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ABSf RACT 

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 (iii) a deep-sea 
hydrothermal system (Cuaymas basin, Gulf of California). Depending on the metabolic pathway and the 
environment considered, the amount of energy available to the microorganisms varies from 0 to I84 kJ mol-I. 
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 (I~-'OM) 
hydrogen concentrations. In contrast, the reactions involving sulfate reduction with H,, formate and acetate as 
electron donon are nearly always thermodynamically favoured. Furthermore, the energetics of ATP synthesis was 
quantified per mole of methane oxidiied. Depending on dew, between 0.4 and 0.6 mol of ATP (mol CHJ-t 
was produced in the Black Sea sediments. The largest potential productivity of 0.7 rnol of ATP (mol CH,)-I was 
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 

Rc~ausc o f  i ts  role as 3 greenhouse p s  (bshott-' & Ahuja, 
1990). much has hccn learned in ircrnt years about the 
biogecwhenrical cycles influencing the sources, fl uses and sinks 
of methane on h r t h  (Kwndckm, 1993; Mmcinclli, 1995; 
Rrms rt nl., 2002; Whalen, 2005). I n  particular, considerable 
attention has bccn ctcdicatcci to better understand the 
consumption of mctliane i n  anosic 111arinc scciinicnts, the 
largest known me tharw rcsc~vtir ( Kv~n~olcicn ct nl., 1993). 
Although this process, rckrred to .IS the anaerobic isictatic31i 
of mcthanc (A4MZ) (c'.g. Hcwhlcr tt 411.. 1994; Orphan c t  nl., 
2001; Hinrichs L9: Rcwtius, 2 0 2 ;  Michaclis 1-tni., 2002; 
Orcutt ct #I., 200.5; I>alr ct nl., 2006; lorgcnsen & Ibstestcn, 
2 0 6 ;  Sauhaus ct nl., 2007). is rcrponsiMc b r  oxidizing YO% 
of the methanc p d u w d  in sit* ( I ~ c ~ n ,  1996; Rrchurgh, 
1996). little is known about the role o f  bulk chemicd 

tempcraturc and prcssurc on the c>veraIl 
of AOM and the suite o f  intermediate reactions 

that have been hypothesized to occur during the oxidation 
o f  methane (Hoh & Cord-Ruwisch, 1997; Boetius etal., 
2000; Valentine & Reeburgh, 2000; Ssrensen e t  al., 2001 ). A 
thermodynamic approach is required to take into account 
mass-action effecxs that are generally ignored in biochemical 
descliptions of metabolic strategies (Hoh & Cord-Ruwisch, 
1997), which are particularly important when these processes 
opcratc: near equilibrium, 

Since the pioneering wvork by Barnes & Goldberg (1976) 
and Rwburgh (1976), a variety o f  studies have addressed the 
energetics of' AOM, and more specifi~dly, determined the 
energy available to the organisms that catalyse the reactions 
describing methane oxidation. Several authors have reported 
thcrmotl!namic calculations t-br AOM-related reactions at or 
near 25 O C  and 0.1 MPa (Hoehler et nl., 199% Schink, 1997; 
Bcutius e t  al., 2000; Valentine & keburgh, 2000; Sarensen 
et al., 2001). Others (Hoehler et al., 1998, 2002) have 
examined the effect of temperature and hydrogen concentra- 
tion on sulhte reduction and mthanogenesis 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 whilc Treude et al. (2005) investigated hour varia- 
tions in temperature and methane and sulfatc concentrations 
affected the rate and distribution ofAOM in Eckernfdrde Bay 
(Germany). However, these studies and many others that have 
examined or reviewed the thermodynamics of AOM (Martens 
& Berner, 1977; Hoehler etal., 1994; Sgrensen 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 ofATP that can be synthesized by AOM-based microbial 
communities. The latter allows for a better understanding of 
the role ofpast and present AOM communities on the methane 
cycle (Dale et 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 et al., 2005; Dick 
etab, 2006; LaRowe & Helgeson, 2007). It uses recently 
available thermodynamic data and equation of state parameters 
to calculate the energetics ofAOM reactions and the maximum 
amount of ATP produced by the microbes catalysing these 
reactions ifi 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 revie\vs see Hoehler & Alperin, 
1996; Valentine & Reeburgh, 2000; Hinrichs & Boetius, 2002; 
Orcurt et al., 2005; Jprrgensen & Kasten, 2006). The overall 
Process can be described by the following chemical reactiotl': 

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

1 Chemical fbrmulas tbllowed by a charge or the subscript (aq) 
designate aqueous species. 
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2006) whiie fluorescence in sit# hybridization (FISH) and 
phylogenetic analyses (Orphan e t d . ,  2001,2002; Hinrichs & 
Boetius, 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 suffite reduaion as distinct processes linked 
by shared intermediate chemical species such as Hz, formate 
(HCOO-) and acetate (CH3COO-) (Hoehler et  aX, 1994; 
DeLong, 2000; Hinrichs & Boetius, 2002; Michaelis etal., 
2002). For example, it has been suggested that methane could 
be oxidized via any combination of the following reactions 
(Valentine & Reeburgh, 2000; Sarensen et  at., 2001): 

Syntrophic sulfite-reducing bacteria would then consume the 
products of Reactions 2-4, that is, 

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 tbrmate are oxidized per mole of sulhte reduced in 
Reaction 6. Similarly, 1 mole ofacetate is produced for every 
2 moles of methane oxidized in Reaction 4 whiie the ratio of 
acetate oxidized per mole of sulfate is one in Reaction 7. 
Nevertheless, because 3 and 4 moles of H2 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 methanc oxidizcd and sulfate 
reduced is the same as in Reaction 1. That is, 4(Reaction 
3) + (Reaction 6) + 3(Reaction 5) = 4(Reaction 1) and 
(Reaction 4) + (Reaction 7) + (Reaction 5) = 2(Rcactic>n 1). 
This combination is a direct consequence ofthe fact that eight 
electrons are transferred during the reduction of SO:- to H2S 
while only two and six electrons are transkrred during the 
oxidation of formate and acetate to 1 and 2 moles of HCO;, 
respectively. In order to quantify the respective influence of 
temperarure, pressure and solution composition on the ability 
of microorganisms to extract energy from Reactions 1-7, 
the chemical affiity, A, was computed as described in the 
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Table 1 Temperatures, pressures and bulk ampositlons used to calculate the values of chemical affinity 

Black Sea (Station 7) Guaymas Basin (Stations 1 and 2) Cape Lookout BigM (Station Al) 

Temperature [OQ 9-1 2.8-96.8 14.5 (winter)/27 (summer)' 

pressure (ban) 120d 200d ld 

CH, ( m ~ )  0.02-23 0.0014~. 0.4439, 14h 0.09-1.65' 

SO:- and 4.3-1 4' 16-29 0.4-2s' 

HpS (fnM) 1 .5k 0.5-1 .I1 15' 

PH P' 7'" r" 
HCO; ( m ~ )  lo" lo" 10" 
HC00- 8 (formate) 1w7, lo", l@ I@, 10-4, lWO 1w7, 10-5, 1w3~ 
CH3COO- (M) (acetate ) I@, lO-'j,I@p Io",l@, lOSq ic7. 1 0 6 , i ~  
H2 (MI IO-*o,I09, I@st IWlO,I0-9,I@~t lCIO, 1@,10-8 kt 

aJnrgensen eta/. (2001); bcakulated from gmdients glven in Weber and Jsrgensen (2002); CHoehier et a/. (1994); hlculated from depth below sea level and taken 
from the same source as the temperature data; %ken from Iwgensen et al. (2001) and shown in Fig. 14 fseawater-sediment interFace value taken from Teske 
eta/. (2002); flntermediatevdue also used to generate Figs 4a-C. and 7t; haverage value of venting fluid taken fram Welhan (1988). All three of the methane 
concen8atiom given for Guaymas Badn were used to generate Fig. 3; bken from Hoehler et a/. (1994) and shown in Fig. 1C.D; lpmfile taken from Weber and 
Jorgensen (2001) ( 50;- - Station 2, H2S- Sta€ion 1) and shown in fig. 10. The concentrations for SO:- and H2S shown in fig. l B  are used bD calculate values 
of A; 'hot reported for this site but this value is within the range reported for other Black Sea sediments reported by Bohnnan ef al. (2003); '~oehler eta/. (1998) 
use an estimate of 1.0 + 1-0.4 mM for calculatkms involving Cape Lookout BigM sediments: "'taken to be that of the interior of miaobes (lloet et a/., 1999); "not 
reported at aU depths at these sites, but taken to be constant over the depth pmfiles (Dale et al. 2006); %is rang of values was taken in a first approximation to 
be equal tothose of ace-, Wellsbury and Parks (1995) report that typical acetate c~n~entdonsin -5 m ~ ;  Vhrkns (1990) 
reports thk range of acetate mcentmtions at Guaymas Basin at diirent locations than where the sulfate and methane pmfiles were taken. The higher 
concentrations used are expected in Guaymas bemuse thermal aka€ion of organic-rich sediments are thought to undergo accdera€ed degadation leading to 
i~seases in dissolved organic compounds (Rushdi and Sirnoneit, 2002: Simon& and Spanow. 2002). Furthermore, in a set of experiments and obsenmtions, 
Wellsburyet at. (1997) report tensof mwof acetab in heated coastal sediments and warm sediment-, %is range of values encompasses esiimates by Hoehler 
eta/. (1994) for Cape Lookout Bight (1 to 3 m ~ )  at the same site and measurements by Sansone and Martens (1981 & 1982) in the area (--760 m ~ ) .  The latter 
values were reported as acetate per liter of bulk wet sediment and were converted to traditional ancentra€ion units using the porosity data from Wump (1980); 
sHoehler et al. (2002) nate that atypical value for natural systems is 7 x I@ M. but a range of values were used here to illustrate the influence of Hz concentrations; 
ta concenbation of H, = IO*M k used to calculate values of A for Reactions 3 and 4; Ualthwgh from a diiferent sample core, Hoehler et al. (1998) =port H2 
concentdons ranging from 1.542 nM and 0.5-3.7 nM in the summer and winter, mpectively. 

Appendix. Compositional data reported in the literature and narnic properties can be evaluated as a function of temperature 
summarized in Table 1 were used to characterize the activities and pressure. The synthesis ofATP h m  ADP and monophos- 
of the reactants and products at the three sites. phate can be written as: 

ATP reaction 

Reactions 1-7 summarize oxidation-qeduction processes that 
microorganisms can catalyse to harvest energy Organisms 
convert much of this energy into ATP, a multipurpose 
biological molecule that can be used to promote otherwise 
energetically unfhvourable reactions. Just as the Gibbs energy 
of Reactions 1-7 can my as a hnction of temperature and 
pressure, the same is true for the synthesis of ATP (LaRowe 
& Welgeson, 2007). Therebre, quanci&ing 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 ~otential for its synthesis is used here as a proxy 
fbr bi&& productivity. The method used to calculate 
the maximum amount of ATP that can be sprh&ed by 

whereg and m refer to the number of moles of Mg atoms per 
mole of ADP and ATP, respectively, n, y and x refix to the 
number of moles of H atoms per mole of phosphate and the 
rekrence basis species fbr ADP (C,&C~$V~O,,P~-, or  AD^) 
and ATP ( C ~ & ~ ~ N ~ O ~ , P ~ - ,  o r ~ w ) ,  respectively. ~a Iues  of 
the equilibrium constant fbr Reaction 8 can be calculated fbr 
a broad range of temperatures and pressures and combiitions 
of values of 8 and m=0,1,2, 1~ and y= 0,1,2,3, and x=  
0,1,2,3,4 (see the Appendix h r  more detaiIs). 

AOM-microbid communities as a fiuzction of temperature 
S l ~ E  c A ~ ~ C  TE.,~~,,. , 

and presswe is described as folbws. 
ATP synthesis can be quantified by accounting fbr the ther- Depth-dependent concentration profiles of s e d  of h e  

mod~arrdc properties of individual species in stoichiornetric species that appear in M o n s  1-7 have been reported in the 
and charge-balanced reactions. These species are represented literature fbr the dme sita discussed below. A selected set of 
in reaai.ons by explicit chemical formulas whose therrnody- measured species are presented in Fig. 1. Because concentration 
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4 5 6 7 8 9 1 0 1 1  

Black Sea . 
Jergensen eta/. (2001) - 

0 5 10 15 20 25 30 

Cape Lookout . 

Bight (winter) . 
Hoehlet et tll. (1994) - 

Flg. 1 Concentrations of selected species as a function of depth below the seafloor in the Black Sea (N, Guaymas Bash (8) and Cape Lookout Bight in the winter 
4Q and summer (D). The concentrations of sulfide and sulfate below the horizontal line in (B) were not measured and assumed equal to the concentration measured 
immediately above. Bibliographic references for these concentration profile. are given In each panel and Table 1. 

profiles of hydrogen, formate and acetate are not available fbr 
these sites, a wide range of concentrati011~, constrained by 
typical values reported jn the liternme, 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 s h c e  waters by a stable halocline. The 
onset of salinization of the Black Sea began shortly afker the 
last glacial maxim- (10 ky ago) when Mediterranean water 
entered through the Bosporus (Arthur & Dean, 1998). Td!', 

the deep waters are permanently sulfidic, and sult5tc is the 
primary oxidant for organic mattcr in the sdirncrrts (Jc+rgc~.lscm 
ctal., 2001). AOM has been .rri~kly documented in the 
sediments and thc water column d rlc. Black S L ~  using I3C 
markers, mhaeal lipids, 16s rRVA, Bcubation experimcnrs 
and radiotracw (Recburgh ctnl. ,  1991; Ic3rgonsc.n tlni., 
2001; Michaelis ~t nL, 2002). Tht: conccirtr'atio~l pmBlcu: of 
sulfate and methane used for thc chemical affinity cdcutatic>ns 
in the present study are taken h r n  nxeasurenlents at Statiot~ 7 
(43O31'61 N, 030°13'33 E) in the study of Jorgensrn eta!. 
(2001) and are shown in Fig. 1(A). Hcre, methane trmsport 
towards the sediment surface occurs by molecular difltsion 
only and externally impressed fluid ad\rcction is absent. 
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Guaymas Basin 

Locatcd in the Gulf of California, Mexico, Guaymas Basin is 
an actise hydrothermal deep-sea spreading centre covered 
by a thick layer of rapidly accumulating (>0.1 cm year-') 
organic-rich sediments (2-4% organic C) (Simoneit et aX, 
1979; Curray etal., 1982; Von Damm etal., 1985). The 
bottom waters are c>x~.gen depleted (430 p ~ ) .  The sediment 
temperature at the site analysed in this study increases from 
2.8 OC at the sediment-water interfice to 97 OC at 31 cm 
dcpth (Weber & Jvrgensen, 2002). The hydrothennal fluids 
are essentially recirculated sea 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 sulf'ate 
reduction rates may exceed 2.0 pmol day-' close to the 
sediment sudkce (Jorgensen s t  al., 1992; Elsgaard et ab, 
1994; Weber & Jorgensen, 2002; Kallmeyer & Boetius, 
2004). Methane is present in the vent fluids at 12-16 m~ with 
a GLJC-C& isotopic composition of around -50%, consistent 
with a thermocitalytic origin (WeIhan, 1988). Diagnostic lipid 
biomarkm with 6I3C composition and 16s rRNA analyses 
indicate that methanotrophic archaea are adve  in Guaymas 
Basin (Teske ec rX, 2002; Schouten et ad., 2003). Considered 
collectkely, the available experimental evidence suggests that 
sulfitc reduction coupled to AOM is an important barrier to 
m e W c  cflF1ux in this environment. The role of temperature, 
pressure and substrate characteristics on AOM in Guajmas 
basin has received sporadic attention (Jgrgensen e t n l ,  1992; 
Elsgaard et RL, 1994; W e k  c9L J~rgensen, 2002; Kallmeyer & 
Bwtius, 20041, but the overall quantitative impact of these 
variables an the energetics of AOM has not yet been 
determined. The concentration profiles of sulfate and sulfide 
used in the present study \'Irere taken from measurements at 
stations 1 ( 2PN 00.762, l1l0W 24.656) and 2 (27"N 

00.764, l l l O W  24.558) in Guaymas Basin (Weber & 
Jorgensen, 2002) and are shown in Fig. l(B). The 
temperature gradient (2.8 "C to 97 OC over 31 un) was taken 
from Station 2. A range of methane concentrations, constrained 
by a measurement at the sediment-water interhce (Teske 
s t  aL., 2002) and the average methane concentration of 
venting fluids at this site (Welhan, 1988) were used in the 
afhity 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 and 
sulfidic sediments below a very thin oxic layer (Chanton e t  aL, 
1987). Seasonal variations in water temperature fiom 6 "C in 
winter to 28 "C in summer lead to a seasonal vertical migration 
of the sulfite penetration depth between 8 and 25 un depth 
(see Fig. 1C,D) (Klump & Martens, 1989; Hoehler etal., 
1994). There is no well-defined SMTZ, and methane 
concentration increases roughly linearly fiom the sediment- 
water interface down though the d h t e  reduction zone. 
Sediment manipulation experiments have shown that AOM 
rates are sensitive to hydrogen concentration and seasonal 
temperature variations (Hoehler et al., 1994). The concentration 
profiles of sulf'ate and methane used in the present study 
correspond to measurements at Station A-1 (Hoehler et al., 
1994) and are shown in Fig. l(C,D) (winter and summer). 

RESULTS 

Chemical affinity of the overall AOM reaction 

Values of the chemical afhities, 4 for Reaction 1 (the net 
AOM process) are shown in Fig. 2. They are positive at all 

Reaction 1 : 

Variable CH,, m~ 

Fig. 2 Chemical affinities forthe net anaerobic oxidation of methane @OM> reaction (Reaction 1) as a function of sediment depth below the seafloor in the s la& 
Sea (A), Guayrnas Basin (6) and Cape Lookout Bight in the winter and summer (C). The three lines in (6) refer to values of A dcuiated for three methane 
concentrations (in m ~ d .  The concentrations of the other species used to generate these curves are given in Table 1. 
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pressure 

Temperature, O C  

Fig. 3 Standard mlal Gibbs energy of the net anaerobic oxidation of methane 
(AOM) reaction (Reaction 1) as a function of temperature at saturation 
preaure and 20 MPa. 

sediment depths tbr all three sites, that is, the overall AOM 
reaction is al\vays thermod~~~amically favoured and the overall 
trend is an increase in A with increasing depth. It should be 
noted that the sediment depths at which vaiues of A were 
calculated are different for each site. The highest value is 
achieved in Guaymas Basin for the case of methane 
concentration = 14 mxi. The greatest range, however, is found 
in the Black Sea sediments. In Cape Lookout Bight, the 
thermodynamic drive for Reaction I decreases as a function of 
deprh for sediment depths >12 cnl in the summer. 

The difirent val~les of A shown in Fig. 2 are influenced by 
temperature, pressure and bulk composition. However, it can 
be seen in Fig. 3 that prcssure has a minimal effect on the ener- 
getics of Rcaction 1. In this figure, the stiindard mold Gibbs 
energy ofthe net AOM rwction (AC;,") is shown as a h a i o n  
of tenlpemturc at situration pressure (the pressure at which 
water remains in the liquid phase: 0.1 MPa fiom 0 to100 OC 
and up to 0.24 MPa at 125 OC) and at 20 MPa. Despite the 
large pressure diflErence hiween the cdmlated values o~AG," 
for %action 1, the difference in the Gibbs energy of this reaction 
is less than 1 kJ mol-1. Temperature is of much greater signifl 
icance for the overall energetics ofAOM, whereb~7 an increase 
from 0 OC to  125 "C increases the exergoniciy of Reacrion 1 
from - -68 kJ mol-I to - -95 k~ mol-', regardless of the pressure. 

Chemical affinity of intermediate AOM reactions 

Because depth-dependent concentrations of the intermediate 
species, hydrogen, fixmate and acetate, are not available @r - 
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 1. The ranges chosen\irere based 
on single-depth measurements at these sites and, if not 

available, at similar sites reported in the literature. For 
example, Hoehler et al. (2002) report a typical hydrogen 
concentration in 'most natural ecosystems' of 7 x lo4 &I, 

while Hoehler e t  al. (1998) report hydrogen concentrations 
ranging fiom 0.5-12 x 10-9&1 in Cape Lookout Bight, 
depending on the season. A Hz concentration range bemeen 
10-lo to 1 0 - 8 ~  n7as thus used in all chemical affnity 
calculations. In Guaynas 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 e t  nl. (1997) reported 
an increase in acetate concentrations by several orders of 
magnitude ( p ~  to m ~ )  by simply heating coastal marine 
sediments in the laboratory. Accordingly, and fo l lo~ng  
Martens (19901, a wider range of higher concentrations of 
formate and acetate was used to calculate A for Guaymas 
Basin (1W2 to  1 0 4 ~ )  compared to the other sites (10-"0 
1 h~ for the Black Sea and 1 0-3 to 1 0-7 M for Cape 
Lookout Bight). 

Values ofA 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 diEercnt 
concentrations (ht) of hydrogen, formate and acetate used in 
the calculations. Except for Guajmas Basin, the curves in 
Fig. 4 are constructed using the methane depth profiles sho\vn 
in Fig. 1. In the case of Cape Lookout Bight (panels g-i), t\vo 
sets of curves are s h m ,  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 nvo 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, 
f and i (Rca&on 4). At the Black Sea site, and h r  the selected 
concentrations of Hz, formate and acetate, the chemical 
&%$ties are mostly negative at all depths. Therefbre, Reactions 
2-4 are not thermod~mmicall~ fivoured at this locution, 
except under subnanomolal concentration of hydrogen fbr 
Reaaions 2 and 4 (Fig. 4A,C) and subnanornolar hydrogen 
conl&med with submicromolar formarc concentrations fbr 
Reactions 3 (Fig. 4B). In contnst, the values of A for b c -  
tions 2-4 are positive at most depths in Gua!nlas Basin md an 
order of n~ignitude higher than at the other sites despite the 
&a that a higher r i g  of acetate and fixmate concenwations 
are used. Negative values occur only at the si~allo\\; cooler 
portion of the sediment profile if high hydrogen sr), 
acetate and fbrmate conccntrations are specified. Our 
calculations reveal that in Guatm-as Basin (Fig. 4D-F) the 
thermodynamic drive for methane osidation increws with 
depth and shows a strong vertical &mdient in affinity Since 
constant methane conccntrarions are emplo!~d, the gradient 
is euclusively due to the ettect of the down-core temperature 
increase on the equilibrium constant, K, for these reactions. 
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Reaction 2: Reaction 3: Reaction 4: 
CHI,, + 3H,0 - 4Hw + HCOj + H' CH4(,, + 2H20 -4 HCOW 4 3Hed + H+ 

Black 

CI 5 200 - 

A (W (mol CHd-I) A (kJ (mot CH4)-l) 

log [ C H ~ ~  : 
\ \ \ \ :  
-2 -6 -2 -6 - 

-20 0 20 40 

A (kJ (mol Ci-IJ1) A (kJ (ma1 CH4)-I) 

- summer - - - - - winter - summer 

8 

12 - 
: i i  

16 - -3 -7 -3 

Bight 

-7 

J 

- summer - - - - - winter 

E e 

-20 0 20 
A (kJ ( W i d  m4)-*) A (W (mol CH4)-') A (U (mol CHJ1) 

Fig. 4 Chemical affinities for Reactions 2-4 as a function of sediment depth &OW the seafloor in the Black Sea (top). Guymas Basin (middle) and Cape Lookout 
Bight in the summer and winter (bottom). The reaction of interest is written above each column. The numbers that labd the curves &r to the conenmons of 
ti2 (fint column), formate and H, (second calumn) and acetate and Hz (third dumn) used to dcutate values of A. The cwrcentratiom of tt,e other sped= used 
to generate these curves are given in Table 1. The temperature for Cuaymas basin is labelled on the right sides of panels d-f. 

The ct>ml*it~t'd inflt~cnce edtempraturc and conlpasitital car1 
he ohsc.r\zd at <:ape Imkout Kigl~t~ivI~erc Reactions 2-4 arc 
mcm Ewuwd during the sumnicr t h u ~  in t l~e  winter. High 
11ydrc)gert ccn~cwtratians (10"~)  lead to negative chcn~i~zl 
at3nitie.s in the summer and \tinter at Cape Lookattt Right h r  
Reacziofl~ 2-4 {Eg. 4G-I 1. Rrxtions 3 and 4 am only ther- 
modynamically f ~ o t ~ r c d  at thii coastaI site if thc hydrogen 
cmcentratim is set to 10-'%1, w i t h  !owver h m a t e  and acetate 
cmcenrratit~ns accct~tunting this etlka, In sen~mi, the t h o -  
dynamic drives for &actions 2 4  to progress are tfivoured 

by high ;hn.mperaturLx (Guaynm Basin) and low7 concmnations 
of reactive ultcrmcdiates. Also, because tbe stoichiomctric 
cc~et'fidt~~ts for l~ydrugcn are larger than they arc for fijrmate 
and acetate in Reactions 3 and 4, ~.ariations in hydrogen 
co~lceritration influence the magnitude of A much more 
than variations in tbrmate and acetate concentrations. In kct, 
the tictor by which hydrosen concentratio~ls quantitatively 
impact the values ofA for Reaction 3 and 4 relative to h a t e  
and acerate, respectii~el!; is the same as the stoichiomerric ratio 
ofthese specks in these reactions (since Ais shavn in kJ (ma1 
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Reaction 5: Reaction 6: Reaction 7: 

SO> + 4HyW + 2 H + 4  H2S(@ + 4HzO SO? + 4HC00- + 2H+ -+ Hp.S(@ + 4HCOi SO:- + CHSCOO- + H+ -+ H2S(d + 2HCOZ 

Black Sea u 
A (kJ (mol Son-l) A (kJ (mol S*)-l) A (kJ (mol SW-') 

30 
Guaymas 

A (Id (mol s*)-') A (kJ (mol Sqq)-l) A (Id (mot SOP)-') 

Rg. 5 Chemical affinities for Readions 57 as a function of sediment depth M o w  the seafloor in the Black Sea (top), G u a m  Basin (middle) and Cape Lookout 
Bight in the summer and winter (bottom). The readion of interest is written above each column. The numbers: that label the curves in each of the panels refer to 
the concentrayms of H, (firstcolumn), formate and H, (second column) and acetate and H, (third column) used to calculate values of A. The coflcentratiansof the 
other species used to generate these c u w  are given in Table I. The temperature for Guaymas basin IS labelled on the right sides of pan& d-f. 

- summer - - - - - winter - summer - - - - - winter - summer - - - - - winter 

c&)-', this magnitude is not immediately apparent )br &ac- 
tion 4 (Fig. 4C,F,I) in which 2 moles of methane are oxidized 
Per mole oofcetate produced). 

Values of A for sulhte reduction coupled to the oxidation 
of hydrogen, formate and acetate (Reactions 5-7) arc: sho\\.n 
in Fig. 5, and are considerably higher than those obtained for 
the reactions producing the intermediates @om methane osi- 
dation (Fig. 4). Sulfate reduction coupled ro the oxiddon of 
the intermediate species leads to positive values of chemical 
d?hity everywhere in the Black Sea and at nearly all deptfis in 
the Cape Lookout Bight sediments (the exception being a low 

-10 -9 - 8 .  

concentration of hydrogen ( t 0"") Jiuittg t l ~ e  sumnm, Fig. 5G). 
This is also the u s e  h r  Kcactions 6 and 7 in Ciuapaa Basin. 
In contrast, the valt~c! of A tbr Rrrac-tion .i ,it this site arc only 
pmitive in the shdk~rr p.~rts of t l~c  sedirndrt, c\specialfy fijr higit 
Hz conc~ntrations (>lO'*l0 w), and nrtgi~tive in the deeper 
portion of the care where the temperature is  tligher I Fig. 5D 1. 
In gcl~cral, the ther~nod!'llainic drive fix sulfate reduction is 
strong due to large positive vdues of rhe eqtqrljlibrium ccmstant, 
K, h r  these restions (not shown). Yariittions in rcmperamre 
and solution conrpnsition have a snlaller ekfict on Reactiun,~ 
5-7 than on Reactions 2-4. 

. -7 -5 9 .  
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A (kJ (rnol ATP)-') 

Reaction 8 

Fig. 6 Chemkal affinities for the synthesis of ATP (Reaction 8) as a function of 
sediment depth below the seafloor in Guaymas Basin. 

25 

30 

ATP production in AOM communities 

Values of A for ATP synthesis at Gi~aymas Basin are shown 
in Fig. 6 b r  constant total concentrations of ATP, ADP, 
magnesium, n~onophosphatr: and protons. Due to the steep 
thermal gradient, the chemical ailinit). decreases first with 
depth fronl about -46 kJ (mol ATP)-' at the sediment-water 
interface to a minimum of nearly -50 kJ (no1 ATP)-I at 
-25 cm. Tllcreatier, A increases very sli$aly nith depth. 
Because the total concentrations of the reactants and products 
in the ATP rmction m n ~ ~ i n  constant, the difference in the A 
valucs is a result of the ternpcraturc-dependent speciation of 
monophosplwte, ADP and ATP (see Appendis). Therefore, 
becxuse the mnge of temperature \-ariation is minimal in the 
Black Sea and Cape Lookout Bight sediments, the values ofA 
h r  An) synthesis atr: nearly constant 3t -46.8 kJ (mol ATP)-' 
ancf-48.1 kJ (mol ATP)-l at Cape Lookout Bight in the winter 
and summer, rccpectively, while it is -46.4 kJ (mol ATPF1 in 
the Black Sea. 

The amoi~nt of ATP that n n  be synthesized in sedimentary 
environments can be calculated assuming that the AOlM- 
microbial communities acquire e n e w  by catalysing the net 
Reaction 1. In this case, the energy available for AOM 
eornmunitics will \my not on$ as a hnction of'the different 
temperature and pressure conditions, but also as a fun~ZiOn of 
the concenrrarion prafiles ot'thc species involt'ed in this net 
reaction (Fig. 1). Using these measurements, the rnasimum 
potential fiw celli~lar metabolism, growth and reprodu~tion is 
determined by calculating the maximum number of moles of 
ATP produced per mole of n ~ e t ? ~ n e  oxidized via R a d o n  1 
as a fincaon ofclcpth at each site (Fig. 7). The resulting d o  
ofATP/CH4 sho~-s a range ot'values within and between the 
three siFes, \ti& the highest values (0.67 rnol ATP (mol C4)-I) 
at 330 crn in the Guayrnas Basin sediments and lowest values at 
100 cm in thc Black Sea sediments (0.4 mol ATP (mot C%)-'). 
At Cape Lookout Bight, ATP production varies tkom 0.54 to 

0.64 nlol ATP (mol CHJ1 in the summer and from 0.56 to 
0.64 mol ATP (mol CH4)-I in the winter. The greatest range 
ofvariation is calculated for the Black Sea (0.4 to 0.6 rnol ATP 
(mol CHJ1) because the extensive SMTZ permits coe~stence 
of methane and sulfate over a large depth interval. 

6 1  -50 4 9  -48 -47 -46 -45 

: 

DISCUSSION 

AOM and intermediate species - 
Guaymas Basin - The values of cheinical affinity shown in Fig. 2 indicate that 

there is a strong thermodjnatnic 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 

80 

liability of various two-step reaction pathways in environments 
characterized by dierent 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 com~utations suggest that CH4 can be 
osidized to either HCO;, 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 
%vowable over a significantly wider concentration range in 
Gua~mas Basin where the temperature increases rapidly as a 
function of depth. In con.trast, sulfate reduction coupled to 
the oxidation of these intermediate species (Reactions 5-7) is 
strons1y favoured at all three sites escept fbr 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 
A calculations cover a broad and realistic set of compositional 
condition.., con&ing hrther the thermod~namic calculations 
demands, togcthw with sulfate and methane, depth-dependent 
profiles of reactive intern~ediate concentrations. 

The large range of temperatures, pressures and bulk 
compositions that have been used to quanu& the thermody- 
namic feasibility of two-steps in AOM reaction pathway 
provide a reference frame to discuss results from s i m i i  inves- 
tigations. For erample, based on thermod>mmic and kinetic 
calculations, Starensen e t d .  (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 O C ,  presumabiy 0.1 MPa, 

100 -... 
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mol ATPlmol CH4 oxidized md ATPImol CH4 oxidized 
-. . 

rnol ATPhol CH, oxidized 

Fig. 7 Maximum number of mdes 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), Guaymac; 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 coeEcients. However, the 
panels in Figs 4 and 5 show that a thermodynamic drive for 
methane oxidation and sulfate reduction coupled to any ofthe 
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 
ofGuaymas 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 (10-8 M for hydrogen and 

hf for the organic acids) are not sufficient to thermo- 
dynamically inhibit these reactions at rhe high temperatures 
found in the deeper section of the Guaymas basin sediment 
core. In incubation experiments fiom a methane seep sediment 
(Hydrate Ridge), Nauhaus et al, (2002) found no conclusive 
evidence that hydrogen, formate or acetate were acting as 
intermediate compounds in AOM communities, and conduded 
that thew species are unlikely intermediates in AOM. Instead, 
to account For the light isotopic fnctionation fbund in the 
putative AOM consortium of methane-oxidizing archaea and 
sulfate-reducing bacteria, they suggested that the sulkte 
reducers simply assimilate C02 or other carbon-containing 
waste C O ~ Q O U ~ ~ S  produced by the methane oxidizers. In 
another study, Orphan et  aA (2002) identified m70 groups of 
methane-oxidizing archaea (ANME- 1 and ANME-2) li\ing in 
ba~eriaarchaea consortia but also in monospecific aggrega- 
tions, that is, archaea communities not closely associated with. 
bacteria. More recently,, Moran et aL. (2007) failed to observe 
an inhibitory ofhigh hydrogen concenmtion on mthane 
o&dation in AOM communities and suggested that rather 
than hydrogen, methYIdfides could m r e  as AOM intame* 
species. 

The results presented here reveal that, from a strict 
thennodynamic perspective, reactive intermediate s p e b  are 
not required for AOM to proceed, and, under certain condi- 
tions may preclude methanr o~dation if the reactive 

6 2008 The Authors 

intermediate species reach inhibiting concentrations. For 
example, it is thermodynamically ufivourable for methane to 
be oxidized to HCO;, formate or acetate in the Black Sea site 
for the range of reactive intermediates that were w d  in the 
present study. Therefore, if a consortium of organisms is 
required for AOM (Boetius ma!., 2000), the role of the dif- 
ferent groups of microbes might be more complex than that 
of one oxidizing C q  and another reducing SO:-. 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 ofCH4 and SO:-, 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 b i t ing  fictor for 
growth, it has been shown both experimentally (Nauhaus 
et af., 2007) and theoretically (Dale et nl., 2006) that AOM 
microbes have a doubling time of several months and 
therefore microbial gro~.th ratcs determined k sits might 
0nl~y be 1% (Konhauser, 2007) or less (Madigan et  al., 1997) 
ofthose observed in the laboratory where optimized growth 
conditions are established. This crtrerndy sluggish, yet 
finite, microbial growth supports the notion (Wcercbezem 
& Starns, 2000; Adams ad, 2006; IAROMV & Helgcston, 
2007) that as long as there is a positive chemical affhity ti,r 
a given chemicaI reaction, n~icroorg~nirms atuld be capahlc 
of catalysing the process to generiw ATP. In titis stt~riy, \re 
haw sho\vn that the masimum amount of' ATP that rm lw 

ftom the cataipis tt'mubrane osiclrtion cc)upIecl to 
sult'ate reduction ( Rcaction 1) depends art the tcrmperarure, 
pressure and bulk composition of the environment in which 
the organism is living, and therehre varies significantly fiom 
site to site and within each site. It is important to note that the 
ATP yields calculated here are m'dximum vdua 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 
measured AOM rates show that the t>\*wall drivc f i r  AOM 
may also be dcixrmincd by the kinetics of methane oxidation 
(Regnier ctnl., 2005), high ATP yields predicted from 
thcrnlodjrtlan~ic calculations do not necessarily imply that 
AOM will occur. Furthcrn~ore, the variation in ATP 
production calculated here is almost entirely due to the 
difYerences in nlethane and sulfite concentrations bemuse the 
cc>mpositins of microbial interiors are assumed to be 
ctmstant. Larger variations could thus arise due to cellular- 
level changes in conlpositions with depth. Currently, the 
constiant total concentration assumption is necessary because 
the intncellular composition of the relevant species are 
currently not known for the microbes living at these sites, and 
are poorly known in general (see the Appendix for selected 
species concentrations). More data on the composition of 
cellular fluids will help constrain further the energetics ofATP 
qnthesis. 

CONCLUSIONS 

Solution chemistry and thermodynamics have been used to 
qu;mti(jl the energetics 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, (ii) pressure has little influence and (iii) 
dtpending on the site and the sediment depth, the variable 
cc)ncentrations of the reactants and products may lead to 
signiticant variation in the thermodynamic drive of the net 
AOM reatxion. Furthermore, in an effort to determine 
\vhether AOM is catalysed by a single organism or by a 
consortitmi of sepamte nmethane-ox4dizing archaea and 
srllfate-reducing bacteria, the energetic feasibilit)' of using 
hydrogen, fonnate and acetate as intermediate species in such 
n qntrophic community has also been tested. Since the 
concentrations o f  these intermediate species are not well- 
known for the particular sediment profiles used in this stud!; 
the thermod~namic calculations were performed over a broad 
range of likely \dues tbat are constrained by the data available 
in the titeratme. The results of these calculations suggest that, 
except in sediments characterized by a significant flow of heat 
Erom hydrothcrrmtl sources or by very lo\v concentrations of 
reactive intermediates, methane oxidation coupled to the 
produ~zion of these intermcdiatc spccies is t h e r m o d ~ c a l l y  
unfavourable. In contrast, die reactions that describe tlie 
ruduction ofsuIhte cot~plcd to the consumption ofthe same 
intermediate species are generally favoured substantialljr. 

The masimum amount ofATP that can be produced by the 
net AOM reaction at each ofthe study sit= has been trlculated 
in order to  dctcrrnine hav  pressure and tenlpemture influence 
the speciation of ATP, ADP and monophosphate, and thus, 
the energetic cost of producing ATP is  sit^. Our results 
rct~eid that a thorough thermodynamic analysis of'a particular 
biogewhrmical system provides a means to quantif) the 

influence of environmental parameters on the energetics of 
reactions and aids analyses of hypotheses concerning the 
dominant processes defming coupled methane-sulfate cycles. 
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APPENDIX 

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

where G corresponds to the Gibbs energy of the system, 5 
designatcs the reaction progress variable for the reaction, R 
stands fbr the gas constant, Trepresents the absolute temperature 
in Kelvin, Krcfers to the equilibrium constant, pi indicates the 
chemical potential of the ith species in the reaction and vi 
stands for the stoichionletric reaction coef'ficient of the ith 
spexies in the r d o n .  Rnalljr, Qdenotes the reaction quotient, 
which i. given by 

Q = nap (10) 
I 

where aj corrcsporlds to the activity of the ith species in the 
system. Val~les of K were calculated using the standard molal 
thermodynamic properties and revised HKF equations of state 
parameters fix the species of interest (Johnson et wl., 1992; 
LaRowe 8r Helgeson, 2006a,b) together with the revised 
HKF equations ofstate (see Helgeson & Kirkham (1974a,b, 
1976); Helgeson e t  al. (1981); Tanger & Helgeson (1988); 
Shock & Helgeson (1990)) using the S U P C R T ~ ~  soflware pack- 
age (Johnson et  al., 1992). Positive values of A indicate that 
the reaction of interest is thermodjmamically favoured such 
that the activities ofthe reactants decrease and those of the 
products increase. Chemical af f in i~ is used because, as first 
shown by (De Dander, 19201, A represents the change in 
Gibbs energy ot'the system caused by an infinitesimal incre- 
ment of reaction prog.ss. Chenlical atkity is thus the actual 
driving hrce for reactions ti) proceed in the direction that 
leads to an o v d ]  minimum Gihbs energy for the system, 
regardless ofwhctl~cr the actual minimum is achieved in natural 
maction processes (LaRo\vc & Helgeson, 2007). 

Bccawe thc ma&e sedin1ent pore waters are relatil~ely 
dilute, thc value ofai  f ir  H20 was taken to be equal to uniq 
at any pressure and temperature. The activity values of the 
other species wvere calculated using mold concentrations 
( m j) together with: 

where yi represents h e  soichiometric actitit)' coefficient of 
the ith species. Values ofyi for charged species were calculated 
uskg the extended Debye-Hiickel equation ( H e l p n ,  1969), 
while those for neutral species were computed with the 
Setchdnow equation (Oelken & Helgeson, 1990) using the 
HCh software (Shlrar~\r & Bastrako~; 1999; Sh%rm~% 
1999). Values of a, used to evaluate Eqn. 10 for the species 
shown in Reactions 1-7 Itrere calculated using Eqn. 11 with 
the values of mi given in Table 1. 

The standard state adopted here for aqueous species other 
than H20 corresponds to that of unit activity in a hypothetical 
one mold solution referenced to infinite dilution at any 
pressure and temperature. The standard mold thermody- 
namic properties of charged aqueous species are consistent 
with the hydrogen ion convention (see LaRowe & Helgeson 
(2007)). The standard mold Gibbs energies and enthalpies 
required to calculated values of K are expressed as apparent 
standard mold Gibbs energies and enthalpies of formation 
(Benson, 1968; Helgeson, 1969; Helgcson & Kirkham, 
1974b, 1976). 

In order to quantifL the energy required to synthesize ATP, 
the total concentrations ofADP, AD, phosphate and magnesium 
and the pH were estimated for intracellular microbial fluids. 
The concentrations of total phosphate, ADP and ATP were set 
to 4 mi (Voet etd, 1999), 1 m and 2 m~ (Thauer etal., 
1977), respectively. The pH was set equal to 7 and the totaI 
initial concentration of M e  was taken as 50 mM. This value 
of Mg was chosen since cellular concentrations higher than 
seawater (52.82 mi) (Millero, 2002) are unlikely because they 
are bound to macromolecules (Fagerbakke et nl., 1999). For 
the same reason, the intracellular ionic strength %-as assumed 
to be equal to sea water (0.7). The speciation calculations were 
also carried out using the standard molal thermodynamic 
properties and raised HKF equations of state parameters for 
individual ADP and ATP species (LaRowe & Helgeson, 
2006a,b) and the HCh Gibbs energy minimization sohare 
padcage (Shvarov & Bastrakov, 1999; Shvarov, 1999). Values 
ofA for Reaction 8 were then calculated using Eqns 9 and 10. 
The values of the R, x, ?rand z coefficients jn Reaction 8 vary 
as a h c t i o n  of temperature, pressure and pH. For e-sample, 
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 wvritren as: 

where M@P-, Mg2ADI'+, M . ~ Y T P ~ -  aid MgzATP represent 
mono- and dicomplexed magnesium acienosine di- and 
niphosphate specks. Under the snle prcacure, pH and pMg, 
but at 97 "C, that is, 3 1 cm at the , m e  site, Kcactiotn 8 becoslles 

Therefbre, temperature alone alters significantly the mtio of 
species in w&t is classical& considered to be the same chemical 
reaction. 
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