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Abstract: Asthe mgjor biological sink of methane in marine sediments, the microbially mediated
anaerobic oxidation of methane (AOM) iscrucial initsrole of maintaining asensitive balance of our
atmosphere's greenhouse gas content. Although there is now sufficient geochemical evidence to
exactly locate the "hot spots' of AOM, and to crudely estimate its contribution to the methane
cycle, afundamental understanding of the associated biology isstill lacking, consequently preventing
athorough biogeochemical understanding of an integral processin the global carbon cycle. Earlier
microbiological work trying to resolve the enigma of AOM mostly failed because it was largely
focussed on the simulation of AOM under laboratory conditions using cultivable candidate
organisms. Now again, understanding the biological and biochemical details of AOM isthedeclared
goal of several international research groups, but thistime in acombined effort of biogeochemists
and microbiologists using novel analytical tools tailored for the study of unknown microbes and
habitats. Thisreview givesan overview on very recent progressin the study of AOM that dramatically
advanced this~ 30-yr-old field. New insights on the quantitative significance of AOM are combined

to refine older estimates.

Introduction

Since pioneering reports by Reeburgh (1976) and
Barnes and Goldberg (1976), subsequent studies
employing stableisotopes, radiotracers, modeling,
and inhibition techniques have established
that methane in marine sediments is oxidized
biologically under anoxic conditions (seereview of
Valentine and Reeburgh 2000, and references
therein). Despite the compelling evidence for the
anaerobic oxidation of methane (AOM), details of
therelated biochemica mechanismsand organisms
are still unknown. Zehnder and Brock (1979)
showed that incubation of active methanogenic
cultures with *CH, would result in formation of
some *CO,, thus demonstrating the oxidation
of asmall fraction of methane under anaerobic
conditions. Although no anaerobic methanotroph
has ever beenisolated, biogeochemicd studieshave
shown that the overall processinvolves atransfer
of electrons from methane to sulfate (Iversen and
Jorgensen 1985; Hoehler et al. 1994). Theisotopic

and genetic signature of the microbial biomassin
environments enriched with methane shows that
this transfer is probably mediated by a microbial
consortium that includes archaea and sulfate-
reducing bacteria (Hinrichs et a. 1999; Boetius et
a. 2000). Thedistributions of abundant lipid prod-
ucts apparently derived from members of AOM
consortiaindicate asubstantial diversity among the
microbial players in different methane-rich envi-
ronments. However, the intermediate substrate
(e.9. H,+ CO,, acetate, formate), which is ex-
changed between archaeal and bacterial members
of the consortium and thereby coupling methane
oxidation and sulfate reduction remains uniden-
tified. In several sedimentary environments, AOM
can be the dominant sulfate-consuming process,
e.g. in sediments from Carolina Rise and Blake
Ridge (Borowski et al. 1996) or at Hydrate Ridge
(Boetius et al. 2000). Also, AOM may proveto be
the oxidative process that penetrates most deeply
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into anoxic environments wherever sulfate is
available. In the methane budget proposed by
Reeburgh (1996), more than 80% of the methane
produced annually in marine sediments is con-
sumed mostly in anoxic environmentsbeforeit can
reach the atmosphere. The previously estimated
75 Tg/yr methane consumption isnearly twicethe
annual increase in the atmospheric inventory of
CH, (40 Tglyr). However, our updated compi-
lation of published AOM rates shows that the
consumption of methane in anoxic sediments
is probably several times higher than previously
estimated, implying that methane production
estimates are probably too low aswell. In contrast
to earlier assessments, AOM may have been an
important biogeochemical processin earlier stages
of Earth history.

The Process

The metabolic process of AOM is still unknown
and al reactions discussed in the literature remain
speculative aslong as the el usive microorganisms
involved in AOM are not available for physio-
logical investigations. However, different lines of
evidence, including pore water concentration
profiles, radioisotope measurements, biomarker
studies, phylogenetic analyses, and thermodynamic
models serve as a basis to examine the likelihood
of the various proposed pathways.

In the mid 70's, it was established that in
certain horizonsin anoxic sedimentsand waters at
continental margins net consumption of methane
occurs (Barnes and Goldberg 1976, Reeburgh
1976). It was observed that AOM peaks coincide
with increased sulfate reduction. Thus, Barnesand
Goldberg (1976) suggested sulfate asthe terminal
electron acceptor for this process according to
reaction (1).

CH, + SO*— HCO, + HS + H.,O (@)

Thermodynamic models show that thisreaction
can becomefavorableat in situ conditionsinmarine
sediments, however, only with alow free energy
yield of —25 kJ per mol methane consumed (Hoehler
et a. 1994). Thisis only approximately half the
energy required for the formation of ATP. Until
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today it has been discussed controversially whether
AOM can support microbial growth. However,
recently, extremely high amounts of biomass of
aggregated archaea and sulfate reducing bacteria
involved in AOM werefound in surface sediments
above marine gas hydrate (Boetius et a. 2000).
The biomass of the consortiain the zone of AOM
(1-10 cm sediment depth) exceeded the total
microbial biomass of surrounding sedimentshby an
order of magnitude and even served as food to
some members of the macrofauna community,
as indicated by stable isotope analysis (Levin,
unpubl. data). Furthermore, the cell-specific rates
of methane based sulfate reduction were similar to
those of cultivated SRB under optimal culture
conditions. Thesefield dataindicate that the process
of AOM can support significant cell growth and
activity.

Counterintuitive to thermodynamic considera-
tions predicting an extremely low energy gain of
AOM, the involvement of two or more micro-
organisms as syntrophic partners was discussed
aready at the beginning of microbiological re-
search on this process (seereview of Valentine and
Reeburgh 2000, and literature therein). It was
proposed that a consortium of microorganisms
involving both methanogens and bacteria may
mediate AOM, with the latter oxidizing inter-
mediate products derived from methane. In field
experiments conducted by Hoehler et al. (1994),
AOM was possible as long as hydrogen concen-
trations were kept at extremely low levels. The
authors concluded that AOM is mediated by two
syntrophic partners, which rely on interspecies
hydrogen transfer: methanogenic archaea medi-
ating the oxidation of methanewith water (reaction
2), and sulfate reducing bacteria scavenging the
intermediate hydrogen (reaction 3).

CH, +2H,0 - CO, + 4 H,
SO +4H,+H - HS +4H,0

()
3)

Thefreeenergy gain of thereversal of methano-
genesisasshowninreaction (2) dependsto alarge
degree on the concentration of dissolved hydro-
gen in pore waters. For example, under reactant/
product concentrations and temperatures typical
for Cape Lookout Bight sediments, AOM becomes
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favorable at H, concentrations below 0.3 nM
(Hoehler et al. 1994). Theinvolvement of methano-
genic archaea in the first part of the reaction is
supported by the occurrence of strongly **C-de-
pleted archaeal biomarkers in environments with
evidence for high rates of AOM (Hinrichs et al.
1999, Elvertetal. 1999, Thid et a. 2001). Extreme
depletions of *C were also observed in bacterial
biomarker lipids, consistent with aderivation from
methane-C (Boetiuset a. 2000, Hinrichset a. 2000,
Elvert et a. 2000). To explain the low §*C in the
lipids of the SRB by reaction (3), one would have
to assume adirect transfer and assimilation of the
8"*C-depleted CO, produced from methanewithin
the archaea/ SRB-consortium. Thismechanism re-
quiresformation of microenvironmentswith strong
physicochemical gradients, sothat utilization of CO,
from reaction (2) would be much faster than diffu-
sion of pore water CO, to the SRB partner. Ac-
cordingto adiffusion modd, thisisonly possibleif
the distance between both partnersis smaller than
10 pm, which agrees with dimensions observed in
aggregates of archaea/SRB in sedimentsat Hydrate
Ridge (Boetius et al. 2000 and literature therein).
However, uncertainty remains with respect to the
fractionation factorsfor autotrophic consumption of
CO, by the SRB, which could also cause signifi-
cant depletion of *Cinther lipids. Inprinciple, bio-
synthesisfrominorganic carboninthe SRB appears
feasible and is consistent with recent observations
at Hydrate Ridge, where many relatives of the
sulfate reducers associated with archaea are fac-
ultative autotrophs.

According to the biomarker and 16S rRNA
analyses, the dominating archaea in zones of
AOM a methane seeps and above methane hydrate
(Hinrichs et al. 1999; Boetius et al. 2000; Orphan
et al. in press) are closely related to the
Methanosarcinales. These methanogens include
the known major producers of hydroxy-
archeolsand typically use acetate and reduced C -
compounds for methanogenesis. Hoehler et al.
(1994) discussed acetate as an intermediate in
AOM. Thereversal of acetoclastic methanogenesis
would involve the formation of acetate accord-
ing to reaction (4), which could serve as a car-
bon as well as an energy source to the sulfate re-
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ducing bacteria. Also, cultivated bacteria of the
Desulfosarcina/Desulfococcus group of the delta-
proteobacteria are known as complete acetate
oxidizers, ableto mediate reaction (5).

CH, + HCO, — CH,COO" + H,0
SO,* + CH,COO" — HS + 2HCO;

(4)
©®)

However, to make AOM with acetate as inter-
mediate thermodynamically attractive, acetate
concentrations would have to be lower than 2 nM
to gain at least —10 kJ of free energy (Hoehler et
a. 1994; Boetius et a. 2000). Such low concen-
trations are uncommon for most marine sediments
and would be far below the Michaelis Menten
constant for acetate uptake by known SRB.

Valentine and Reeburgh (2000) recently pro-
posed an aternative pathway involving acetate that
yields ahigher change of free energy (-50 kJ) and
could explain isotopic depletions in biosynthetic
products of the SRB partner more satisfactorily
than reactions (2) and (4). They suggest a for-
mation of acetate solely from methane, and a
transfer of both acetate and hydrogen to the SRB
partners (reaction 6-8). However, the biochemical
pathways of reaction (6) are without example in
cultured organisms.

2CH, + 2H,0 — CH,COOH + 4H, (6)
4H,+S0%*+H"—>HS +4H0 (7
CH,COOH + SO,* — 2HCO, + HS + H* (8)
2(CH, + SO,* —» HCO, + HS + H,0)

(net reaction)

The Methanosarcinales uniquely include the
methylotrophic methanogens. These organisms
are capabl e of disproportionating methanol, meth-
ylamines, or methyl sulfides to methane and car-
bon dioxide, indicative of an enzyme system to
oxidize R-CH, to CO, anaerobically. Hence, such
C, compounds could also be potential inter-
mediates according to reactions (9/10) with meth-
anol as an example. However, only very few
known SRB are able to use methanol astheir sole
carbon substrate, and no SRB have been isolated
yet which can grow on methylamine (Hansen pers.
comm. 2000).
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4CH, + 4H,0 — 4CH,OH + 4H, ©)
3S0,* + 4CH,OH—3HS + 4HCO, + 4H,0 + H*

(10)

A thermodynamic model considering the dif-
ference in concentrations between the producing
and consuming partners by Sgrensen et al. (in
press) teststhelikelihood of the different possible
€lec-tron shuttles hydrogen, acetate, methanol, and
formate. Only transfer of formate according to
reactions (11/12) resulted in free energy gain.
Formate is used by members of the order Meth-
anobacteriales and Methanococcales for meth-
anogenesis but no member of the order Methano-
sarcinalesis known to utilize formate.

CH, + 3HCO, — 4HCOO + H* + H,0
SO + 4HCOO + H* — HS + 4HCO;

(12)
(12)

In the attempt of predicting the metabolic
pathways of AOM on the basis of our cur-
rent knowledge, areversal of methanogenesis on
the basis of known enzymes appears attractive.
In the case of methanogenesis, some of the en-
zymes of methanogens used for the reduction of
CO, to CH, are operating in reverse in the oxi-
dative pathway of the sulfate-reducing archaeon
Archaeoglobus. However, the final enzymatic
step in methane production involves the protona-
tion of methyl-nickel by the enzyme methyl-CoM
reductase and is considered irreversible (see
review of Hoehler and Alperin 1996 and literature
therein). Hence, itislikely that other, yet unknown
enzymes are involved. The complete sequencing
of the genomes of the methanogenic archaea
Methanococcus jannaschii and Methanobac-
terium thermoautotrophicum detected 30% pu-
tative coding regionswith no similarity to any se-
guencein other organisms (Gaasterland 1999) and
most regions similar to other genomes code for
proteins of unknown function. Notably, members
of the order Methanosarcinales have a much
larger genome than other methanogens. The se-
quencing of a first member of the Methano-
sarcinales, Methanosarcina mazei, is presently
in progress.
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Present Knowledge on Microbes|nvolved
inAOM

Early experiments by Zehnder and Brock (1979)
indicated that methanogenic archaea are capable
of oxidizing **CH, to **CO, under anaerobic cul-
ture conditions, although only at afraction <0.5%
of the concurrent methane production. Addi-
tionally, a small amount of *C was incorporated
into archaeal biomass. The most efficient CH,
oxidizer was Methanosarcina barkeri, which
also produced acetate and methanol during CH,
oxidation. Early experiments using **C-labelled
methane were likely biased by impurities of
14CO, which is oxidized by several anaer-
obic microorganisms to *CO, (Harder 1997).
Using pure **CH,, Harder (1997) showed that
Methanosarcina acetivorans, Methanospirillum
hungatei, and Methanolobus tindarius oxidized
methane at low rates. None of the sulfate reducing
bacteria tested with pure **CH, produced signifi-
cant amounts of *CO, from methane. So far, all
pure culture experiments (including Methano-
sarcina, Methanosaeta and Methanobacterium
spp. astest organisms) empl oying maintenance of
low H, pressure via gas sparging, or co-culturing
of SRB (Desulfotomaculum) failed to reverse
methanogenesis to methane consumption
(Valentine and Reeburgh 2000). However, at very
high methane pressure (100 atm), Shilov et al.
(1999) observed areversal of acetoclastic meth-
anogenesis in sludge granules that consisted of
mixed cultures of microorganisms dominated by
Methanosarcina and Methanosaeta spp. In any
case, the direct association of archaea with
SRB would alow for ahighly efficient transfer of
intermediates by molecular diffusion compared to
free-living cells. This could be a prerequisite to
render the process of AOM thermodynamically
favorable (Sgrensen et al. in press).

Hinrichset al. (1999) combined evidencefrom
biomarker studies and phylogenetic analyses and
thereby detected anew group of archaea possibly
involved in AOM in sedimentsfrom methane seeps
of the Eel River Basin. The archaea-specificlipid
biomarkersisolated from the seep sedimentswere
strongly depleted in **C (6 < —100%o. vs. PDB),
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indicating that methane was the carbon source
for the organisms that synthesized them. These
biomarkers are known to occur in methanogenic
archaea and have been isolated from members of
the order Methanosarcinal es. The ribosomal-RNA
gene library yielded only two major archaeal
phylogenetic groups from 176 clones analyzed.
Most rDNA sequences, accounting for 148 of the
176 archaeal clones recovered, form a cluster of
unique but highly related sequences (group
ANME-1) (Fig. 1), each distinguishable by RFLP
analysis and primary structure. Other cloneswere
comprised of a sequence type closely related to
cultivated members of the Methanosarcinales

9%4r Eel- BAlal
Eel-TA2el2
Eel-BA2e8
Eel-TA1bl12
Eel-BAla2
Eel-TAla6
Eel-TA1a9
Eel-BA1bl
Eel-BA2F4

671

52 Methanomicrobium mobile
5C g
- @cthanocullcus thermophilicus
Methanogenium tationis
Methanospirillum hungatei -

Methanosaeta concilii
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(ANME-2 group; Orphan et al. in press). The
group ANME-1 is distinct from, but related to,
methanogenic archaea of the orders Methano-
microbiales and Methanosarcinales. ANME-1
related sequences have been recovered from a
variety of methane-rich locations but not from any
other agquatic environments. In sedimentsof the E€l
River Basin and Hydrate Ridge, no rRNA se-
guences of previously cultured methanogenslike
Methanosaeta concilii or Methanosarcina spp.
- known producers of sn-2-hydroxyarchaeol -
were detected, implying that the **C-depleted
archaeal biomarkersarelikely produced by organ-
isms represented by sequences either within the

Methano -
microbiales

ANME-1

100f 2MT7
m‘:[ 2C83
Eel-BA2H11 ®

Methano -
sarcinales

57

100
86|

99

Methanosarcina barkerii

Methanosarcina acetivorans
Methylcoccoides methylutens
Methanolobus tindarius
Methanohalophilus oregonense
Methanolobus taylori
Methanohalobium evestigatus

e ANME-2

Eel- TAlad ®

Fig. 1. Partial illustration of phylogenetic analysis of archaeal ribosomal rRNA sequences recovered from seep
sedimentsinthe Eel River Basin (modified after Hinrichset a. 1999), showing the methanogenic archaeal orders
Methanomicrobiales, Methanosarcinales, and the newly recovered groups ANME-1 and ANME-2 (anaerobic
oxidation of methane). Escherichia coli, Thermotoga maritima, Aquifex pyrophilus and Synechococcus pcc6301
were used as outgroups. Scale bar represents 5 fixed mutations per 100 nucl eoti de sequence positions. Sequences
obtained in this study have been submitted to GenBank under the accession humbers AF134380-AF134393.
Sequences beginning with Eel- were obtained from samples that contain extremely *C-depleted archaeol and
hydroxyarchaeol. Methanogenic archaea of the order Methanosarcinales that are known major producers of

hydroxyarchaeols are indicated by underlined letters.
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ANME-1 or ANME-2 cluster. Recent observations
of conspicuous aggregates of archaea and sulfate
reducing bacteriacomplement and strengthen ear-
lier findingsbased on lipidsand molecular phylogeny
(Boetiuset al. 2000). Fluorescencein situ hybridi-
zation (FISH) revealed that both archaeaand SRB
grow together in aggregates of approximately 3 um
diameter with an inner core consisting of archaeal
cellsand an outer shell of sulfatereducers(Fig. 2).
TherRNA probestargeted specifically theANME-
2 group among the archaea and a new cluster of
delta-proteobacterial SRB that isclosely related to
the Desulfosarcina-Desulfococcus group. In
some sampling intervals, these aggregates com-
prised over 90% of thetotal microbial biomassand
aremost likely responsible for the extremely high
rates of sulfate reduction (>5 pmol cnr2 d?) inthe
methane-saturated sediments.

Fig. 2. An archaea/SRB consortium apparently mediat-
ing AOM. Aggregated archaea and sulfate reducing
bacteria were found in sediments above gas hydrates
(Hydrate Ridge, continental slope off Oregon, USA). The
aggregated cells were exposed to a green-fluorescent
RNA-probe targeting sulfate-reducing bacteria
(Desulfococcus-Desulfosarcina group) and ared-fluo-
rescent RNA-probetargeting archaea (ANME-2 group).
The aggregate has asize of approxi-mately 10 um. The
image wastaken by confocal laser scanning microscopy.
Reprinted with permission from Nature (Boetiuset al.,
Nature407:623-626). Copyright (2000) Macmillan Maga:
zinesLimited.
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Recent work showed that both ANME
groups and the members of the Desulfosarcina-
Desulfococcus group co-occur in other methane-
rich sediments. They were found in surface sedi-
ments at deep-sea hydrothermal vents in the
Guaymas Basin (Teske et al. 2001) and the Eel
River Basin (Orphaneta. in press). Intheir study
on microbial diversity in Cascadia margin
deep subsurface sediments with abundant meth-
ane hydrate, Bidle et al. (1999) detected 16S
rDNA sequences of SRB belonging to the
Desulfosarcina-Desulfococcus group as well as
sequences of the methyl coenzyme M reductase
gene originating from members of the order Meth-
anosarcinales. In sediments of the Aarhus Bay,
Denmark, rDNA sequences of theANME-1 group
were detected in the AOM zone at 165 cm below
the seafloor. Phylogenetic analysis of the gene of
dissimilatory sulfite reductase (DSR) revealed
that all retrieved sequences belonged to a novel
deeply branching lineage unrelated to all previ-
ously described DSR genes (Thomsen et al. in
press). Currently, it is not known whether the
ANME group or any other methanogenic archaeon
possessesthe DSR gene and could account for the
deep branching DSR.

Evidencederived from parallel biomarker chem-
otaxonomy and 16S rRNA or FISH probing in
several environments supports the hypothesis
that several phylotypes have to be considered as
producers of *C-depleted archaeol and hydroxy-
archaeol (for details, see chapter on lipid bio-
markers). A series of studies report the predomi-
nant occurrence of phylotypes from the ANME-2
group (moreclosely related to Methanosarcinal es
than ANME-1) in sediments hosting active AOM
communities (Boetiuset a. 2000; Orphanetal. in
press, Teske et a. 2001). On the other hand, we
observed cases in which the ANME-1 group was
predominant (Hinrichs et al. 1999) or even the
exclusive archaeal group (Teske et al. 2001), but
13C-depleted archaeol and hydroxyarchaeol were
present as well. This indicates a considerable
archaeal diversity in AOM communities. In this
regard, interesting observationswere made at sur-
face sediments in the Guaymas Basin next to hy-
drothermal vents, where samples taken in close
proximity with either ANME-1 or ANME-2 were
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analyzed for AOM process markers. The presence
of archaeol and hydroxyarchaeol was con-
firmed for both sample types, but their isotopic
compositions displayed significant differences.
Specifically, thearchaeal lipids associated with the
ANME-1 assemblage were enriched in *C com-
pared to the samplewith theANME-2 assemblage.
ANME-1 was associated with archaeol and
sn-2-hydroxyarchaeol being -58 and —70%o, re-
spectively, whereas 6°*C was—82%o. for both com-
pounds in association with the ANME-2 assem-
blage. Interestingly, the relative contribution of
13C-depleted ether lipids assigned to bacterial
members of the AOM consortium (Hinrichset al.
2000) was significantly lower in the ANME-2
dominated sample.

One important question for understanding the
process of AOM is whether this process obliga-
torily requires the syntrophy of SRB with meth-
anogenic archaea in the form of symbiotic as-
sociations as observed in the sediments of the
Hydrate Ridge. Orphan et al. (in press) found a
similar consortium in sediments of the Eel River
Basin. A different archaea/bacteria consortium has
been detected in surface sediments above a sub-
surface gas hydrate layer in the Congo basin
(Ravenschlag et al. unpubl. data). It is likely that
different forms of syntrophic associations are re-
sponsiblefor AOM in such methane-rich environ-
ments. No microscopic investigations have been
carried out in low energy zoneslike in the subsur-
face sulfate/methane transition zone. Some of the
dataof Thomsen et al. (in press) point to the exist-
ence of a single microorganism capable of AOM
in subsurface sediments from Aarhus Bay, Den-
mark. In subsurface sediments several 100 m be-
low the sea-floor, active sulfate-reducing bacteria
are found, and concentrations of methane vary at
levels suggestive of dynamic microbial contral. It
is possible that populations of microorganisms
mediating AOM are an integral part of the deep
bacterial biosphere.

Lipid Biomarker sAssociated with AOM

Lipid biomarkers in the study of microbial com-
munitiesallow distinction on thelevel of kingdoms
and sometimes orders. A biomarkers' stable car-
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bonisotopic composition bearsdiagnosticinforma:
tion on the carbon source and/or metabolic carbon
fixation pathway utilized by its producer. Thisprop-
erty sofar hasremained inaccessiblefor genefrag-
mentsrecovered in environmental studiesof micro-
bial ecology. On the other hand, modern, culture-
independent techniques such asthe de-termination
of molecular phylogeny based on 16S rRNA are
more specific than lipid biomarkers.

The study of microbial biomarkers in sedi-
mentary environmentswith activeAOM led 1994
to the first evidence that anaerobic microorgan-
isms are capabl e of assimilating methane-derived
carbon (Bian 1994; Bian et al. 2001). Lipid bio-
marker of methanotrophic archaea often display
&C values of —100%. and lower. Thisisindicative
of moreor lessexclusive utilization of methane-C
as carbon source for biosynthesis, because the
&C of biogenic methaneiscommonly lower than
-60%.. Consequently, nowadaysin environmental
studies of the microbial ecology associated with
AOM, molecular bio-markersareacrucial test for
the presence of anaerobic methanotrophsand allow
acircumstantial connection of other microbiologi-
cal evidencetoAOM (Hinrichset al. 1999; Boetius
et al. 2000; Orphan et al. in press).

Archaeal biomarker

The first observation of a biosynthetic product of
anaerobic microorganisms using methane as a
carbon source was restricted to crocetane (Bian
1994; Bian et al. 2001), a C, isoprenoid hydro-
carbon with a tail-to-tail linkage of presumed
archaeal origin (Fig. 3). It was found in anoxic
sedimentsin the Kattegat in the sulfate reduction/
methane production-transition zonethat exhibited
maximum rates of AOM. It took several years
until similar findingswere made, at that time more
or less simultaneously by several groups who
studied lipidsin ancient and modern sedimentsde-
posited in direct vicinity to active methane
seeps (Elvert et al. 1999; Hinrichs et al. 1999;
Pancost et a. 2000; Thiel et al. 1999). Unlike other
archaeal compounds discussed in the following,
crocetane has been exclusively associated with
AOM, anditshiological producershave never been
isolated. In between, even the occurrence of sev-
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Archaeal biomarkers
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Fig. 3. The most prominent archaeal biomolecules found in AOM environments. Additional compounds are

unsaturated analogs of crocetane and PMI.

eral ¥C-depleted, unsaturated anal ogs of crocetane
was documented (Elvert et al. 2000; Pancost et al.
2000).

Thefirst unequivocal evidencefor aninvolve-
ment of archaeain AOM came from the detection
of ¥C-depleted archaea-specific molecules in
methane seep environments (Hinrichs et al. 1999).
In that study, the compounds archaeol and
sn-2-hydroxyarchaeol (Fig. 3) with 8**C values of
—100%o and lower clearly testified to an involve-
ment of archaeain AOM. Based on the chemo-
taxonomy of cultured organisms, the latter com-
pound pointed to an involvement of members of
the Methanosarcinales, with certain strains syn-
thesizing hydroxyarchaeol in particular high
abundance (Koga et al. 1998 and literature
therein). However, we note that sn-2- and sn-3-
hydroxyarchaeol were also observed in low
amounts in selected members of the order Meth-
anococcales. Archaeol and hydroxyarchaeol were
subsequently found at many other methane-rich
sampling locations, including Mediterranean mud

volcanoes, deep-sea sediments from the Aleutian
subduction zone, and in surface sediments at Hy-
drate Ridgeand in the Black Sea, respectively (Ta
ble 1). A representative reconstructed-ion-chroma-
togram of an alcohal fraction from a sedi-ment
extract from aseep inthe Eel River Basinisillus-
trated in Figure 4 (after Orphan et a. in press) and
exemplifiestheimprint of theAOM activity onthe
inventory of sedimentary lipids.

Additional compounds of archaeal origin that
arefrequently foundin AOM environmentsare 2,6,
10,15,19-pentamethylicosane (PMI) and unsatu-
rated analogs (PMIA), phytanol, and biphyt-
anediolsand bi phytanyltetragtherswith both cyclic
and acyclic isoprenoid moieties (Fig. 3). Table 1
lists the isotopic compositions of the molecules
most commonly associated with AOM for differ-
ent environments. In thiscompilation, the presence
or absence of data for certain archaeal lipids —
in particular archaeol and hydroxyarchaeol - does
not necessarily imply that these were not present,
because many surveys were limited to hydro-
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Environment Crocetane PMI, PMIA Archaeol Hydroxyarchaeol Phytanol CH4l
Hydrate Ridge -118 to —108 -124 to —102 -114 -133 -72 to -
[1,2] (n=3) (PMI, n=3), 62
Eel River Basin -92 -92,-76 -103 to —100 | -106 to —101 (n=6) -88 to —81 -50
[3-5] (PMIA, n=2) (n=6) (n=2)
Black Sea [6] -107 -101 -112 Na Na -58
Kattegat, -100 to —67 -47 to -32 Nd Nd Nd -72
transition zone (n=5) (n=5)
[7.8]
Guaymas Basin Nd Nd -81 to -58 -85 to —70 (n=3) Nd -51 to —
[9] (n=3) 43
Mediterranean ~-64 91 to -52 -96 to 41 ~-77,-58 (n=2) Nr Na
mud volcanoes (crocetene) (n=6) (n=6)
[10]
Aleutian SDZ -130 to —125 -107 to 71, -124 (n=2) Nd ~-120 to Na
[11] (n=3) (PMI, n=3), -82

-117 to -98

(PMIA, n=3)
Santa Barbara -119 -129 (PMI: 2) -119 -128 -120 Na
Basin [4]

1 3¥C of methane are data cited in referenced papers. Cited references: [1] Elvert et al. 1999; [2] Boetius et al. 2000; [3, 4]
Hinrichs et al. 1999, 2000, respectively; [5] Orphan et a. in press; [6] Thiel et a. 2001; [7] Bian, 1994; [8] Bian et al. 2001;
[9] Teske et al. in prep.; [10] Pancost et al. 2000; [11] Elvert et al. 2000. Na = not analyzed, Nd = not detected, Nr = not

reported.

Tablel. Overview onisotopic compositionsof selected archaeal lipidsin different sedimentary environment hosting

activeAOM communities.

carbons. The distribution and isotopic signatures
of archaeal lipids suggest that the archaecal AOM
communities are diverse and may differ from site
to site. Several studiesindicate that crocetane and
archaeol/hydroxyarchaeol have different archaeal
producers. For example, cro-cetane was present
inthetransition zone in Kattegat, but the analysis
of ether-bound lipids did not reveal any indica-
tion for the presence of archaeol and hydroxy-
archaeol (Bian et al. 2001). PMI was detected and
displayed very different isotopic compasitionsthan
crocetane, suggesting that in Kattegat sediments
these two compounds originate from different
archaea. At some seepsinthe Edl River Basin, only
archaeol and hydroxyarchaeol were abundant while
crocetane and PM1 were absent (Hinrichs et al.
1999, 2000). Other seeps contained all four com-
pounds, but 6**C values differed significantly from
each other (Orphan et a. in press). Moreover, at
some sites crocetane and/or PMI are more de-
pleted in 3C than archaeol and hydroxyarchaeol,
whilethe opposite was observed at other sites. This
lack of systematic isotopic relationships between

compounds is consistent with at least a partially
different origin rather than biosynthesis-related
differences in fractionation in a single organism.
Similarly, relative concentrations of these com-
poundsat different sitesdo not follow any system-
aticrules. Anisotopic difference between archaeol
and hydroxyarchaeol is observed frequently and
may alsoindicate an at least partially different ori-
gin. In most samples from several different envi-
ronmentswith both compounds present, hydroxy-
archaeol ismoredepleted in *Crelativeto archaeol
by 4 to 19%o..

Additional chemotaxonomic evidence for the
diversity of archaeainvolvedin AOM isavailable
when comparing biomarker data from different
environments. For example, Pancost et a. (2000)
and Thiel et al. (2001) report the presence
of strongly *C-depleted biphytanediols and
biphytanyltetraethers (Fig. 3) in methane-laden
environmentsin the Mediterranean and the Black
Sea(Tablel). Incontrast, the biphytanediolsfound
at methane seepsfrom the Californian continental
margin display 8=C values of around —20%o
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Fig. 4. Reconstructed-ion-chromatogram of alcohol fraction from a sediment sample taken at 6-9 cm depth at an
active methane seep in the Eel River Basin (adapted from Orphan et a. in press). Labeled peaks designate com-
pounds with isotopic compositions indicating a partial or exclusive derivation from anaerobic methanotrophic
microbes. * =C,,to C , acyclic a coholsfrom bacteria, # = sn-1-monoalkylglyceroletherswith ether linked C , to C
acyclic alcohol moietiesfrom bacteria. Text symbols. DAGE designates dialkylglycerol ether with carbon numbers
of ether-linked alkyl moietiesexpressed asnumbers, e.g. DAGE-15/15 = diether with two C .-alkyl moieties, phy-gly
= sn-1-monophytanylglycerolether (archaed), AR = archaeol (archaea), OH-AR = sn-2-hydroxyarchaeol (archaeq).

(K. Hinrichs, unpubl. data), which is consistent
with their derivation from archaeal plankton (e.g.
Schouten et a. 1998). This suggests that certain
members of the archaeal methanotrophic com-
munity present inthe Mediterranean and Black Sea
do not participate in AOM communities at
the Californian continental margin. An additional
indication for the archaeal diversity is the detec-
tion of sn-3-hydroxyarchaol as a product of
archaeal AOM members in Mediterranean Sea
sediments (Pancost et al. 2000). This compound,
originally found in Methanosaeta concilii, was not
ob-served in other environments, where only the
Methanosarcina-type sn-2-hydroxyarchaeol was
found (Hinrichs et al. 1999; 2000; Orphan et al.
in press; Teske et a. 2001).

Bacterial biomarker

In most of the previously discussed surveys of li-
pid inventories associated with AOM communities,
13C-depleted archaeal biomarker co-occur with
13C-depleted compounds of presumed bacterial
origin. The bacterial compounds are usually
dlightly enriched in °C relative to their archaea
counterparts with typical 8*C values between
-100 and —50%o, depending on compound and en-
vironment. Similarly to archaeal products, this
range of valuesindicates a partial to exclusivein-
corporation of methane-derived carbon. The struc-
tural distribution of theselipidsisnot specificfor,
but consistent with, their derivation from sulfate-
reducing bacteria.
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These lipids encompass fatty acids with 14 to
18 carbon atoms, glycerolether derivatives with
oneor two non-isoprenoidal alkyl chainsthat show
strong structural resemblance to the concurrently
occurring fatty acids (e.g. identical number of
carbon atoms, position of double bonds, and me-
thyl substitution), and al cohol swith structural fea-
tures very similar to those of the two aforemen-
tioned classes of compounds (Fig. 5). Figure 4.il-
lustrates ahigh rel ative contribution of *C-depleted
acoholsand ether lipidsto an extract from a sedi-
ment at an active methane seep. The fatty acids
associated with AOM communitiesdisplay typical
features of fatty acids from sulfate reducing bac-
teria i.e., high relative amounts of methyl-branched
and cyclopropyl isomersand double-bond positions
typical for fatty acids from sulfate reducers

Bacterial biomarkers

I N 2 V2 N\ N
O

I N 2 N 2 N
@)

Di-n-pentadecylglycerolether
OH p ylgly

W\/D/W\/\H/OH

0
C;-cyclopropyl fatty acid

O_/\/\/\/\)\/\/\/

Mono-10-methylhexadecylglycerolether
O J—
OH

OH 1-Hexadecenol ( ®7)

Fig. 5. Selected biomarkers assigned to bacterial
syntrophic partners of methanotrophic archaea
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(seeHinrichset a. 2000, for areview of structural
and isotopic features of these compoundsin seep
sediments).

Littleisknown about the biological precursors
of mono- and dialkyglycerolethers (MAGE and
DAGE, respectively) and alcohols with similar
alky! structures (Fig. 5). Their structures are dis-
tinct from those of the ether lipids produced by
archaea. The latter synthesize exclusively iso-
prenoidal ether lipids whereas these compounds
utilizen-akyl and methyl-alkyl substituents. Among
bacteria, the only known producers of non-
isoprenoidal mono- and dialkyl-ether lipidsarethe
phylogeneticaly deeply branching autotrophic phyla
Aquifex spp. and Thermodesulfotobacterium
commune (Huber et a. 1992 and literaturetherein).
However, these ether lipids have not been iso-
lated from any mesophilic or psychrophilic sul-
fate reducer. Both are (hyper)thermophiles re-
stricted to hydrothermally active environments. In
seep sediments with abundant bacterial ether
lipids, phylotypes associated with these known
producerswerenot detected in bacterial 16SrRNA
libraries generated from seep sediments (Orphan
etal.inpress, Teskeet al. 2001). Nevertheless, the
chemotaxonomic link suggeststhat psychrophilic
or mesophilic bacterial members of the meth-
anotrophic community havetheir closest relatives
among thermophiles that occupy functionally
well-defined niches in complex hydrothermal
microbial mat systems. For instance, the only prior
environmental occurrence of di-n-pentadecyl-
glycerolether, amgjor compoundin E€l River Basin
seep sediments (Hinrichs et al. 2000) (see also
Fig. 3) (DAGE 15/15), was noted in Yellowstone
hot spring bacterial mats (Zeng et al. 1992). These
compounds may be akey to further information on
bacterial AOM memberswith unknown biochemi-
cal capabilities, e.g. as hypothesized by Thomsen
et al. (in press).

The carbon isotopic compositions of individual
lipidsrelated to different AOM community mem-
bers are consistent with existing hypotheses con-
cerning thetrophic structure. In general, maximum
13C-depletionisobservedin biolipidsderived from
methanotrophic archaea (Fig. 6), followed by
dlightly smaller depletionsin the non-isoprenoidal
ether lipids (Hinrichs et al. 2000). This isotopic



468

Hinrichs and Boetius

< Methanotrophic Archaea

Bacterial Syntrophic Partner =
Higher Plants / Algae  —

\
Eel River Basin PC 26

Eel River Basin HPC 4

Santa Barbara Basin PC 24

-140 -120 -100 -80

§'°C

-60 -40 -20

Fig. 6. Ranges of carbon isotopic compositions of sedimentary lipids assigned to different sources from three
different methane seeps. Non-isoprenoidal ether- lipids were used for ranges for the bacterial syntrophic partner

(adapted from Hinrichset a. 2000).

stratification is consistent with, but not proof for,
aninitial oxidation of methane by methanotrophic
archaea, which transfer their oxidation products
(inorganic carbon plusH,, or organic C, or C, com-
pounds) to an intimately associated bacteria part-
ner (e.g. Fig. 2). Thispartner utilizes pre-dominantly
the carbon supplied by the archaeon, as indicated
by the strong **C-depl etion of the ether lipids. Un-
der the assumption that the ether-lipid producers
areautotrophs, this mechanism requiresformation
of microenvironments with strong physicochemi-
cal gradients so that diffusion of porewater CO,
to the reaction center would be much slower than
microbial utilization of CO,from the oxidation of
methane.

Relationship between environmental factors
and thed *C of biomarker lipids

In general, the carbon isotopic composition of the
lipid products of methanotrophic microorgan-
isms appearsto be controlled by thefollowing fac-
tors:

¢ The carbon isotopic composition of methane.

¢ The composition of the microbial community, i.e.,
different organisms fractionate differently during
lipid biosynthesis.

¢ Environmental conditions such as temperature,
substrate limitations and *C-enrichment inresidual
methanein predominantly diffusion-controlled sedi-
ment columns.
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For datafrom methane seep environments, the
general influence of 3*C of methane on that
of lipid biomarkers assigned to methanotrophic
archaea is evident and is most consistently
reflected in theisotopic compositions of archaeol,
hydroxyarchaeol, and crocetane. In most sedi-
ments with available data on &**C of methane,
archaeol is depleted in *C relative to methane by
about —-50%o. The relative depletions in other
lipids associated with AOM appear to be more
variable. For example, the difference in 6**C of
methane between the Edl River Basin and Hydrate
Ridgeisreflected in *C-depletionsin archaeol of
a similar magnitude. The large fractionation be-
tween substrate and biomass is consistent with
findingsfrom laboratory experiments of the meth-
anogen Methanosarcina barkeri growing on
methylamine (Summonset al. 1998). Notably, the
difference between the isotopic composition of
methanotrophic lipid products and the substrateis
significantly lower at hydrothermal vent sitesin
the Guaymas Basin, where methane, derived from
thermal and microbial decomposition of organic
matter with 8**C of —51 to —43%. occurs in high
concentrations in the upper sediment column.
Here, an influence of the about 15°C higher tem-
peratures in the uppermost centimeters of the
sediment may reduce the carbon isotopic frac-
tionation during lipid biosynthesis, resulting in ar-
chaeal productswith 6**C between —81 and —58%o.

Themicrobial oxidation of methaneleadsto an
enrichment in *C in the residual methane due
to a preferential utilization of ?C-methane. This
process can cause a "distillation” of *C-methane
in upward sediment profiles and may affect
the carbon isotopic composition of the microbial
biomass formed upon methane oxidation, espe-
cially in sediment zones with limited, diffusion-
controlled supply of methane. However, therela-
tively constant fractionation between methane and
methanotrophy-based, biosynthetic products at
most seep sites suggest that this effect islessim-
portant when the flux of methane is large com-
pared to the fraction consumed. For example,
down-core variations of 8**C of archaeol and hy-
droxyarchaeol at an active seep are negligibleand
do not indicate any effect of *C-enrichment in
methane on thelipid isotopic composition (Fig. 7).
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These depth profiles are consistent with aconstant
biological fractionation under conditions of large
excess of the methane substrate. In contrast, the
O=C of an ether lipid assigned to abacterial mem-
ber of syntrophic AOM community decreaseswith
depth (Fig. 7). Thistrend is probably related to a
parallel decrease of 6'°C in pore water CO,,
which may be partially utilized by the bacterial
syntrophic partner in addition to intermediatesand
products of methane oxidation that are trans-
ferred directly to the bacterial syntrophic partner.
This increasing *C-depletion with depth is sup-
ported by theisotopic compositions of authigenic
carbonates in the same core, with 6*C values
decreasing from —18 to ~ -30%. over the same
depth interval (Orphan et a. in press).
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Fig. 7. Depth profile of carbon isotopic compositions
of individual compounds assigned to members of the
AOM consortium in a sediment core at an active seep
inthe Eel River Basin (datafrom Orphan et d. in press).
MAGE 16:1 designatesamonoal kylglycerolether with
the alcohol moiety being C

16:1(w7)"
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A very different situation was observed at the
Napoli mud brecciain the M editerranean (Pancost
et a. 2000). At this site, the flux of methane was
significantly lower than at other sites studied by
the team. The"distillation" of *C-methanein the
upward sediment profile by continuous preferential
consumption of 2C-methaneis evident in *C of
PMI and archaeol, which increase by about 20%o
in the depth interval from 18 to 3 cm below
the seafloor to values that are indistinguishable
from those of products of primary production
(e.g. archaeol = -20%0). The generally elevated
&%C vaues here might be related to (a) a higher
13C-content of the methane source compared to
other environments, (b) a limitation of the meth-
ane substrate with possibly nearly quantitative
consumption of the methane, thereby preventing
the full expression of the biological fractiona-
tion during lipid biosynthesis, and (c) acontinuous
B3C-enrichment in the residual methane, which
may havebeeninitiated already at sediment depths
below those sampled by Pancost et al. (2000).
A similar observation was made in Kattegat
sediments, where the depth profiles of 6°C of
crocetane and PMI did not display any resem-
blance, athough theisotopic compositionindicated
that both compounds contained at least partially
methane-derived carbon (Bian et al. 2001).

Therates

First estimates of methane oxidation rates in
anoxic marine sedimentswere obtai ned by numer-
ical modeling of changes in pore water concen-
trations of methane and sulfate in shallow water
aswell as deep-sea sediments (Barnes and Gold-
berg 1976, Reeburgh 1976). Reeburgh (1980) and
Iversen and Blackburn (1981) used *C-labeled
methane for sediment incubations and subsequent
measurement of **CO, production in coastal sedi-
ments. Both methodsare still used to estimaterates
of AOM in marine sedimentsand in the water col-
umn. For the measurement of methane concen-
trationsin sediments, asampleismixed into aso-
dium hydroxide solution. After equilibration
with the headspace of the sample vial, gas
is sampled with a gas tight syringe and injected
into a gas chromatograph with aflame ionization
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detector. The modeling approach assumes a steady
state of pore water concentrations and atransport
of methane by molecular diffusion only. Then, the
consumption of methane (R) is balanced by the
supply of methane due to molecular diffusion.
Usually, the sediment zone of interest is divided
into several depth intervals (z) and the simplest
consumption profileis chosen which fits the con-
centration profile best, according to the formula

R =D, d*C/dz? (13)

At temperatures between 2-10°C, thediffusion
coefficient (D) for methane is between 0.7-1 x
10° cm? s* (Li and Gregory 1974). One of the
largest problems of this method is the accurate
determination of methane concentrations (C) in
zones of supersaturation of methane. In seawater,
methane is soluble to a concentration of up to
1.5 mM at low temperatures and atmospheric
pressure. At higher concentrations, gas bubbles
form and methane is lost due to ebullition. The
solubility of methane increases linearly with
increasing pressure. Thus, methane can escape
detection due to depressurization of deep-sea
sediments during core recovery. Unfortunately, no
methane sensors are yet available for in situ
profiling in deep-sea sediments.

The radioi sotope measurements are more sen-
sitive and can detect very low methane oxidation
rates. “C-methane is injected into undisturbed
sediment samples and incubated for hoursto days.
Subsequent mixing of the samplesinto a solution
of sodium hydroxide terminates the microbial
activity. After degassing of methane from the
sample, the *“CO, produced by oxidation of radio-
labeled methane is stripped from the sample by
acidification and captured in a CO_-adsorbing
agent for measurement in a scintillation counter.
The AOM rate is calculated from the amount of
“CO, formed and the concentration and radio-
activity of methane in the sample (lversen and
Blackburn 1981). Problemswith thismethod may
arise from the use of impure *C-methane (con-
taining *CO or *CO,) or due to aeration, warm-
ing, and decompression of the samples during
recovery and handling. Theresulting ebullition of
methane causes ateration of the sediment struc-
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ture and of the pore water gradients, which can
lead to substantial analytical bias. No instrument
for the in situ measurement of methane oxidation
isavailableyet.

Other approaches to estimate AOM include
numerical modeling based on pore water carbon
isotope data (Burns 1998) and measurements of
sulfate reduction rates (SRR; Aharon and Fu 2000;
Boetius et a. 2000). However, the percentage of
sulfate consumed by sulfate reduction coupled to
AOM is rather variable and thus impedes the
accuracy of estimates based on consumption of
sulfate. In surface sediments of non-seep envi-
ronments, AOM generaly accountsfor around 10%
of sulfate reduction, with increasing proportions
towardsthe subsurface methane-sulfate transition
zone. Here, several studies detected contributions
of AOM tototal SRR of 40-100% (Borowski et al.
2000; Fossing et al. 2000; Niewohner et al. 1998).
To date, only two studies determined the contri-
bution of AOM rates to SRR at methane seeps.
The proportion of sulfate reduction coupled to
AOM was 8% at methane seeps in Eckernférde
Bay (Bussmann et al. 1999) and around 30% at the
gas hydrate bearing caldera of the Arctic Haakon-
Mosby mud vulcano (Lein et al. 2000). However,
the comparison of SRR at methane seeps with
those at close-by control stations indicates that
AOM islargely responsible for sulfate reduction
at seeps. In the Gulf of Mexico, SRR was 600
times higher at methane seeps than at reference
stations (Aharon and Fu 2000). At Hydrate Ridge,
SRR were extremely high above gas hydrate (ca.
5umol cm3d?), but below detection limit at anear-
by reference station.

Table 2 shows an overview on published
rates of AOM measured in different areas of
continental margins. I n each depth zone, modelled
AOM ratesarelower than AOM rates determined
with “¥C-methane. In a comparative study using
both methods, the modelled rates were 4-fold
lower than measured rates (1versen and Jergensen
1985). Despite al the uncertainties related to the
comparability of methodsandtotheir intrinsic er-
rors, the range of rates (less than two orders of
magnitude) isnot different to that foundin SRR or
oxygen consumption rates. In contrast to O, con-
sumption, thereisonly aslight decreasein AOM
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rates with water depth. The decrease in O, con-
sumption with water depth in marine sedimentsis
explained by the decrease of the input of POC to
the seafloor viasedimentation. Inthe case of meth-
aneturnover, onewould also assumealink to POC
sedimentation rates, since methane is mostly de-
rived from the microbial degradation of POC.
However, thislink is not obvious for the process
of AOM. The calculation of the relative amounts
of methane consumed viaAOM in four different
depth zones of continental marginsindicates about
equal contributions of each zone to the global
budget of methane consumption in marine sedi-
ments (Table 3). In contrast, the distribution of
aerobic POC degradation (equivalent to oxygen
uptake) isan order of magnitude higher onthe shelf
than on the slope (Jargensen 1983). According to
our estimate, AOM in marine sediments sums up
to 300 Tg a, which is nearly four times higher
than the previous estimate by Reeburgh (1996).
The revised budget compares to 10% of the total
O, consumption in marine sediments, i.e., to 12%
of the aerobic POC oxidation (applying the Redfield
ratio).

These calculations do not include AOM rates
at methane seeps, which are at least an order of
magnitude higher than AOM rates in non-seep
sediments. Unfortunately, reliable estimates
of the total area of sediments affected by meth-
ane seepage are not yet available. In addition,
conditions similar to those at cold seeps are
likely to prevail at hydrothermally active, marine
sedimentary environments as indicated by obser-
vations of diagnostic biomarkers and phylotypes
at hydrothermal vent sites in the Guaymas Basin
(Teske et al. in 2001). A variety of different seep
typesare known from active and passive margins.
Methane seeps may be caused by hydrocarbon
deposits, brinefluids, sediment compaction, or land
slides (Sibuet and Olu 1998). Also, methane see-
page is often related to subsurface gas hydrate
deposits which can continuously feed methane
seeps at active and passive continental margins.
Furthermore, the dissociation of surficial meth-
ane hydrates can support methane seepage in
those zones of continental margins where the hy-
drates are at their stability limit (500-1000 m wa-
ter depth). Areaswith gas hydrates exposed at the



Hinrichs and Boetius

472

's0oss aleyBWl Je pue suififew [eIusunuod e SIUSWIPSS Ul aUeyisll JO UOIRPIXO d1qo.iseue Jo saley Za|qel

"JXQ} 9Y} Ul PASSNOSIP SUOSEaI 10} NQV JO JeWSAIOPUN UL 0) SPBI] SIY) “AJOYI] ISOIN]
(%0€) SuoneSNSIAUL [[e JO ONBI YYS/INOV 958ISAR 3 PIsn aM YIS WO NV JO UONB[NO[ED 3} 104 |,

000¢ ‘le 18 ueT] "dxa J9del 8681 S 9 0.-1 0c 0SZl  elspled AWAH
000¢ ‘Ie 1o snivog q4S GZrol 14 00¢ 000€-0 gl 082 abpry ajeIpAH
000¢ n4 pue uoleyy qHS 8¢eel 14 0¢ 068G 02IX8\ JO JIND
‘wqgns sysuuiH sadojos| 00S‘LL A% ol 02G  uiseg JsAly 8] sdees
6661 ‘|e e uuewssng "dxa Jsoel) 0881 S ol 0S-0 0g Gz Aegopiguiedog aueyp
100¢ ZInYyos pue [gqez burjlepow 9¢ 0L0 0SS1 0S6¢ uej allez
000¢ ‘Ie 1° bsmoliog Buijlepow € 100 7000 G100-0 00¢€¢ 000¢ abpry axelg
866} suing sadojos| €0-0 000S 00.L¢ ueq uozewy
GS S0 009 G90¢
0002 | o Buisso Buijlepow 08 220 (0]0) % ¢/gl  odojs eiqiuueN
Zs 710 0. 090¢ wooov
8661 ‘Ie }e JauyomsiN Buijlepow 0¢ 800 0. ZlelL  odojs eiqiueN -0001
Buijepow GG GL0 ozl 00v1 uibrew
9/61 ybingeay Buijlepow 6591 770 0cl 00€}  Yyoual) odeue)d Jamo]
gl S00 0S¢ 911 woool
L00Z ‘le 18 ussuabiar Buijispow (0} 80°0 0s¢ 96¢ €3S Xoe|g -00¢
€861 |oreQ "dxs Jsoel) 09% 92’ S G.'0-0 12 géc }8|ul yolueeg uibrew
G86| uasuabigr pue ussian] dxa Jadel) A % 911 0l Z1-0 oLl 002 yesabeys Jaddn
13 0L0 0se 181
L00Z ‘|e Jo ussuabiar Bulepow (57 L0 0se ocl €93 Yoe|g
G861 ybingaay pue uuadly  “dxe Jeoel) Lce 880 Z 0L-0 (014 g9 Aeg uexs wQ0c-0g
0861 ybingeay "dxe Je0e) Sly 4 € 6-0 Ge G9 Aeg ueyg Jlays
Gg6] uasuabiar pue ussiaen] "dxe Jaoel] €0¢ €80 S0 9-0 0.l g9 1ebaney J8)N0
6661 ‘|e e uuewssng "dxa Jsdeln 901 620 90 ¥7€-0 0g GZc  Aeg epigjuisxog
100¢ 'le }® usswoy| "dxa Je0el) 91 S00 1-0 00¢ 9l Aeg snytey
7661 ‘|e e J8|ysoH "dxa Je0el) 6€9 GL'L S 61-0 ge ol IN0¥007 ade) w 0G-0
8661 ‘[e}° ussueH "dxa Jooely c¢col 08¢ L L1-0 oy l piol4 epujwsioN JI/ys
G861 uingyoe|g pue ussiaA|  “dxe Jsoel) ¢ 100 100 120-100 ¢l l paol4 BuisAyy lauu|
(e (P (P (P (wod) (w)
LW oww) _wjoww)  wojowu) _wojowu) ydsp  ydep
90In0S poyIs pajeibaju| pajelboju] abeloay NOVY juswiIpasg Jayepn uoneoo ealy




TheAnagerobic Oxidation of Methane

seafloor (e.g. Hydrate Ridge; Suesset al. 1999) are
characterized by similar chemosynthetic com-
munities and carbonate structures as other methane
seeps. The data compiled in Table 3 indicate that,
even if the area affected by methane seepage at
continental marginsisbelow 1%, thismight havea
significant impact on the total methane budget.
Thus, a more accurate mapping of seepage areas
isextremely important for realistic cal cul ations of
methane consumption in the sea. Recent inves-
tigationsby Suesset a. (1999) show that the same
might be true for oxygen consumption at seeps,
which might significantly contribute to the total

oxygen demand of continental margin sediments.

ThePotential Roleof AOM in the
Evolution of Biogeochemical Cycleson
Earth

Studies of carbon isotopic compositions of kero-
gens and organic carbon suggest that around
2.7 Gyr ago methanotrophy was an important
pathway of carbon assimilation in earth's bio-
geochemical cycle (Hayes 1994). Until recently,
it was accepted as common sense that this iso-
topic excursion indicates aperiod in Earth history
when increases in the concentration of free oxy-
gen in the ocean and atmosphere allowed aerabic
methanotrophic bacteria to radiate. Due to the
abundant methanein ocean and atmosphere, meth-
anotrophswere ableto produce significant amounts
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of microbial biomassthat were subse-quently bur-
ied in the rock record and had de-creased the iso-
topic composition of the buried organic carbon. An
anaerobic mechanism was not seriously con-
sidered because the anaerobic, sulfate-dependent
oxidation of methane was believed to be very
inefficient in biomass production, at least com-
pared to the pathway involving methanotrophic
bacteria. AOM was therefore thought to be
inadequateto explain large contributions by meth-
ane assmilating microbesto buried organic carbon
on the order of 30 to 40% (Hayes 1994).

New findings, however, of unexpectedly large
quantities of methane-derived carbon from an-
aerobic, methanotrophic microbial consortiainre-
cent marine sediments have motivated a reas-
sessment of the paleoenvironmental conditions
during the era of methanotrophy 2.7 Gyr ago
(Hinrichs subm.). Comparisons of the accumu-
lation rates of methane-derived carbon in anoxic
modern sedimentary environmentsto thosein the
L ate Archaean Tumbiana Formation served asthe
basis for this reassessment. The Tumbiana For-
mation is a member of the Fortescue Group with
consistently 3C depleted organic carbon. The com-
parison indicated that the rates of accumulation
of methane-derived carbon in rocks from the
Tumbiana Formation were significantly lower than
rates at modern methane seeps. | nstead, they com-
pared well to rates observed inthe methane/sulfate
transition zone of modern anoxic sediments at
Kattegat, where AOM occurs at moderate concen-

AOM O, uptake Area AOM O, uptake
(mmol m> d™") (mmol m?d") (10”m?) (10" mola") (10" mola™)
Inner shelf 1.0 20 13 4.6 95
Outer shelf 0.6 10 18 4.0 66
Upper margin 0.6 3 15 3.5 16
Lower margin 0.2 0.3 106 6.9 12
Sum: 152 19 (304 Tg CHy)
Seepage areas 18 471 0.5%= 4.9 129

0.75 10" m*

! Average of oxygen uptake rates measured at different seeps as reported by Suess et al. (1999).

Table 3. Anaerobic oxidation of methanein different depth zones of continental margins. The areasand O, uptake
ratesare adapted from Jargensen (1983). The val uesrepresent averages of thedatashownin Table2. Thecalculation
of the contribution of areas affected by methane seepageis purely speculative (indicated initalics). 10 mol CH,

isequivalentto 16 Tg CH,.
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trations of both methane and sulfate (Iversen and
Jorgensen 1985; Bian et al. 2001). Thisfindingin-
dicates that, in principle, AOM could provide a
mechanism for the formation of iso-topically light
organic carbon 2.7 Gyr ago.

This alone does not explain the tempo-
rary nature (probably ~ 0.1 Gyr duration) of a
hypothetical eraof methanotrophy based on AOM.
An aerobic mechanism as proposed (Hayes 1994)
would be consistent with the evidence that
oxygenic photosynthesis was already estab-
lished at that time (see Summons et al. 1999 and
literature therein). Accordingly, the termination of
the "isotopic event” was related to the continuous
increase of atmospheric oxygen concentrations
to levels that drove methanogens into more re-
stricted environments with poorer supplies of
fermentabl e organic matter, thereby progressively
decreasing the amounts of methane produced.

Onthe other hand, two points argue against the
aerobic mechanism: (1) In the present marine en-
vironment under well aerated conditions, methane
oxidation and in particular the accumulation of
methane-derived carbon are clearly dominated by
AOM, even at methane seeps with a large inter-
face between methane-rich fluids and oxygenated
waters. (2) Although oxygen was obviously pro-
duced, thereislittle consensus on the actual degree
of oxygenation of the Earth's surface around that
time. However, it appears well established that
a significant accumulation of oxygen com-
menced not later than around 2.1 Gyr. Several
recent studies suggest that concentrations of sul-
fate were significantly lower than those at present
(Canfield et a. 2000; Farquhar et al. 2000) and that
significant changesinthe sulfur cycle occurred with
the onset of the Proterozoic. In that light, an
anaerobic pathway of methane-derived carbon
fixation may well mark an important transition in
the biogeochemical cycles of carbon and sulfur.

Accordingly, the sequence of possible events
can be described in three stages (Fig. 8). (1) Prior
to~2.7 Gyr, accumul ations of free oxygen and sul-
fatewere probably minimal and thereminerdization
of organic carbon occurred in anoxic habitats, pre-
sumably by fermentative pathwayswith meth-ane
and CO, being the terminal products. Due to low

Hinrichs and Boetius

levelsor absenceof biologically utilizable electron
acceptors, methane was probably stable at satu-
rationlevelsin porewatersof sedimentsandinlarge
partsof water bodies. (2) Withincreasing oxygena-
tion of the Earth's surface as aresult of oxygenic
photosynthesis, sulfate concentrations increased
locally and/or globally above certain threshol dsthat
led to morefavorable conditionsfor sulfate reduc-
ers and consequently for AOM. An excellent ana-
log for thistemporal transition in the sulfur-meth-
ane cycle can befound in avertical sequence of a
modern anoxic sediment (Fig. 8). Moving upwards,
at the intersection of the zones of methanogenesis
and sulfate-reduction, the an-aerobic consumption
of methane becomesthe dominant sulfate-consum-
ing microbial process and leads to stoichiometric
consumption of sulfate. Similarly, in certain mod-
ern environments, almost all sulfate flows to the
anaerobic oxidation of methane (e.g. Boetiuset a.
2000; Aharon and Fu 2000). In analogy to these
modern examples, the 2.7 Gyr excursion possibly
marks an geological era during which sulfate re-
duction ispredominantly coupledtoAOM. (3) The
termination of the era of methanotrophy was
caused by the continuousincrease of oxygenation,
leading to larger inven-tories of sulfate. For the
microbial breakdown of organic carbon the conse-
quences of such atran-sition are an increasing
importance of anaerobic respiratory processesand
adecreasing importance of fermentative pathways.
Simultaneously with thistransition, the fraction of
methane formed from each mole of organic car-
bon decreases. Again, the vertical sedimentary
sequence displays model character for the char-
acterization of thistransition in the modesin car-
bon remineralization in Earth's history. For exam-
ple, in sediments containing sulfate-rich pore wa-
ters, methanogens are not successful in the com-
petition with sulfate reducers for H, or acetate,
preventing significant formation of methaneinthis
zone.

In conclusion, an anaerobic mechanism for
the deposition of unusually *C-depleted organic
carbon at 2.7 Gyr ago appears feasible. Accord-
ingly, the isotopic anomaly marks a period of
increasing importance of microbial sulfate reduc-
tion for Earth's carbon cycle.
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Fig. 8. Speculative comparison of atypical vertical distribution of biogeochemical zonesin coastal marine sediments
with ahypothetical, temporal evolution of biogeochemical cyclesin Earth'shistory (Hinrichsin prep.).
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