulfate in
a sediment depth interval known as the sulfate-methane
transition zone (SMTZ) (for reviews sce Hoehler & Alperin,
1996; Valentine & Reeburgh, 2000; Hinrichs & Boetius, 2002;
Orcutt ez al., 2005; Jorgensen & Kasten, 2006). The overall
process can be described by the following chemical reaction':

SO + CH,,, + H' = H,S, + HCO; + H,0 (1)

However, because a single microorganism capable of cataly-
sing Reaction 1 has not been discovered (Jorgensen & Kasten,

! Chemical formulas followed by a charge or the subscript (ag)
designate aqueous specics.
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2006) while fluorescence in sitw hybridization (FISH) and
phylogenetic analyses (Orphan ez al., 2001, 2002; Hinrichs &
Boctius, 2002) have revealed that methane-oxidizing archaea
and sulphate-reducing bacteria are closely associated in the
SMTZ, it has been postulated that a consortium of microbes
catalyse AOM and sulfate reduction as distinct processes linked
by shared intermediate chemical species such as H,, formate
(HCOO") and acetate (CH;COO™) (Hoehler ¢z al., 1994;
DeLong, 2000; Hinrichs & Boetius, 2002; Michaelis ez al.,
2002). For example, it has been suggested that methane could
be oxidized via any combination of the following reactions
(Valentine & Reeburgh, 2000; Serensen ez 4l., 2001 ):

CH,,, +3H,0 - 4H,  +HCO; +H*  (2)

2(ag)

CH4(M) +2H,0 - HCOO™ + 3H2(ml) +H* 3)
and/or

2CH,,,, + 2H,0 - CH,COO™ + 4H, ., + H" 4)
Syntrophic sulfate-reducing bacteria would then consume the
products of Reactions 2—4, that is,

SO} +4H,,, +2H" > H,S, +4H,0 (5)

(aq)

SOf +4HCOO™ +2H* - H,S, +4HCO;  (6)

(4q)

and/or
SO§” + CH,CO0™ + H* — H,S,., + 2HCO;  (7)

The sum of Reactions 2 and 5 is equal to Reaction 1, the
overall AOM process. However, only 1 mole of formate is
produced per mole of methane oxidized in Reaction 3, but
4 moles of formate are oxidized per mole of sulfate reduced in
Reaction 6. Similarly, 1 mole of acetate is produced for every
2 moles of methane oxidized in Reaction 4 while the ratio of
acetate oxidized per mole of sulfate is one in Reaction 7.
Nevertheless, because 3 and 4 moles of H, are also produced
per mole of methane oxidized in Reactions 3 and 4, the
intermediate reactions can be combined in such a way that the
overall stoichiometric ratio of methane oxidized and sulfate
reduced is the same as in Reaction 1. Thart is, 4(Reaction
3) + (Reaction 6) + 3(Reaction 5)=4(Reaction 1) and
(Reaction 4) + (Reaction 7) + (Reaction 5) = 2(Reaction 1).
This combination is a direct consequence of the fact that eight
electrons are transferred during the reduction of SO i’ to H,S
while only two and six electrons are transferred during the
oxidation of formate and acetate to 1 and 2 moles of HCO;,
respectively. In order to quantify the respective influence of
temperature, pressure and solution composition on the ability
of microorganisms to extract energy from Reactions 1-7,
the chemical affinity, A4, was computed as described in the
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Table 1 Temperatures, pressures and bulk compositions used to calculate the values of chemical affinity

Black Sea (Station 7) Guaymas Basin (Stations 1 and 2) Cape Lookout Bight (Station A1)

Temperature (°C) 9 2.8-96.6" 14.5 (winter)/27 (summer)°
Pressure (bars) 1204 2007 14

CHy (mw) 0.02-2.3¢ 0.0014%, 0.4438, 14% 0.09-1.65'

S03" (mw) 4314 1629 0.1-28'

H,S (mm) 1.5% 05-1.11 1.5

pH m 7m 70

HCO3; (mm) 10" 10" 10"

HCOO" (M) (formate) 1077, 10°6, 10%° 10°6, 1074, 10°2° 107, 10°%, 1073
CH3COO0" (m) (acetate ) 107, 10°, 105 10°5, 1074, 102 107, 10°5, 103

H; (W) 1070, 10°®, 1085t 1070, 105, 1085t 1079, 1073, 108 vt

orgensen et al. (2001); Ycalculated from gradients given in Weber and Jargensen (2002); *Hoehler et al. (1994); Ycalculated from depth below sea level and taken
from the same source as the temperature data; ®taken from Jergensen et al. (2001) and shown in Fig. 1A; 'seawater-sediment interface value taken from Teske
el al. (2002); Sintermediate value also used to generate Figs 4a~C, and 7C; Paverage value of venting fluid taken from Welhan (1988). Al three of the methane
concentrations given for Guaymas Basin were used to generate Fig. 3; ftaken from Hoehler et al. (1994) and shown in Fig. 1C,D; Jprofile taken from Weber and
Jorgensen (2001) ( SO :" - Station 2, H,S — Station 1) and shown in Fig. 1B. The concentrations for sof; and H,S shown in Fig. 1B are used to calculate values
of A; *not reported for this site but this value is within the range reported for other Black Sea sediments reported by Bohrman et al. (2003); 'Hoehler etal. (1998)
use an estimate of 1.0 + /- 0.4 mm for calculations involving Cape Lookout Bight sediments; ™aken to be that of the interior of microbes (Voet et al., 1999); "not
reported at all depths at these sites, but taken to be constant over the depth profiles (Dale et al. 2006); ®this range of values was taken in a first approximation to
be equal to those of acetate; PWellsbury and Parkes (1995) report that typical acetate concentrations in similar environments are between 0-15 mm; Martens (1990)
reports this range of acetate concentrations at Guaymas Basin at different locations than where the sulfate and methane profiles were taken. The higher
concentrations used are expected in Guaymas because thermal alteration of organic-rich sediments are thought to undergo accelerated degradation leading to
increases in dissolved organic compounds (Rushdi and Simoneit, 2002; Simoneit and Sparrow, 2002). Furthermore, in a set of experiments and observations,
Wellsbury et al. (1997) report tens of mm of acetate in heated coastal sediments and warm sediment cores; ‘this range of values encompasses estimates by Hoehler
et al. (1994) for Cape Lookout Bight (1 to 3 mm) at the same site and measurements by Sansane and Martens (1981 & 1982) in the area (~60-760 mm). The latter
values were reported as acetate per liter of bulk wet sediment and were converted to traditional concentration units using the porosity data from Kiump (1980);
SHoehler et al. (2002) note that a typical value for natural systems is 7 x 1078 m, but a range of values were used here to illustrate the influence of H, concentrations;
'a concentration of H, = 10 m is used to calculate values of A for Reactions 3 and 4; “although from a different sample core, Hoehler et al. (1998) report H,
concentrations ranging from 1.5-12 nm and 0.5-3.7 nm in the summer and winter, respectively,

Appendix. Compositional data reported in the literature and ~ namic properties can be evaluated as a function of temperature

summarized in Table 1 were used to characterize the activities
of the reactants and products at the three sites.

ATP reaction

Reactions 1-7 summarize oxidation-reduction processes that
microorganisms can catalyse to harvest energy. Organisms
convert much of this energy into ATP, a muldpurpose
biological molecule that can be used to promote otherwise
energetically unfavourable reactions. Just as the Gibbs energy
of Reactions 1-7 can vary as a function of temperature and
pressure, the same is true for the synthesis of ATP (LaRowe
& Helgeson, 2007). Therefore, quantifying the impact of
temperature and pressure on AOM also requires an
accounting of their influence on the energetics of biochemical
reactions. Because of the universality of ATP, the thermo-
dynamic potential for its synthesis is used here as a proxy
for biochemical productivity. The method used to calculate
the maximum amount of ATP that can be synthesized by
AOM-microbial communities as a function of temperature
and pressure is described as follows.

ATP synthesis can be quantified by accounting for the ther-
modynamic properties of individual species in stoichiometric
and charge-balanced reactions. These species are represented
in reactions by explicit chemical formulas whose thermody-

and pressure. The synthesis of ATP from ADP and monophos-
phate can be written as:

Mg, C,gHy,,, N0y P27 + H POPD
(ADP) (8)
+2+x—y-nH +(m - g Mg* -

MngmHm,_”)NsolsP_,(""*”“‘) +H,0
(ATP)

where gand s refer to the number of moles of Mg atoms per
mole of ADP and ATP, respectively, %, y and  refer to the
number of moles of H atoms per mole of phosphate and the
reference basis species for ADP (C,H, ,N,O, P2, or ADP*)
and ATP ( C,H,,N;O, ;P;~, or ATP*), respectively. Values of
the equilibrium constant for Reaction 8 can be calculated for
a broad range of temperatures and pressures and combinations
of values of gy and m=0,1,2, # and ¥=0,1,23, and x=
0,1,2,3,4 (see the Appendix for more details).

SITE CHARACTERIZATION

Depth-dependent concentration profiles of several of the
species that appear in Reactions 1-7 have been reported in the
literature for the three sites discussed below. A selected set of
measured species are presented in Fig. 1. Because concentration
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the seafloor in the Black Sea (A), Guaymas Basin (B) and Cape Lookout Bight in the winter
he horizontal line in (B) were not measured and assumed equal to the concentration measured

immediately above. Bibliographic references for these concentration profiles are given in each panel and Table 1.

profiles of hydrogen, formate and acetate arc not available for
these sites, a wide range of concentrations, constrained by
typical values reported in the literature, have been used in the
chemical affinity calculations.

Black Sea

The Black Sea is the world’s largest stratified water body,
characterized by saline anoxic bottom waters separated from
the brackish oxic surface waters by a stable halocline. The
onset of salinization of the Black Sea began shortly after the
last glacial maximum (10 ky ago) when Mediterrancan water
entered through the Bosporus (Arthur & Dean, 1998). Today,
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the deep waters are permanently sulfidic, and sulfate is the
primary oxidant for organic matter in the sediments (Jorgensen
et al., 2001). AOM has been widely documented in the
sediments and the water column of the Black Sea using '3C
markers, archaeal lipids, 168 rRNA, incubation experiments
and radiotracers (Recburgh efal, 1991; Jorgensen et al,
2001; Michaelis ez al, 2002). The concentration profiles of
sulfate and methane used for the chemical affinity calculations
in the present study are taken from measurements at Station 7
(43°31'61 N, 030°13'33 E) in the study of Jorgensen ez al.
(2001) and are shown in Fig. 1(A). Here, methane transport
towards the sediment surface occurs by molecular diffusion
only and externally impressed fluid advection is absent.
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Guaymas Basin

Located in the Gulf of California, Mexico, Guaymas Basin is
an active hydrothermal deep-sea spreading centre covered
by a thick layer of rapidly accumulating (>0.1 ¢m year™1)
organic-rich sediments (2-4% organic C) (Simoneit ¢t al.,
1979; Curray ¢z al., 1982; Von Damm et al., 1985). The
bottom waters are oxygen depleted (<80 pam). The sediment
temperature at the site analysed in this study increases from
2.8 °C at the sediment—water interfice to 97 °C at 31 cm
depth (Weber & Jorgensen, 2002). The hydrothermal fluids
are cssentially recirculated sca water rich in volatile fatty acids
derived from pyrolysis of complex organic substrates at depths
where the temperature exceeds 100 °C (Martens, 1990). The
sediments are sulfidic and anoxic throughout, and sulfate
reduction rates may exceed 2.0 pimol cm™® day? close to the
sediment surface (Jorgensen et al, 1992; Elsgaard et al.,
1994; Weber & Jorgensen, 2002; Kallmeyer & Boetius,
2004). Methane is present in the vent fluids at 12-16 mm with
a 8'3C-CH, isotopic composition of around —50%s, consistent
with a thermocatalytic origin (Welhan, 1988). Diagnostic lipid
biomarkers with 3'*C composition and 168 rRNA analyses
indicate that methanotrophic archaea are active in Guaymas
Basin (Teske ez al., 2002; Schouten ¢t al., 2003). Considered
collectively, the available experimental evidence suggests that
sulfatc reduction coupled to AOM is an important barrier to
mcthane efflux in this environment. The role of temperature,
pressure and substrate characteristics on AOM in Guaymas
basin has received sporadic attention (Jorgensen ez al., 1992;
Elsgaard ez al., 1994; Weber & Jorgensen, 2002; Kallmeyer &
Boetius, 2004), but the overall quantitative impact of these
variables on the cnergetics of AOM has not yet been
determined. The concentration profiles of sulfate and sulfide
used in the present study were taken from measurements at
stations 1 (27°N 00.762, 111°W 24.656) and 2 (27°N

Variable CH,, mm

00.764, 111°W 24.558) in Guaymas Basin (Weber &
Jorgensen, 2002) and are shown in Fig. 1(B). The
temperature gradient (2.8 °C to 97 °C over 31 ¢m) was taken
from Station 2. A range of methane concentrations, constrained
by a measurement at the sediment-water interface (Teske
et al., 2002) and the average methane concentration of
venting fluids at this site (Welhan, 1988) were used in the
affinity calculations.

Cape Lookout Bight

Cape Lookout Bight is a 10-m deep barrier lagoon on the
coast of North Carolina, USA. This site is characterized by
extremely high sedimentation rates (~10 cm year) and
sulfidic sediments below a very thin oxic layer (Chanton et al.,
1987). Seasonal variations in water temperature from 6 °C in
winter to 28 °C in summer lead to a seasonal vertical migration
of the sulfate penetration depth between 8 and 25 cm depth
(see Fig. 1C,D) (Klump & Martens, 1989; Hoehler ez al.,
1994). There is no well-defined SMTZ, and methane
concentration increases roughly linearly from the sediment—
water interface down through the sulfate reduction zone.
Sediment manipulation experiments have shown that AOM
rates are sensitive to hydrogen concentration and seasonal
temperature variations (Hoehler ¢z al., 1994). The concentration
profiles of sulfate and methane used in the present study
correspond to measurements at Station A-1 (Hoehler ez 4/,
1994) and are shown in Fig. 1(C,D) (winter and summer).

RESULTS

Chemical affinity of the overall AOM reaction

Values of the chemical affinities, A, for Reaction 1 (the net
AOM process) are shown in Fig. 2. They are positive at all
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Fig.2 Chemical affinities for the net anaerobic oxidation of methane (AOM) reaction (Reaction 1) as a function of sediment depth below the seafloor in the Black
Sea (A), Guaymas Basin (B) and Cape Lookout Bight in the winter and summer (C). The three lines in (B) refer to values of A calculated for three methane
concentrations (in ma1). The concenirations of the other species used to generate these curves are given in Table 1.
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Fig. 3 Standard molal Gibbs energy of the net anaerobic oxidation of methane
(AOM) reaction (Reaction 1) as a function of temperature at saturation
pressure and 20 MPa.

sediment depths for all three sites, that is, the overall AOM
reaction is always thermodynamically favoured and the overall
trend is an increase in A with increasing depth. It should be
noted that the sediment depths at which values of 4 were
calculated are different for each site. The highest value is
achieved in Guaymas Basin for the case of methane
concentration = 14 mu. The greatest range, however, is found
in the Black Sea sediments. In Cape Lookout Bight, the
thermodynamic drive for Reaction 1 decreases asa function of
depth for sediment depths >12 cm in the summer.

The different values of A shown in Fig. 2 are influenced by
temperature, pressure and bulk composition. However, it can
be scen in Fig, 3 that pressure has a minimal effect on the ener-
getics of Reaction 1. In this figure, the standard molal Gibbs
energy of the net AOM reaction (AG,°) is shown asa function
of temperature at saturation pressure (the pressure at which
water remains in the liquid phase: 0.1 MPa from 0 tol 00 °C
and up to 0.24 MPa at 125 °C) and at 20 MPa. Despite the
large pressure difference between the calculated values of AG,”
for Reaction 1, the difference in the Gibbs energy of this reaction
is less than 1 kJ mol™!. Temperature is of much greater signit-
icance for the overall energetics of AOM, whereby an increase
from 0 °C to 125 °C increases the exergonicity of Reaction 1
from ~—68 kJ mol™! to ~~95 kJ mol™, regardless of the pressure.

Chemical affinity of intermediate AOM reactions

Because depth-dependent concentrations of the intermediate

species, hydrogen, formate and acetate, ar¢ not available for -
the three sites considered here, a range of concentrations for -

each of these species was used to calculate the chemical affinity
for Reactions 2—7 (see Table 1). The ranges chosen were !?a.sed
on single-depth measurements at these sites and, if not
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available, at similar sites reported in the literature. For
example, Hoehler ez al. (2002) report a typical hydrogen
concentration in ‘most natural ecosystems’ of 7x 1078,
while Hoehler ez al. (1998) report hydrogen concentrations
ranging from 0.5-12x10°Mm in Cape Lookout Bight,
depending on the season. A H, concentration range between
1071° to 10®m was thus used in all chemical affinity
calculations. In Guaymas Basin, thermal alteration of organic-
rich sediments may lead to a high production of dissolved
organic compounds (Rushdi & Simoneit, 2002; Simoneit &
Sparrow, 2002). Similarly, Wellsbury ez al. (1997) reported
an increase in acetate concentrations by several orders of
magnitude (UM to mMm) by simply heating coastal marine
sediments in the laboratory. Accordingly, and following
Martens (1990), a wider range of higher concentrations of
formate and acetate was used to calculate 4 for Guaymas
Basin (102 to 1076 m) compared to the other sites (1075 to
107 M for the Black Sea and 1073 to 107 for Cape
Lookout Bight).

Values of A for Reactions 2—4, describing methane oxidation
to carbon compounds of varying average nominal oxidation
state, are shown in Fig. 4. Each of the panels presents several
curves that refer to values of A corresponding to difterent
concentrations (M) of hydrogen, formate and acetate used in
the calculations. Except for Guaymas Basin, the curves in
Fig. 4 are constructed using the methane depth profiles shown
in Fig. 1. In the case of Cape Lookout Bight (panels g-i), two
sets of curves are shown, which correspond to solute concen-
trations and temperature conditions in winter (dashed lines)
and summer (solid lines), respectively. Because the products of
Reactions 3 and 4 include two types of reactive intermediate
species (formate and hydrogen and acetate and hydrogen,
respectively), ranges of the concentrations of both sets of
species are presented in panels b, e and h (Reaction 3) and c,
fand i (Reaction 4). At the Black Sea site, and for the selected
concentrations of H,, formate and acetate, the chemical
affinities are mostly negative at all depths. Theretore, Reactions
2-4 are not thermodynamically favoured at this location,
except under subnanomolal concentration of hydrogen for
Reactions 2 and 4 (Fig. 4A,C) and subnanomolar hydrogen
combined with submicromolar formate concentrations for
Reactions 3 (Fig. 4B). In contrast, the values of 4 for Reac-
tions 2—4 are positive at most depths in Guaymas Basin and an
order of magnitude higher than at the other sites despite the
fact that a higher range of acetate and formate concentrations
are used. Negative values occur only at the shallow, cooler
portion of the sediment profile if high hydrogen (1% M),
acetate and formate concentrations are specified. Our
calculations reveal that in Guaymas Basin (Fig. 4D-F) the
thermodynamic drive for methane oxidation increases with
depth and shows a strong vertical gradient in affinity. Since
constant methane concentrations are emploved, the gradient
is exclusively due to the effect of the down-core temperature
increase on the equilibrium constant, K, for these reactions.
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Reaction 2:

CH‘(.Q) + 3H20 — 4Hg(.q) + HCO; + H*

¥ T YT y

CH«M + 2H,0 — HCOO™ + 3Hg‘aq) + H*

Reaction 3:

Reaction 4;

ZCH“lq’ + 2H20 — CHaCOO- + 4H2(5q’ + H*
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Fig. 4 Chemical affinities for Reactions 24 as a function of sediment depth below the seafloor in the Black Sea (top),

Bight in the summer and winter (bottom). The reaction of interest is written
H, {first column), formate and H,

(second calumn) and acetate and H, (third column) used to calculate values of A.

A (kJ (mol CH,)™)

Guaymas Basin (middle) and Cape Lookout
label the curves refer to the concentrations of
The concentrations of the other species used

to generate these curves are given in Table 1. The temperature for Guaymas basin is labelled on the right sides of panels d-f,

The combined influcnce of temperature and composition can
be observed at Cape Lookout Bight, where Reactions 2-4 are
more favoured during the summer than in the winter. High
hydrogen concentrations (10%) lead to negative chemical
affinities in the summer and winter at Cape Lookout Bight for
Reactions 2~4 (Fig. 4G~1). Reactions 3 and 4 are only ther-
modynamically favoured at this coastal site if the hydrogen
concentration is set to 107191, with lower formate and acetate
concentrations accentuating this effect. In general, the thermo-
dynamic drives for Reactions 24 to progress are favoured

cubito e.v. !

eis Maring Insiitute

by high temperatures (Guaymas Basin) and low concentrations
of reactive intermediates. Also, because the stoichiometric
coefficients for hydrogen are larger than they are for formate
and acetate in Reactions 3 and 4, variations in hydrogen
concentration influence the magnitude of 4 much more
than variations in formate and acetate concentrations. In fact,
the factor by which hydrogen concentrations quantitatively
impact the valucs of 4 for Reaction 3 and 4 relative to formate
and acetate, respectively, is the same as the stoichiometric ratio
of these species in these reactions (since A is shown in k] {mol
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Reaction 5: Reaction 6: Reaction 7:
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Fig. 5 Chemical affinities for Reactions 5-7 as a function of sediment

Bight in the summer and winter (bottom). The reaction of interest is wi

the concentrations of H, ¢first column), formate and H, (second
other species used to generate these curves are given in Table 1. The tempe

CH, )™, this magnitude is not immediately apparent for Reac-
tion 4 (Fig. 4C,F,I) in which 2 moles of methane are oxidized
per mole of acetate produced).

Values of A for sulfate reduction coupled to the oxidation
of hydrogen, formate and acetate (Reactions 5-7) are shown
in Fig. 5, and are considerably higher than those obtained for
the reactions producing the intermediates from methane oxi-
dation (Fig. 4). Sulfate reduction coupled to the oxidation of
the intermediate species leads to positive values of chemical
affinity everywhere in the Black Sea and at nearly all depths in
the Cape Lookout Bight sediments (the exception being alow

© 2008 The Authors
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A (KJ (mol SOF)™)

depth below the seafloor in the Black Sea (top), Guaymas Basin (middle) and Cape Lookout
ritten above each column. The numbers that Jabel the curves in each of the panels refer to

column) and acetate and H,
rature for Guaymas basin is labelled on the right sides of panels d-f.

(third column) used to calculate values of A. The concentrations of the

concentration of hydrogen (1019) during the summer, Fig. 5G).
This is also the case for Reactions 6 and 7 in Guaymas Basin.
In contrast, the values of 4 for Reaction 5 at this site are only
positive in the shallow parts of the sediment, especially for high
H, concentrations (>10°1 m), and negative in the deeper
portion of the core where the temperature is higher (Fig. 5D).
In general, the thermodynamic drive for sulfate reduction is
strong due to large positive values of the equilibrium constant,
K, for these reactions (not shown), Variations in temperature
and solution composition have a smaller eftect on Reactions
5-7 than on Reactions 2-4.
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Fig. 6 Chemical affinities for the synthesis of ATP (Reaction 8) as a function of
sediment depth below the seafloor in Guaymas Basin.

ATP production in AOM communities

Values of 4 for ATP synthesis at Guaymas Basin are shown
in Fig. 6 for constant total concentrations of ATP, ADP,
magnesium, monophosphate and protons. Due to the steep
thermal gradient, the chemical affinity decreases first with
depth from about —46 kJ (mol ATP)! at the sediment—water
interface to a minimum of nearly -50 kJ (mol ATP)! at
~25 cm. Thereafter, 4 increases very slightly with depth.
Because the total concentrations of the reactants and products
in the ATP reaction remain constant, the difference in the A
values is a result of the temperature-dependent speciation of
monophosphate, ADP and ATP (see Appendix). Therefore,
because the range of temperature variation is minimal in the
Black Sea and Cape Lookout Bight sediments, the values of 4
for ATP synthesis are nearly constant at —46.8 kJ (mol ATPY!
and—48.1 kJ (mol ATP)™ at Cape Lookout Bight in the winter
and summer, respectively, while it is —46.4 kJ (mol ATPY ™ in
the Black Sea.
The amount of ATP that can be synthesized in sedimentary
environments can be calculated assuming that the AOM-
microbial communities acquire encrgy by catalysing the net
Reaction 1. In this case, the energy available for AOM
communities will vary not only as a function of the different
temperature and pressure conditions, but also as a function of
the concentration profiles of the species involved in this net
reaction (Fig. 1). Using these measurements, the maximum
potential for cellular metabolism, growth and reproduction is
determined by caleulating the maximum number of moles of
ATP produced per mole of methane oxidized via Reaction 1
as a function of depth at each site (Fig. 7). The resulting ratio
of ATP/CH, shows a range of values within and between the
three sites, with the highest values (0.67 mol ATP (mol CH,)™)
at 30 cm in the Guaymas Basin sediments and lowest values af
100 em in the Black Sea sediments (0.4 mol ATP (mol CH, ).
At Cape Lookout Bight, ATP production varies from 0.54 to
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0.64 mol ATP (mol CH,)™! in the summer and from 0.56 to
0.64 mol ATP (mol CH,)™ in the winter. The greatest range
of variation is calculated for the Black Sea (0.4 to 0.6 mol ATP
(mol CHy)™) because the extensive SMTZ, permits coexistence
of methane and sulfate over a large depth interval.

DISCUSSION

AOM and intermediate species

The values of chemical affinity shown in Fig. 2 indicate that
there is a strong thermodynamic drive for the net AOM
reaction (Reaction 1) at all depths in each of the sediment

cores considered here. However, because it is currently -

hypothesized that a consortium of microbes is required to
catalyse the oxidation of methane and the reduction of sulfate
in anoxic environments by the production and consumption
of one or more intermediate species, we have also tested the
viability of various two-step reaction pathways in environments
characterized by different solution compositions, pressures
and temperatures. If the oxidation of methane and the
reduction of sulfate are indeed carried out by separate
organisms, energy must be provided for the microbial group
catalysing each of the individual reactions producing or
consuming intermediate species. Using the range of con-
centrations of intermediate species summarized in Table 1, the
chemical affinity computations suggest that CH, can be
oxidized to either HCO3, formate, or acetate (Reactions 2—
4, respectively) only in some portion of the sediment cores
(Fig. 4). For Reactions 2-4, low reactive intermediate species
concentrations are required to achieve positive A values in
the Black Sea and Cape Lookout Bight sediments, and are
favourable over a significantly wider concentration range in
Guaymas Basin where the temperature increases rapidly as a
function of depth. In contrast, sulfate reduction coupled to
the oxidation of these intermediate species (Reactions 5-7) is
strongly favoured at all three sites except for Reaction 5 in the
deeper portion of the Guaymas Basin sediments where
temperature is high and in Cape Lookout Bight under low
hydrogen concentrations (Fig. 5). Although the ranges of
concentrations of hydrogen, formate and acetate used in the
4 calculations cover a broad and realistic set of compositional
conditions, constraining further the thermodynamic calculations
demands, together with sulfate and methane, depth-dependent
profiles of reactive intermediate concentrations.

The large range of temperatures, pressures and bulk
compositions that have been used to quantify the thermody-
namic feasibility of two-steps in AOM reaction pathway
provide a reference frame to discuss results from similar inves-
tigations. For example, based on thermodynamic and kinetic
calculations, Serensen e al, (2001) have concluded that a
consortium of anaerobic methane-oxidizing microorganisms
cannot utilize hydrogen or acetate as reactive intermediates.
These results were obtained at 25 °C, presumably 0.1 MPa,
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Fig. 7 Maximum number of moles of ATP that can be produced per mole of methane oxidized via Reaction 1 as a function of sediment depth below the seafloor
in the Black Sea (A), Guaymas Basin (B), and Cape Lookout Bight in the winter and summer (C).

using constant concentrations of most of the reactants and
products and fixed values of activity coefficients. However, the
panels in Figs 4 and 5 show that a thermodynamic drive for
methane oxidation and sulfate reduction coupled to any of the
intermediate species may exist at least in some portion of the
sediment cores considered in this study. Yet, its magnitude is
highly dependent on substrate concentrations and, in the case
of Guaymas Basin, temperature. Increasing the concentrations of
hydrogen, formate and acetate decreases the thermodynamic
drive of Reactions 2—4 at all locations. However, high con-
centrations of intermediate species (10 M for hydrogen and
1072 v for the organic acids) are not sufficient to thermo-
dynamically inhibit these reactions at the high temperatures
found in the deeper section of the Guaymas basin sediment
core. In incubation experiments from a methane seep sediment
(Hydrate Ridge), Nauhaus ¢# /. (2002) found no conclusive
evidence that hydrogen, formate or acetatc were acting as
intermediate compounds in AOM communities, and concluded
that these species are unlikely intermediates in AOM. Instead,
to account for the light isotopic fractionation found in the
putative AOM consortium of methane-oxidizing archaea and
sulfate-reducing bacteria, they suggested that the sulfate
reducers simply assimilate CO, or other carbon-containing
waste compounds produced by the methane oxidizers. In
another study, Orphan ez al. (2002) identified two groups of
methane-oxidizing archaca (ANME-1 and AN ME-2) living in
bacteria-archaea consortia but also in monospecific aggrega-
tions, that is, archaea communitics not closely associated with
bacteria. More recently, Moran ¢t al. (2007) failed to observe
an inhibitory effect of high hydrogen concentration on methane
oxidation in AOM communities and suggested that rather
than hydrogen, methylsulfides could serve as AOM intermediate

species. .
The results presented here reveal that, from a strict
intermediate species are

thermodynamic perspective, reactive 1 - :
not required for AOM to proceed, and, under certain conf.ﬁ-
tions may actually preclude methane oxidation if the reactive

© 2008 The Authors

intermediate species reach inhibiting concentrations. For
example, it is thermodynamically unfavourable for methane to
be oxidized to HCO3, formate or acetate in the Black Sea site
for the range of reactive intermediates that were used in the
present study. Therefore, if a consortium of organisms is
required for AOM (Boetius ez 4l., 2000), the role of the dif-
ferent groups of microbes might be more complex than that
of one oxidizing CH, and another reducing SO i‘. For exam-
ple, one organism could perform the net AOM reaction alone,
while the other could catalyse a reaction that does not affect
the concentrations of CH, and SO i‘, but that is nonetheless
closely associated with the AOM microbes.

AOM and ATP

Although the rate at which organisms can catalyse low-energy
yielding catabolic reactions might serve as a limiting factor for
growth, it has been shown both experimentally (Nauhaus
¢t al., 2007) and theoretically (Dale ez al., 2006) that AOM
microbes have a doubling time of several months and
therefore microbial growth rates determined #n sits might
only be 1% (Konhauser, 2007) or less (Madigan ez al., 1997)
of those observed in the laboratory where optimized growth
conditions are established. This extremely sluggish, yet
finite, microbial growth supports the notion (Kleerebezem
& Stams, 2000; Adams er al., 2006; LaRowe & Helgeson,
2007) that as long as there is a positive chemical affinity for
a given chemical reaction, microorganisms could be capable
of catalysing the process to generate ATP. In this study, we
have shown that the masimum amount of ATP that can be
generated from the catalysis of methane oxidation coupled to
sulfate reduction {Reaction 1) depends on the temperature,
pressure and bulk composition of the environment in which
the organism is living, and therefore varics significantly from
site to site and within each site. It is important to note that the
ATP vields calculated here are maximum values because all of
the energy from Reaction 1 is assumed to be channelled into
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ATP production. Also, because depth distributions of
measurcd AOM rates show that the overall drive for AOM
may also be determined by the kinetics of methane oxidation
(Regnier ez al., 2005), high ATP vyields predicted from
thermodynamic caleulations do not necessarily imply that
AOM will occur. Furthcrmore, the variation in ATP
production calculated here is almost entirely due to the
differences in methane and sulfate concentrations because the
compositions of microbial interiors are assumed to be
constant. Larger variations could thus arise due to cellular-
level changes in compositions with depth. Currently, the
constant total concentration assumption is necessary because
the intracellular composition of the relevant species are
currently not known for the microbes living at these sites, and
are poorly known in general (sce the Appendix for selected
species concentrations). More data on the composition of
cellular fluids will help constrain further the energetics of ATP
synthesis.

CONCLUSIONS

Solution chemistry and thermodynamics have been used to
quantify the cnergetics of the reactions describing anaerobic
oxidation of methane in three different environments. We
have shown that (i) temperature sharply affects the energetics
of these reactions, (i) pressure has little influence and (iit)
depending on the site and the sediment depth, the variable
concentrations of the reactants and products may lead to
significant variation in the thermodynamic drive of the net
AOM reaction. Purthermore, in an effort to determine
whether AOM is catalysed by a single organism or by a
consortium of separate methane-oxidizing archaea and
sulfate-reducing bacteria, the energetic feasibility of using
hydrogen, formate and acetate as intermediate species in such
a syntrophic community has also been tested. Since the
concentrations of these intermediate species are not well-
known for the particular sediment profiles used in this study,
the thermodynamic calculations were performed over a broad
range of likely values that are constrained by the data available
in the literature. The results of these calculations suggest that,
except in sediments characterized by a significant flow of heat
from hydrothermal sources or by very low concentrations of
reactive intcrmediates, methane oxidation coupled to the
production of these intermediate species is thermodynamically
unfavourable. In contrast, the reactions that describe the
reduction of sulfate coupled to the consumption of the same
intermediate species are generally favoured substantially.

The maximum amount of ATP that can be produced by the
net AOM reaction at cach of the study sites has been calculated
in order to determine how pressure and temperature influence
the speciation of ATP, ADP and monophosphate, and thus,
the energetic cost of producing ATP i sity. Our results
reveal that a thorough thermodynamic analysis of a particular
biogeochemical system provides a means to quantify the
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influence of environmental parameters on the energetics of
reactions and aids analyses of hypotheses concerning the
dominant processes defining coupled methane-sulfate cycles.

ACKNOWLEDGEMENTS

The research reported above was supported by the Nether-
lands Organization for Scientific Research ( NWO) grant
815.01.008.

REFERENCES

Adams CJ, Redmond MC, Valentine DL (2006) Pure-culture growth
of fermentative bacteria, facilitated by H, removal: Bioenergetics
and H, production. Applied and Environmental Microbiology 72,
1079-1085.

Amend JP, Shock EL (1998) Energetics of amino acid synthesis in
hydrothermal ecosystems. Science 281, 1659-1662.

Amend JP, Shock EL (2001) Energetics of overall metabolic reactions
of thermophilic and hyperthermophilic Archaea and Bacteria,
FEMS Microbiology Reviews 25, 175-243,

Arthur MA, Dean WE (1998) Organic matter production and
preservation and evolution of anoxia in the Holocene Black Sea.
Paleooceanography 13, 395-411.

Barnes RO, Goldberg ED (1976) Methane production and
consumption in anoxic marine sediments. Geology
4, 297-300.

Benson SW (1968) Thermochemical Kinetics: Methods for the
Estimation of Thermochemical Data and Rate Parameters, John
Wiley & Sons, New York.

Boetius A, Ravenschlag K, Schubert CJ, Rickert D, Widdel F, Gieseke
A, Amann R, Jargensen BB, Witte U, Pfannkuche O (2000) A
marine microbial consortium apparently mediating anaerobic
oxidation of methane. Natuse 407, 623-626.

Breas O, Guillou C, Reniero F, Wada E (2002) The global methane
cycle: Isotopes and mixing ratios, sources and sinks, Isotopes in
Environmental and Health Studies 37 , 257-379.

Chanton JP, Martens CS, Goldhaber MB (1987) Biogeochemical
cycling in an organic-rich coastal marine basin. 8. A sulfur isotopic
budget balanced by differential diffusion across the sediment-water
interface. Geochimica et Cosmochimica Acts 51, 1201-1208.

Curray JR, Moore DG, Aguayo JE, Aubry MP, Einsele G, Fornari DJ,
Gieseke J, Guerrero JC, Kastner M, Kelts K, Lyle M, Matoba Y,
Molina-Cruz A, Niemitz J, Rueda J, Sauders AD, Schrader J,
Simoneit BRT, Vacquier V (1982) Initial Reporss of Deep Sea
Drilling Project, Parts I and II. US Government Printing Office,
Washington DC, p. 1314,

Dale AW, Regnier P, Van Cappellen P (2006) Bioenergetic controls
on anaerobic oxidation of methane (AOM) in coastal marine
sediments: a theoretical analysis. American Journal of Science 306,
246-294.

Dale AW, Van Cappellen P, Aguilera DR, Regnier P (2008) Methane
etflux from marine sediments in passive and active margins:
Estimations from bioenergetic reaction-transport simulations.
Egnrth and Planetary Science Letters 265, 329-344.

De Donder T (1920) Lesons de mﬂmodynamique et de
Chimie-Physique. Gauthiers-Villars, Paris.

De Donder T (1927) Laffinité. Gauthiers-Villars, Paris.

De Donder T, Van Rysselberghe P (1936) Affinity. Stanford
University Press, Menlo Park, California.

DeLong EF (2000) Microbiology — Resolving a methane mystery.
Nature 407, 577-579.

© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd

frarine insttule Library (SLIUCHREULEGL )



Dick JM, LaRowe DE, Helgeson HC (2006) Group additivity
calculation of the standard molal thermodynamic properties of
aqueous amino acids, polypeptides, and unfolded proteins as a
function of temperature, pressure, and ionization state.
Biggeosciences 3, 311-336.

Elsgaard L, Isaksen MF, Jorgensen BB, Alayse A-M, Jannasch HW
(1994) Microbial sulfate reduction in deep-sea sediments at the
Guaymas Basin hydrothermal vent area: Influence of temperature
and substrates. Geochimica et Cosmochimica Acta 58, 3335-3343.

Fagerbakke KM, Norland S, Heldal M (1999) The inorganic ion
content of native aquatic bacteria. Canadian Journal of
Microbiologgy 45, 304-311.

Helgeson HC (1969) Thermodynamics of hydrothermal systems at
clevated temperatures and pressures. American Journal of Science
267, 729-804.

Helgeson HC, Kirkham DH (1974a) Theoretical prediction of
thermodynamic behavior of aqueous electrolytes at high pressures
and temperatures: 2. Debye-Hiickel parameters for activity
coefficients and relative partial molal propertics. American Journal
of Science 274, 1199-1261.

Helgeson HC, Kirkham DH (1974b) Theoretical prediction of
thermodynamic behavior of aqueous electrolytes at high pressures
and temperatures: 1. Summary of thermodynamic-electrostatic
properties of the solvent. American Journal of Science 274, 1089-
1198.

Helgeson HC, Kirkham DH (1976) Theoretical prediction of
thermodynamic behavior of aqueous electrolytes at high pressures
and temperatures: 3. Equation of state for aqueous species at
infinite dilution. American Journal of Science 276, 97-240.

Helgeson HC, Kirkham DH, Flowers GC (1981) Theoretical
prediction of thermodynamic behavior of aqueous electrolytes
at high pressures and temperatures: 4. Calculation of activity
coefficients, osmotic coefficients, and apparent molal and standard
and relative partial molal propertics to 600 °C and 5 kb. Awmerican
Journal of Science 281, 1249-1516.

Hinrichs K-U, Boetius A (2002) The anacrobic oxidation of methane:
New insights in microbial ecology and biogeochemistry. In Ocean
Margin Systems (eds Wefer G, Billett D, Hebbeln D, Jgrgensen BB,
Schliiter M, Van Weering T). Springer-Verlag, Beslin, pp. 457-477.

Hochler TM (2004) Biological energy requirements as quantitative
boundary conditions for life in the subsurface. Geobiology 2, 205~
215.

Hoehler TM, Alperin MJ (1996) Anaerobic methane oxidation by a
methanogen-sulfate reducer consortium: geochemical evidence
and biochemical considerations. In Microbial Growth on C;
Compounds(eds Lidstrom ME, Tabita FR). Kluwer, Dordrecht, the
Netherlands, pp. 326-333.

Hoehler TM, Alperin MJ, Albert DB, Martens CS (1994) Field and
laboratory studies of methane oxidation in an anoxic marine )
sediment ~ evidence for 2 methanogen-sulfate reducer consortium.
Global Biggeochemical Cycles 8, 451-463.

Hoehler TM, Alperin MJ, Albert DB, Martens (o] (.1998.)
Thermodynamic control on hydrogen concentrations in
anoxic sediments. Geochimica €t Cosmochimica Actn 62, 1745~
1756.

Hochler TM, Albert DB, Alperin MJ, Bebout BM, Martens (.IS,
Des Marais DJ (2002) Comparative ccology of H, cycling in
sedimentary and phototrophic ccosysteins. Antonic Van
Leeuwenhoek 81, 575-585. )

Hoh C-Y, Cord-Ruwisch R (1997) Experimental evidence for the
need of thermodynamic considerations in modelling of anaerobic
environmental bioprocesses. Water Science and Technology 36,
109-115. o

Iversen N (1996) Methane oxidation in coastal marine sediments. In

Microbiology of Atmospheric Trace Gases: Sowres, Sinks and Global

© 2008 The Authors L
< Jourmal compilation © 2008 Blackwell P ublishing Ltd
Al e . 2 ek LS LWORY ol

colisa ane prinled fo

Flanders

harine

AOM thermodynamics 447

Change Processes (eds Murrel JC, Kelly DP). Springer-Verlag,
Berlin, pp. 51-68.

Johnson JW, Oclkers EH, Helgeson HC (1992) SUPCRT92 - A
software package for calculating the standard molal thermodynamic
properties of minerals, gases, aqueous species, and reactions from 1
bar to 5000 bar and 0 °C to 1000 °C. Computers in Geoscience 18,
899-947.

Jorgensen BB, Kasten S (2006) Sulfur cycling and methane oxidation.
In Marine Geochemistyy (eds Schulz HD, Zabel M). Springer,
Berlin, pp. 271-308.

Jorgensen BB, Isaksen MF, Jannasch HW (1992) Bacterial sulfate
reduction above 100 °C in deep-sea hydrothermal vent sediments.
Science 258, 1756-1757.

Jorgensen BB, Weber A, Zopfi J (2001) Sulfate reduction and
anaerobic methane oxidation in Black Sea sediments. Deep-Sea
Research 148, 2097-2120.

Kallmeyer J, Boetius A (2004) Effects of temperature and pressure
on sulfate reduction and anaerobic oxidation of methane in
hydrothermal sediments of Guaymas Basin. Applied and
Environmental Microbiology 70, 1231-1233.

Kleerebezem R, Stams AJM (2000) Kinetics of syntrophic cultures:
A theoretical treatise on butyrate fermentation. Biotech Bioengin
67,529-543.

Klump JV, Martens CS (1989) The scasonality of nutrient
regencration in an organic-rich coastal sediment ~ Kinetic modeling
of changing pore-water nutrient and sulfate distributions.
Limnology and Oceanography 34, 559-577.

Kondepudi D, Prigogine 1 (1998) Modern Thermodynamics: From
Heat Engines to Dissipative Structures. John Wiley & Sons, New
York.

Konhauser K (2007) Introduction to Geomicrobiology. Blackwell,
Malden, Massachusetts.

Kvenvolden KA (1993) Gas hydrates — Geological perspective and
global change. Reviews of Geophysics 31, 173-187.

Kvenvolden KA, Ginsburg C, Soloviev V (1993) Worldwide
distribution of subaquatic gas hydrates. Geo-Marine Letters 13,
32-40.

LaRowe DE, Helgeson HC (20062) Biomolecules in hydrothermal
systems: calculation of the standard molal thermodynamic
properties of nucleic-acid bases, nucleosides, and nucleotides at
elevated temperatures and pressures. Geochimica et Cosmochimica
Acta 70, 4680-4724.

LaRowe DL, Helgeson HC (2006b) The energetics of merabolism
in hydrothermal systems: Calculation of the standard molal
thermodynamic properties of magnesium-complexed adenosine
nucleotides and NAD and NADP at elevated temperature and
pressures. Thermochimica Actn 448, 82-106.

LaRowe DE, Helgeson HC (2007) Quantifying the energetics of
metabolic reactions in diverse biogeochemical systems: electron
flow and ATP synthesis. Geobiolgqy 5, 153-168.

Lashoff DA, Ahuja DR (1990) Relative contributions of
greephousc gas emissions to global warming, Natare 344,
529-531.

Madigan MT, Martinko JM, Parker ] ( 1997) Brock Biology of
Microorganisms. Prentice Hall, Upper Saddic River.

Mancinelli RL (1995} The regulation of methane oxidation in soil.
Annual Review of Microbiology 49, 581-603.

Martens CS (1990) Generation of short chain organic acid anions in
hydrothermally altered sediments of the Guaymas Basin, Guif of
California. Applied Geochemistry 5, 71-76.

Martens CS, Berner RA (1977) Interstitial water chemistry of Long
Island Sound sedimens. 1. Dissolved gascs, Limnology and
Oceanography 22, 10-25.

McCollom TM, Shock EL (1997) Geochemical constraints on
chemolithoautotrophic metabolism by microorganisms in seafloor



448 D. E. LAROWE et al.

hydrothermal systems. Geochimica et Cosmochimica Acta 61,
4375-4391.

Michaelis W, Scifert R, Nauhaus K, Treude T, Thiel V, Blumenberg
M, Knittel K, Giescke A, Peterknecht K, Pape T, Boetius A, Amann
R, Jorgensen BB, Widdel F, Peckmann J, Pimenov NV, Gulin MB
(2002) Microbial reefs in the Black Sea fueled by anacrobic
oxidation of methane. Science 297, 1013-1015.

Millero FJ (2002) Sea water as an electrolyte. In Chemistry of Marine
Water and Sediments (eds Gianuzza A, Pelizzetti E, Sammatano S).
Springer-Verlag, Berlin, pp. 3-34.

Moran JJ, Beal EJ, Vrentas JM, Orphan V], Freeman KH, House CH
(2007) Methyl sulfides as intermediates in the anaerobic oxidation
of methane. Environmental Microbiology 10, 162-173.

Nauhaus K, Albrecht M, Elvert M, Boetius A, Widdel F (2007)

In vitro cell growth of marine archaeal-bacterial consortia during
anaerobic oxidation of methane with sulfate. Environmental
Microbiology 9, 187-196.

Nauhaus K, Boetius A, Kriiger M, Widdel F (2002) Iz vitvo
demonstration of anaerobic oxidation of methane coupled to
sulphate reduction in sediment from a marine gas hydrate area.
Environmental Microbiology 4, 296-306.

Oclkers EH, Helgeson HC (1990) Triple-ion anions and polynuclear
complexing in supercritical electrolyte-solutions. Geochimica ex
Cosmochimice Acta 54, 727-738.

Orcutt B, Boetius A, Elvert M, Samarkin V, Joye SB (2005)
Molecular biogeochemistry of sulfate reduction, methanogenesis
and the anacrobic oxidation of methane at Gulf of Mexico cold
seeps. Geochinica et Cosmochimica Acta 69, 4267-4281.

Orphan V], House CH, Hinrichs K-U, McKeegan KD, DeLong EF
(2001) Methane-consuming archaea revealed by directly coupled
isotopic and phylogenetic analysis. Science 293, 484-487.

Orphan V], House CH, Hinrichs K-U, McKeegan KD, DeLong EF
(2002) Multiple archaeal groups mediate methane oxidation in
anoxic cold secp sediments. Proceedings of the National Academy of
Sciences of the USA 99, 7663-7668.

Reeburgh WS (1976) Methane consumption in Cariaco Trench
waters and sediments. Earth and Planctary Science Letters 28, 337~
344.

Reeburgh WS (1996) “Soft spots” in the global methane budget. In
Microbial Growth on C1 Compounds (eds Lidstrom ME, Tabita
FR). Kluwer, Dordrecht, the Netherlands, pp. 334-342.

Reeburgh WS, Ward BB, Whalen SC, Sandbeck A, Kilpatrick KA,
Kerkhof L] (1991) Black Sea methane geochemistry. Degp-Sea
Research 38, $1189-81210.

Regnier P, Dale AW, Pallud C, Van Lith ¥, Bonneville S, Hyacinthe
C, Thullner M, Laverman AM, Van Cappellen P (2005)
Incorporating geomicrobial processes in subsurface reactive
transport models. In Reactive Transport in Soil and Groundwater:
Processes and Models (eds Nuetzmann G, Viotti P, Agaard P).
Springer-Verlag, Berlin, pp. 107-126.

Rushdi AL, Simoneit BRT (2002) Hydrothermal alteration of organic
matter in sediments of the Northeastern Pacific Ocean: Part 2.
Escanaba Trough, Gorda Ridge. Applied Geochemistry 17, 1467—
1494.

Schink B (1997) Energetics of synthrophic cooperation in
methanogenic degradation. Microbiology and Moleculnr Biology
Reviews 61, 262-280.

Schouten S, Wakeham SG, Hopmans EC, Sinninghe Damsté JS
{2003) Biogeochemical evidence that thermophilic Archaea
mediate the anaerobic oxidation of methane. Applied and
Environmental Microbiology 69, 1680-1686.

Shock EL (1992) Stability of peptides in high temperature aqueous
solations. Geochimicn et Cosmochimica Acta 56, 3481-3491.

Shock EL, Helgeson HC (1990) Calculation of the thermodynamic
and transport properties of aqueous species at high pressures and

subito .V, licensed customer copy suppiied and printad for Flanders |

temperatures — Standard partial molal properties of organic species.
Geochimica et Cosmochimicn Acta 54, 915-945.

Shvarov YV (1999) Algorithmization of the numeric equilibrium
modeling of dynamic geochemical processes. Geokbimiya 37,
646-652.

Shvarov YV, Bastrakov EN (1999) HCh: a software package for
geochemical equilibrium modelling. User’s Guide. Australian
Geological Survey Organisation, Canberra, ACT.

Simoneit BRT, Mazurek MA, Brenner S, Crisp PT, Kaplan IR (1979)
Organic chemistry of recent sediments from Guaymas Basin, Gulf
of California. Deep-Sea Research 26, 879-891.

Simoneit BRT, Sparrow MA. (2002) Dissolved inorganic carbon in
interstitial waters from sediments of the Middle Valley and
Escanaba Trough, Northeast Pacific, ODP Legs 139 and 169.
Applied Geochemistry 17,1495-1502.

Serensen KB, Finster K, Ramsing NB (2001) Thermodynamic and
kinetic requirements in anaerobic methane oxidizing consortia
exclude hydrogen, acetate, and methanol as possible electron
shuttles. Microbinl Ecology 42, 1-10.

Spear JR, Walker JJ, McCollom TM, Pace NR (2005) Hydrogen and
bioenergetics in the Yellowstone geothermal ecosystern. PNAS of
the USA 102, 2555-2560.

Tanger JC, Helgeson HC (1988) Calculation of the thermodynamic
and transport properties of aqueous species at high pressures and
temperatures — Revised equations of state for the standard partial
molal properties of ions and electrolytes. American Journal of
Science 288, 19-98.

Teske A, Hinrichs K-U, Edgcomb V, de Vera Gomez A, Kysela D,
Sylvia SP, Sogin ML, Jannasch HW (2002) Microbial diversity of
hydrothermal sediments in the Guaymas Basin: evidence for
anaerobic methanotrophic communities. Applied and
Envivonmental Microbiology 68, 1994-2007.

Thauer RK, Jungermann K, Decker K (1977) Energy conservation in
chemotrophic anaerobic bacteria. Bacseriolggical Review 41, 100~
180.

Treude T, Kruger M, Boetius A, Jorgensen BB (2005 ) Environmental
control on anaerobic oxidation of methane in the gassy sediments
of Eckernforde Bay (German baltic). Limnology and Oceanography
50, 1771-1786.

Valentine DL, Reeburgh WS (2000) New perspectives on anaerobic
methane oxidation. Envivenmental Microbiology 2, 477-484.

Voet D, Voet JG, Pratt CW (1999) Fundamentals of Biochemistry.
John Wiley & Sons, New York.

Von Damm KL, Edmond JM, Measures CI, Grant B (1985)
Chemistry of submarine hydrothermal solutions at Guaymas Basin,
2Gz“;.f7 of California. Geochimica et Cosmochimica Actn 49,2221~

Weber A, Jorgensen BB (2002) Bacterial sulfate reduction in
hydrothermal sediments of the Guaymas basin, Gulf of California,
Mexico. Deep-Sea Research 1 49, 827-841.

Welhan JA (1988) Origins of methane in hydrothermal systems.
Chemical Geology 71, 183-198.

Wellsbury P, Goodman K, Barth T, Cragg BA, Barnes SP, Parkes RJ
(1997) Deep marine biosphere fuelled by increasing organic matter
availability during burial and heating. Nature 388, 573-576.

Whalen SC (2005) Biogeochemistry of methane exchange between

natural wetlands and the atmosphere. Environmental Engineering
Science 22, 73-94.

APPENDIX

Chemit‘:al affinity (A) is used to quantify the thermodynamic
potential associated with chemical reactions. At constant
temperature and pressure, the chemical affinity (De Donder,
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1920, 1927; De Donder & Van Rysselberghe, 1936; Kondepudi
& Prigogine, 1998) of a given reaction can be expressed as:

A= —z—g = —;pivi =RT ln(.g] ©)

where G corresponds to the Gibbs energy of the system, §
designates the reaction progress variable for the reaction, R
stands for the gas constant, T represents the absolute temperature
in Kelvin, K refers to the equilibrium constant, |1; indicates the
chemical potential of the ith species in the reaction and v;
stands for the stoichiometric reaction coefficient of the ith
species in the reaction. Finally, Qdenotes the reaction quotient,
which is given by

Q=]]a" (10)
H

where a; corresponds to the activity of the ith species in the
system. Values of K were calculated using the standard molal
thermodynamic properties and revised HKF equations of state
parameters for the species of interest (Johnson ez al., 1992;
LaRowe & Helgeson, 2006a,b) together with the revised
HKEF equations of state (sce Helgeson & Kirkham (1974a,b,
1976); Helgeson ¢t al. (1981); Tanger & Helgeson (1988);
Shock & Helgeson (1990)) using the surcrT92 sofiware pack-
age (Johnson ez al., 1992). Positive values of A indicate that
the reaction of interest is thermodynamically favoured such
that the activities of the reactants decrease and those of the
products increase. Chemical affinity is used because, as first
shown by (De Donder, 1920), A represents the change in
Gibbs energy of the system caused by an infinitesimal incre-
ment of reaction progress. Chemical affinity is thus the actual
driving force for reactions to proceed in the direction that
leads to an overall minimum Gibbs energy for the system,
regardless of whether the actual minimum is achieved in natural
reaction processes (LaRowe & Helgeson, 2007).

Because the marine sediment pore waters are relatively
dilute, the value of ; for H,O was taken to be equal to unity
at any pressure and temperature. The activity values of the
other species were calculated using molal concentrations
(m;) together with:
a;="im; (11)
where v; represents the stoichiometric activity coefficient of
the jth species. Values of y; for charged species were calculated
using the extended Debye-Hiickel equation (Helgeson, 1969),
while those for neutral species were computed with the
Setchénow equation (Oelkers & Helgeson, 1990) using the
HCh software package (Shvarov & Bastrakov, 1999; Shvar?v,
1999). Values of a; used to evaluate Eqn. 10 for the speqes
shown in Reactions 17 were calculated using Eqn. 11 with
the values of m; given in Table 1.
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The standard state adopted here for aqueous species other
than H,O corresponds to that of unit activity in a hypothetical
one molal solution referenced to infinite dilution at any
pressure and temperature. The standard molal thermody-
namic properties of charged aqueous species are consistent
with the hydrogen ion convention (see LaRowe & Helgeson
(2007)). The standard molal Gibbs energies and enthalpies
required to calculated values of K are expressed as apparent
standard molal Gibbs energies and enthalpies of formation
(Benson, 1968; Helgeson, 1969; Helgeson & Kirkham,
1974b, 1976).

In order to quantify the energy required to synthesize ATP,
the total concentrations of ADP, ATP, phosphate and magnesium
and the pH were estimated for intracellular microbial fluids.
The concentrations of total phosphate, ADP and ATP were set
to 4 mum (Voet et al, 1999), 1 mm and 2 mMm (Thauer ez al,
1977), respectively. The pH was set equal to 7 and the total
initial concentration of Mg?* was taken as 50 mum. This value
of Mg was chosen since cellular concentrations higher than
seawater (52.82 mm) (Millero, 2002) are urnlikely because they
are bound to macromolecules (Fagerbakke ez al., 1999). For
the same reason, the intracellular ionic strength was assumed
to be equal to sea water (0.7). The speciation calculations were
also carried out using the standard molal thermodynamic
properties and revised HKF equations of state parameters for
individual ADP and ATP species (LaRowe & Helgeson,
2006a,b) and the HCh Gibbs energy minimization software
package (Shvarov & Bastrakov, 1999; Shvarov, 1999). Values
of A for Reaction 8 were then calculated using Eqns 9 and 10.
The values of the #, x, ¥and z coefficients in Reaction 8 vary
as a function of temperature, pressure and pH. For example,
the explicit formulation for Reaction 8 that was used to
calculate the chemical affinity for the synthesis of ATP at
Guaymas basin at 3 cm depth in the sediment, corresponding
to 10 °C, 20 MPa and pH = 7, can be written as:

(0.58MgADP™ + 0.42Mg,ADP*) + (0.18HPO;
+0.82H,PO;}) + 0.14Mg?" + 0.18H*
- (0.44MgATP> + 0.56Mg,ATP) + H,0,

(12)

where MgADDP~, Mg, ADP*, MgATD?~ and Mg ATP represent
mono- and dicomplexed magnesium adenosine di- and
triphosphate species. Under the same pressure, pH and pMg,
but at 97 °C, that is, 31 cm at the same site, Reaction 8 becomes

(0.26MgADP™ + 0.74Mg,ADP*) + (0.15HPO;"
+ 0.85H,POj) + 0.21Mg* + 0.13H"
- (0.55MgATP>" + 0.95Mg,ATP) + H,0

(13)

Therefore, temperature alone alters significantly the ratio of
species in what is classically considered to be the same chemical
reaction.






