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Vorwort 

Die Ergebnisse der vorliegenden Arbeit leisten einen Beitrag zum hochaktuellen The

ma der anaeroben Oxidation von Methan in marinen Sedimenten. Verschiedene Veröffentli

chungen, darunter auch eine des Autors dieser Dissertation, berichteten fast gleichzeitig in

nerhalb dieses Jahres über organische Biomoleküle (Biomarker), die eindeutig nachweisen, 

daß dieser Prozeß innerhalb der Bio- und Geosphäre aktiv ist. Diese Ergebnisse sind deshalb 

überraschend, da bis dato dieser Prozeß nur indirekt nachgewiesen werden konnte. Um der 

Aktualität des Themas Rechnung zu tragen, wurde diese Arbeit, abweichend von Schema 

einer klassischen Monographie, in Manuskriptform verfaßt, wobei wie erwähnt ein Manu

skript bereits in diesem Jahr veröffentlicht und ein zweites bei einer weiteren Zeitschrift von 

den Gutachtern positiv bewertet wurde. Für den interessierten Leser wird der Arbeit eine 

übergeordnete Einleitung vorangestellt, um sowohl den Einstieg in die Untersuchung von 

Biomarkern im Bereich der organischen Geochemie als auch das Verständnis bei Bildung und 

Verbrauch von Methan in anaeroben Sedimenten zu erleichtern. Zusätzlich werden sowohl 

die notwendigen Extraktions- und Aufarbeitungsverfahren als auch die speziellen Analysen

geräte für die Untersuchung von Biomarkern in einem erweiterten Material- und Methodenteil 

erläutert, der über den in den Manuskripten beschriebenen hinausgeht. Die gesamten während 

der Dissertation erhobenen Daten sind dem Anhang zu entnehmen. 
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Ab tra t 

Abstract 

In contrast to the abundance of information on bacterial and eubacterial growth associated with photo

autotrophic fixation of dissolved carbon dioxide, much less information exists on microbial formation and par

ticularly on the consumption of methane in marine sediments and associated lipid biomarkers ultimately pre

served in the sedimentary record. Therefore, molecular and stable carbon isotope analysis of biomarkers were 

performed to determine either known or as yet unknown biomarkers derived from methanogenic and methano

trophic sources in methane-dominated marine environments. 

Methane-oxidizing archaea are present in sulfate-depleted marine sediments at cold seeps of the Cas

cadia convergent margin with destabilized methane gas hydrates. At the seafloor ofthis special gas hydrate envi

ronment, prolific vent communities and a !arge area of a mixed carbonate-hydrate pavement is present support

ing the close link between the environmental parameters and biomarkers such as crocetane, PME, and archaeol 

associated with the process of anaerobic methane oxidation. Consistent with superlight stable carbon isotope 

values of the biomarkers of as low as -128.0o/oo PDB, it is concluded that methanogenic archaea in a syntrophic 

consortium with sulfate reducers are able to grow on methane as their carbon source rather than forming it as 

metabolic product. This finding supports the earlier hypothesis of net methane oxidation under anaerobic condi

tions through "reverse methanogenesis". According to this hypothesis, methanogens chemically transform meth

ane, using water as the formal oxidant, and generate carbon dioxide and hydrogen as products. By oxidizing 

hydrogen and minimizing its concentration in pore waters, sulfate reducers maintain thermodynamic control over 

this process. lt should be stressed that at Hydrate Ridge the essentially "limitless" reservoir of methane availabil

ity to the archaea allows the kinetic isotope effect associated with the process of anaerobic methane oxidation to 

be fully expressed. No measurable substrate depletion effects limit this process and hence the isotopically super

light biomarkers are encountered. Moreover, the significant difference between the ö 13C value of isoprenoid 

biomarkers and their substrate methane found in all sediment samples from Hydrate Ridge demonstrates that 

carbon partitioning in anaerobic methane-oxidizing archaea leads to 12C-enrichment greater than is observed in 

any other kind of methane-consuming organism. 

Further analysis of biomarkers associated with marine gas hydrates at Hydrate Ridge indicate that mi

crobial comrnunities performing methane oxidation near gas hydrate deposits are much more complex than first 

thought. lt is very likely that the overall methane oxidation at such an "extreme" environmental setting includes 

both archaea and eukarya thriving on methane released from the dissociation of methane hydrates. This charac

teristic feature is most obvious at locations where methane gas hydrate breaches the seafloor. This association 

suggests that eukarya such as aerobic methanotrophs use methane as a carbon source at or near the sediment

water interface, whereas archaea, performing methane oxidation in a syntrophic consortium with sulfate reduc

ers, are restricted to subsurface anaerobic sediment zones. Without the apparently efficient process of methane 

oxidation, the release of methane from the gas hydrates and surficial sediments to the water colurnn would be 

even greater than currently documented. The microbial layer at hydrate exposures acts as a filter and prevents 



methane from reaching the water-air interface. Therefore, microbial methane oxidation in gas hydrate environ

ments, occurring either anaerobic or aerobic, is an important sink in tbe global methane budget. 

In contrast to this gas hydrate environment, anoxic sediments from Saanich !niet are dominated by the

presence of diploptene, a hopanoid biomarker derived from diverse bacterial sources. Superlight biomarkers

were not encountered which is probably the consequence of missing vent activity at this location. fncreasing

d. 1 . d 13 1p optene concentrat1ons an depleted ö C values between -31.5 and -39.6%0 PDB in sediments younger than

-6,000 years BP separate a recent period of higher primary productivity, stronger anoxic bottom waters, and

more bacterial activity from an older period with lesser activity, heretofore undifferentiated. Moreover, differ

ences in the stable isotopic record of diploptene probably reflect changes in microbial community structure of

bacteria living at the oxic-anoxic interface of the overlying water column. The heavier isotope values are con

sistent with the activity of nitrifying bacteria and the lighter isotope values with that of aerobic methanotrophic

bacteria. On the other band, in sediments older than -6,000 years BP diplotene with ö 13C values ofup to -26.3%o

can be attributed to planktonic cyanobacteria. All of these bacteria clearly contribute to the final isotopic signa

ture of diploptene found in the sedimentary record and, therefore, intermediate ö 13C values probably represent

mixtures between the populations.

At cold seeps of the deep Aleutian subduction zone, specific biomarkers predominantly include cro

cetane and a high content of its unsaturated homologues, as weil as the glycerol ether lipid archaeol. These char

acteristic biomarkers have accumulated within the microbial community which results in ö 13C0rg 
values as low as

-4 l .8%o PDB. Comparison with results presented previously indicates that at least three different microbial

communities involve archaea in the anaerobic consumption of methane. These communities are apparently de

pendent on specific conditions found at the respective cold seep environment. Critical conditions are probably 

water depth, temperature, stage of anoxia, and of course supply of sufficient free methane, which are more suit

able for one microbial community less so for another. At stations, where methane venting is probably low or 

may even has ceased, the dominance of crocetane indicates starving of archaea, whereas high amounts of unsatu

rated irregular C20 isoprenoids found at the other stations are indicative of recent fluid venting and living ar

chaea. Isotope differences of over 50%0 between the methane substrate and the observed lipids indicate that 

building of irregular C20 isoprenoids and archaeol within these organisms requires that both carbon atoms of 

acetate are derived from methane, even though the responsible enzymes and the intermediate(s) of this transfor

mation are not known yet. Furthermore, biosynthetic implications suggest that the irregular C20 isoprenoids are 

biosynthesized through tail-to-tail coupling of two geranyl pyrophosphate units. Subsequent reduction of the 

double bonds yields the saturated homologue crocetane which is probably the ultimate product preserved in 

sediments and carbonates from cold seep environments. 

2 
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Introduction 

Microbial biomarkers in organic matter 

Organic matter is a fundamental constituent of the Earth's biosphere and is present 

throughout the geosphere. lt is the most important chemical reductant in the natural environ

ments. Understanding the factors which control the forrnation, composition, and preservation 

of organic matter is central for comprehending the development and continuance of global 

biogeocbemical cycles. The biological source of organic matter can be inferred from detailed 

chemical studies of the structure and isotopic composition of individual organic compounds, 

known as biomarkers, extracted from sedimentary or particulate organic matter. Besides trac

ing source organisms, biomarkers are important means for elucidating subsequent diagenetic 

pathways and thermal effects. 

Treibs' (1934) demonstrated for the first time that petroleum contains porphyrins 

which are derived from the tetrapyrrole ring system of chlorophyll pigments. This accom

plishment was the first application of biomarkers as indicators of the origin of organic matter 

in environmental samples. Since this early work, many different types of organic molecules 

have been identified which can be related structurally to a specific biological source. General 

and specific features operate simultaneously in the biosynthetic pathway of living organisms 

which are individually encoded into biomarker structures. For examplc, the C30 irregular iso-

··� .• ,,,1 'OH 

Diplopterol 

1 Tetrahymanol 

Diploptene 

/ 

/
Squalene 

HO ß-amyrin 
HO Cholesterol 

F. 1 B' k 1· ·d structures obtained from the cyclization of the ubiquitous precursor squalene by dif-
1gure . 10mar er 1p1 . 

ferent classes of organisms and under varying conditions (mod1fied from Surnrnons, 1993).
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Introduction 

prenoid hydrocarbon squalene is an universal precursor molecule that can be transformed into 

a great variety of acyclic, tetracyclic, and pentacyclic product molecules depending on the 

class of organism and varying conditions (Fig. 1 ). These lipids such as diploptene, diplop

terol, tetrahymanol, cholesterol, or ß-amyrin, and their fossil hydrocarbon analogues provide 

one of the chemical means for comparing and contrasting modern and ancient environments 

(Summons, 1993). 

Based on phylogenetic relationships, organisms on Earth have evolved from a, pres

ently unknown, universal ancestor along three major lineages, two of which are exclusively 

microbial and composed only of prokaryotic cells (Fig. 2). These lineages are called bacteria 

and archaea (or archaebacteria). The third line constitutes the eukaryotic lineage (eukarya or 

eukaryotes) (Woese, 1994). The bulk of living biomass comprises the prokaryotes which gen

erally grow and multiply faster than higher organisms and inhabit a wider range of environ

ments. In the transfer of organic carbon through modern food chains, the final conversions are 

attributed to the environment of bacteria and archaea. Thus, microbes and their metabolic 

products are the primary focus of organic geochemical interest and research. 

Flavobacteria 

Bacteria Archaea 

Green Euryarchaeota Entamoebae 
non-sulfur Methanobacterium bacteria 

\ . . Gram Cren- coccus Methanosarc1na 
/ 

Methano-
M1tochondnon 

b
positiv_e archaeota \ Extreme 
actena 

. Thermo-/ 
Thermo proteus "\ 
Pyrod1ctum coccus 

Universal ancestor 

Eukarya 

Animals 

Fungi 

Flagellates 

Di plomonads 

Figure 2. Universal phylogenetic tree in rooted form as determined from comparative J 6S ribosomal RNA se
quencing; it is showing the three domains oflife: archaea, bacteria, and eukarya (after Madigan et al., 1997). 

For differentiating archaea from bacteria or eukarya and to determine the community 

structure of microbial assemblages, the analysis of membrane lipid biomarkers is the most 

useful of all nongenetic criteria (Madigan et al., 1997). Accounting for the fact that fewer than 

20% of extant microorganisms have been discovered and that culturing methods are inade

quate for studying microbial community composition (Ward et al., 1990), molecular bio-
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marker techniques offer an alternative method for the description and quantification of micro

organisms present within a community (Findlay and Dobbs, 1993). For example, bacteria and 

eukarya synthesize membrane phospholipid bilayers with backbones consisting of straight

chain fatty acids hooked in ester linkage to molecules of glycerol, whereas archaeal biomarker 

lipids consist of highly branched isoprenoid alcohols ether-linked to the glycerol molecules 

(Fig. 3). Moreover, especially thermophilic archaea contain a monolayer cell membrane with 

Bacteria and Eukarya 

H 

1 
H-C 

Phospholipid bilayer Glyeerol -1 '------011,.......,,.. 

Hydrophilie � �Ion 

mmm Hydrophobie ....________ . 
region /. Fatty ae1d or 

L
. isoprenoid ehains 

---Glyeerol 

-Phosphate

H-C-0-C 

1 fl 
H-C-O-P-0" 

1 1 "-. 
H o· Phosphate

Archaea 

Ether linkage 

H,!c-o-ck 

HC-O-CH2 

1 fl 
H2C-O-P-o· 

1 
o·

Fatty aeid ehains 

lsoprenoid ehains 

Figure 3. Chemical bonds and lipid biomarkers in membranes from archaea, bacteria, and eukarya. 

both cyclic and acyclic ether-linked isoprenoids which probably increases its resistance to 

peeling apart and allows those archaea to grow at very high temperatures of up to 113°C

(Madigan et al., 1997). 

One major group of archaea represents methane-producing microorganisms (methano-

gens) which are confined to strictly anaerobic habitats. Although methane is a relatively mi

nor component of the global carbon cycle compared to carbon dioxide, it is of great impor

tance in marine environments in certain geological settings. 

Methane in the marine environment 

Methanogens are ubiquitous in all anaerobic natural and human-made environments 

on Earth. These archaea are phylogenetically different from all other prokaryotes and eukarya 

because they produce several distinct coenzymes and exist in unusual "extreme" environ

ments reminiscent of Archaean times. Globally, each year methanogens are responsible for 
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ion 

the generation of 400-600 Tg of methane (Hogan et al., 199 l ), the main product of anaerobi

cally degraded organic matter (Zeikus, 1977). Because a molecule of methane is far more 

effective than a molecule of carbon dioxide in absorbing energy in the infrared spectrum, 

methane which reaches the atmosphere influences the Earth's radiation budget and contributes 

significantly to the greenhouse effect (Ferry, 1997). Over the last 150 years, atmospheric 

methane concentrations have increased at about 1 per cent per year. This can be largely cor

related to increasing populations and anthropogenic sources. But generally, most of the meth

ane diffusing from the anaerobic to the aerobic biosphere is oxidized to carbon dioxide by 

methane-oxidizing bacteria (methanotrophs). Hence, the microbial interplay between produc

tion and consumption of methane in wet environments is an important component of the 

global carbon redox cycle (Fig. 4). 

J Aerobic 

Burial 

Coal, Kerogen
j Petroleum 

• Microorganisms
• Plants
•Animals

G 
1 

• Phototrophic
bacteria

• Methanogenic
bacteria 

• Anaerobic microorganisms

Figure 4. Generalized redox cycle for organic carbon (after Peters and Moldowan, 1993). 

J Anaerobic 1 

Burial 

Coal, Kerogen, 
Petroleum 

In anaerobic marine sediments, once the available sulfate is exhausted by sulfate

reducing bacteria (SRB), production of methane is mostly performed by methanogens thriving 

on dissolved carbon dioxide in the surrounding pore water with hydrogen as reducing agent. 

Other less important carbon substrates include the competitive substrates acetate and formate, 

and the non-competitive substrates methanol, methylated amines, and certain organic sulfur 

components such as dimethylsulfide or methanethiol, all of which take part in fermentative 

reactions (Whiticar, 1996). The uptake and metabolism of these substrates by methanogenic 
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microbes is controlled by carbon kinetic isotope effects. In general, molecules of each sub

strate with the lower isotopic mass (e.g., 1 2CO2 as opposed to 13CO2) diffuse and react more

rapidly and thus are utilized more frequently than the heavier species resulting in a 
1 2C

enrichrnent of the metabolic product methane and subsequently, depleted isotope values in 1 2C

ofthe residual substrate (Barker and Fritz, 1981; Coleman et al., 1981). Stable carbon isotope 

values are reported in the 8 notation expressed as per mil (%0) deviation from the Pee Dee 

Belemnite Standard (PDB): 

By definition, PDB has a 8 13C value of 0%o, therefore, negative values indicate depletion in 

the heavier isotope ( or enrichment in the lighter isotope) compared to PDB. The apparent 

magnitude of the isotope fractionation varies for all of the different reaction pathways 

(Whiticar, 1996). For example, the fermentation of acetate involves an enrichment in 1 2C on 

the order of 25 to 35%0 for 8 13C-methane relative to 8 13C-acetate, whereas methanogenesis by 

carbonate reduction leads to a significantly greater 1 2C-enrichrnent of over 55%0 relative to

8 13C-carbon dioxide. As a result, enrichment of biogenic methane in 1 2C yields stable carbon 

isotope values over wide range of -50 to -115%0 (Whiticar et al., 1986; Botz et al., 1996). 

Upward-diffusion of methane in marine sediments is a global process. lt is generally 

stimulated by sediment Ioading and compaction, but especially by fluid venting along sub

duction zones. Critical regions for fluid escape are deep-sea trenches, deformation fronts, and 

initial accretionary ridges at plate convergent settings. Tectonic compaction, heating, and 

volatile generation pressurize the pore fluids and drive much of the interstitial fluids and gases 

of the accretionary prism upward. Parts of the methane-charged fluids escape into the sea

water, either by diffuse pore fluid expulsion or by focused venting along tectonic features, 

resulting in near-bottom water methane anomaly patterns which directly indicate dewatering 

and degassing sites in subduction zones (Suess et al., 1998). Such "cold seeps" have been 

known for more than a decade now and are still an intriguing phenomenon for marine geosci

entists and ocean scientists. The highest methane anomalies in the bottom water column of 

over 50,000 nL/L have been observed at cold seeps associated with the destabilization of 

methane gas hydrates (Bohrmann et al., 1998). At this location the accelerated discharge of 

fluids dramatically stimulates benthic material turnover which is orders of magnitude higher 

than that normally found at comparable ocean depths (Suess et al., 1999). Generally, gas hy

drates form in methane-rich sediments as "ice-like" clathrate structures in which methane is 

captured within a water lattice under elevated pressures and low temperature. The stability of 

methane-hydrates in marine sedirnents is lirnited to bottorn-water depths exceeding 300 to 500 

m depending on the ternperature (K venvolden, 1995). In addition, hydrate stability is influ-
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Jntrodu ti n 

enced by pore water salinity, geothermal gradient and the inclusion of other gases in the clath

rate structure such as ethane, propane or hydrogen sulfide. Gas hydrates are widespread in 

sediments of the world's oceans with amounts of carbon which may exceed that of all fossil 

fuel deposits (Kvenvolden, 1988). Because methane hydrates contain so much methane and 

occur at moderate water depths within the geosphere, they are a potential source of atmos

pheric methane released by global warming. A scenario which may have occurred in the geo

logic past when bottom-water temperature increased by more than 4°C (Kennett and Stott, 

1991; Dickens et al., 1995; Dickens et al., 1997). 

Fluid venting affects the presence and abundance of benthic communities and pre

cipitates of authigenic carbonates which result from biogeochemical turnover and interaction 

between fluids and ambient bottom water (Suess et al., 1985; Kulm et al., 1986; Wallmann et 

al., 1997). Growth and metabolism of the vent fauna are based on a chemosynthetic food 

chain which starts with the oxidation of reduced inorganic and organic compounds such as 

hydrogen sulfide or methane by microorganisms. For methane, the oxidation occurs either by 

aerobic (Childress et al., 1986) or anaerobic processes (Suess and Whiticar, 1989), and subse

quent production of biomass by organisms or precipitation of carbonates in oversaturated mi

croenvironments. Both processes result in carbon isotope fractionation with values enriched in 
12C for organisms and carbonates between -35 and -77%0 (Paull et al., 1985; Brooks et al., 

1987; Ritger et al., 1987). 

Biomarkers derived from methanogenic and methanotrophic microorganisms 

Methanogens and methanotrophs are known to synthesize a variety of distinctive lipid 

biomarkers. These compounds provide the opportunity for reconstruction of methane cycling 

wherever an available record exists. For example, diagnostic unsaturated fatty acids can be 

used to distinguish between methanotrophic organisms and other bacteria (Nichols et al., 

1985) and have enabled methanotrophic activity to be recognized in extant natural systems 

(Nichols et al., 1987; Jahnke et al., 1995). Methanotrophs are also known to synthesize hopa

noids either with or without methylation in ring-A and methylsterols with geochemically sta

ble carbon skeletons (Ourisson et al., 1987; Summons and Capon, 1988; Surnmons and 

Jahnke, 1992). Indeed, considerable interest has been generated by the recognition of different 

hopanoids in sediments as unambiguous biomarkers for ancient methanotrophic activity by 

virtue of their chemical structures in combination with highly depleted carbon isotope signa

tures (Fig. 5) (Freeman et al., 1990; Collister et al., 1992; Spooner et al., 1994). 
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Diploptene(Hop-22(29 )-ene) 
li1 3c (%.) = -55.2 ± 0 5 

Hop-17 (21 )-ene 
li13c (%.) = -52 82 

.. , 

····r

3ß-methyl-17 n(H),21 ß(H )-hopane 
li13c (%.) = -84.3 ± 2.0 

17ß(H),21 ß(H)-30-norhopane 
1>13c (%.) = -65.3 ± 1.4 

3ß-methyl-17ß(H),21 a(H)-30-norhopane 
1>13c (%.) = -90.01 

17ß(H)-22,29,30-trisnorhopane 
1>13c (%o) = -49.9 ± 1.1 

Figure 5. Chemical structures and carbon isotopic compositions of different hopanoids associated with ancient 
methanotrophic activity ('determined by deconvolution; 2single analysis).

Lipid compositions of methanogens on the other hand comprise mostly a wide variety 

of regular and irregular isoprenoid hydrocarbons and isoprenoid alkylglycerol di- or tetraeth

ers (Tomabene et al., 1979; Risatti et al., 1984; Teixidor et al., 1993; Schouten et al., 1997) 

(Fig. 6). Ether lipid distributions provide taxonomic potential for distinguishing between dif

ferent phylogenetic groups of archaea. Whereas methanogens and halophiles exclusively pro

duce acyclic ether lipids, thermophilic archaea are characterized by both acyclic and cyclic 

isoprenoid-based ether lipids, with the cyclic skeletons containing 1 to 4 cyclopentyl rings (de 

Rosa and Gambacorta, I 986; Nicolaus et al., 1990; King et al., 1998; Schouten et al., 1998). 

ln sediments and petroleums the corresponding hydrocarbons can be found as well as the po

lar ether lipids themselves. In particular the irregular isoprenoid biomarker PME 

(2,6, 1 0, 15, 19-pentamethyleicosane) is attributed to reflect recent and ancient methanogenic 

activity in marine sediments (Brassell et al., 1981; Schouten et al., 1997). Corresponding car

bon isotope signatures of biomarkers derived from methanogens are between -24 to -30%0 

PDB and roughly equal those of primary producers. This is consistent with what is known 

about isotopic fractionations associated with the synthesis of methanogenic biomass (Hayes et 

al., 1987). This is especially true considering that dissolved carbon dioxide in tbe pore waters 

of methanogenic environments is often depleted in 
12C and isotopic fractionation between

source carbon dioxide and methanogenic biomass is only about 60% of that between tbe 

source and the metabolic product methane (Belyaev et al., 1983). 

9 



2,6, 10, 14-tetramethylhexadecane (phytane) 
2,6, 10, 15, 19,23-hexamethylhexacos-2,6, 10, 14, 18,22-hexaene (squalene) 

2,6, 10, 15, 19-pentamethyleicosane (PME) 

2,3-di-O-phytanyl-sn-glycerol (archaeol) �
l:

2,3-di-O-biphytanyl-sn-diglycerol (caldarchaeol) 

Figure 6. Chernical structures of various acyclic isoprenoid hydrocarbons and isopranylglycerol ethers isolated 
from difTerent strains of methanogenic archaca. 

Aim and outline of this research 

In contrast to the abundance of inforrnation on bacterial and eubacterial growth associ

ated with photoautotrophic fixation of dissolved carbon dioxide, much less inforrnation exists 

on microbial Formation and particularly on the consumption of methane in marine sediments 

and associated lipid biomarkers ultimately preserved in the sedimentary record. Therefore, the 

primary goal of this thesis was the identification of biomarkers related to these processes. 

Detailed biomarker studies were undertaken using gas chromatography-mass spectrometry 

(GC-MS) and continuous flow-isotope ratio mass spectrometry (CF-IRMS) to deterrnine ei

ther known or as yet unknown biomarkers derived from methanogenic and methanotrophic 

sources in methane-dominated marine environments. Environments such as cold seeps, which 

provide a window to the deep biosphere, or highly productive marine basins, which favor or-

ganic matter preservation, were intensively studied. 

Microbial methane consumption in wet environments occurs either via aerobic or an-

aerobic processes . Whereas the microbiology and biochemistry of aerobic methane oxidation 

are relatively well-known, the identity of the organism(s), the nature of the electron acceptors, 

and the biochemical pathways of anaerobic methane oxidation have so far eluded clarifica

tion. Biogeochemists presented convincing arguments that this process is particularly active in 

marine sediments where it is probably linked directly or indirectly to SRB growing at the base 

of the sulfate reduction zone (Iversen and J0rgensen, 1985; Masuzawa et al., 1992; Hoehler et 
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al., 1994; Hansen et al., 1998; Niewöhner et al 1998) Th t b' 

· · ·

. . 
·, . e s rongest 10geochem1cal md1ca-

t10ns for anaerob1c methane oxidation are (Fig 7): 

( 1) The 
_
decrease

_ 
i
_
n methane concentrations across the sulfate reduction-methane pro

duction trans1t1on zone (Blair and Aller, 1995; Whiticar, 1996). 

(2) The systematic shift in carbon isotope ratios of methane to heavier values due to

preferential loss of the I ighter isotope (Whiticar, 1996).

(3) Thc consiSlent and pronounced minimum in 8 13C values of dissolved carbon di

oxide (Bums, 1998).
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Figure 7. Schematic depth profiles of 
methane concentrations and carbon 
isotope compositions of methane and 
dissolved carbon dioxide in marine 
environments across the sulfate
methane transition zone (Whiticar, 
1996). 

Anaerobic methane oxidation in anoxic marine environments is considered to consume

between 20 and l 00 Tg per year, and thus limits net transport of methane into the water col

umn and into thc atmosphcre (Reeburgh et al., 1991 ). To understand the factors that control

this important sink in the global methane budget, molecular and stable carbon isotope analysis

of biomarkers were performcd to identify the responsible organisms and to determine the

mechanism by which this proccss occurs.

Thc first Chapter introduces saturated and unsaturated irregular C20 and C25 isopre-

noids such as crocetane (2,6, 11, 15-tetramethylhexadecane ), PME and 2,6, 10, 15, 19-penta

methyleicosa-2,6, 14, 18-tetraene (PME:4) as biomarker for anaerobic methane-oxidizing ar

chaea. These biomarkers are present in sulfate-depleted marine sediments at cold seeps of the
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Introduction 

Cascadia convergent margin associated with destabilized methane gas hydrates. At the sea

floor of this special gas hydrate environment, prolific vent communities and a large area of a 

mixed carbonate-hydrate pavement is present (Suess et al., 1999), supporting the close link 

between the environmental parameters and the biomarkers associated with the process of an

aerobic methane oxidation. Consistent with superlight stable carbon isotope values of the 

biomarkers, it is concluded that methanogenic archaea in a syntrophic consortium with sulfate 

reducers are able to grow on methane as their carbon source rather than forming it as meta

bolic product. This finding supports the earlier hypothesis of net methane oxidation under 

anaerobic conditions through "reverse methanogenesis" (Hoehler et al., 1994; Hansen et al., 

1998). According to this hypothesis, methanogens chemically transform methane, using water 

as the formal oxidant, and generate carbon dioxide and hydrogen as products. By oxidizing 

hydrogen and minimizing its concentration in pore waters, sulfate reducers maintain thermo

dynamic control over this process. 

Chapter 2 focuses on the classical anaerobic environment Saanich Inlet, Vancouver 

Island, which is known to be highly productive and, therefore, generates anaerobic conditions 

currently in the lower water colurnn of this semi-closed fjord. As a result, the fjord contains 

laminated sediments and is characterized by intense sulfate reduction and methanogenesis. 

The anoxic sediments of Holocene age are dominated by the presence of diploptene, a hopa

noid biomarker derived from diverse bacterial sources. Increasing diploptene concentrations 

and depleted 8
13

C values -31.5 and -39.6%0 PDB in sediments younger than -6,000 years BP 

separate a recent period of higher primary production, stronger anoxic bottom waters, and 

more bacterial activity from an older period with lesser activity, heretofore undifferentiated. 

Moreover, differences in the stable isotopic record of diploptene probably reflect changes in 

microbial community structure of bacteria living at the oxic/anoxic interface of the overlying 

water colurnn. The heavier isotope values are consistent with the activity of nitrifying bacteria 

and the Iighter isotope values with that of aerobic methanotrophic bacteria. On the other band, 

in sediments older than -6,000 years BP diplotene with 8 13C values of up to -26.3%0 can be

attributed to planktonic cyanobacteria. All of these bacteria clearly contribute to the final iso

topic signature of diploptene found in the sedimentary record and, therefore, intermediate 

8 13C values probably represent mixtures between the populations. 

The primary goal of Chapter 3 is the characterization of archaea involved in the an

aerobic oxidation of methane near cold seeps of the eastem Aleutian subduction zone at water 

depth exceeding 4800 m. The objective of Chapter 3 was based on the results obtained from 

Hydrate Ridge sediments and investigations performed by Hinrichs et al. (1999) and Thiel et 

al. (1999) on 13C-depleted biomarkers present at fossil and recent vent settings. Specific bio

markers at the deep Aleutian subduction zone predominantly include crocetane and a high 

content of its unsaturated homologues, as well as the glycerol ether lipid archaeol. The latter 

is well-known to be widely distributed in methanogens. These specific biomarkers have ac-
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cumulated within the microbial community which results in 8 13
Corg 

values as low as -41.8%0

PDB. Comparison with results presented previously (Elvert et al., 1999; Hinrichs et al., 1999; 

Thiel et al., 1999) indicates that at least three different microbial communities involve archaea 

in the anaerobic consumption of methane. These communities are apparently dependent on 

specific conditions found at the respective cold seep environment. At one station, where 

methane venting is probably low or may even has ceased, the dominance of crocetane indi

cates starving of archaea, whereas high amounts of unsaturated irregular C20 isoprenoids 

found at the other stations are indicative of recent fluid venting and living archaea. Further

more, biosynthetic implications suggest that the irregular C2o isoprenoids are biosynthesized 

through tail-to-tail coupling of two geranyl pyrophosphate units. Subsequent reduction of the 

double bonds yields the saturated homologue crocetane which is probably the ultimate prod

uct preserved in sediments and carbonates from cold seep environments. 

The last Chapter is an extension of the initial discovery of superlight C-isotopes in ir

regular isoprenoids. lt deals with the analysis of a larger sample set to obtain more informa

tion about irregular isoprenoids associated with marine gas hydrates. Such information is es

sential for assessing the isotopic compositions and patterns of anaerobic methane-oxidizing 

biomarkers in marine environments. lt serves for a better understanding of future analysis of 

the anaerobic cycling of methane over geological time. As presented in Chapter 1, structural 

and isotopic evidence proves that irregular isoprenoids at this location are derived from an 

archaeal source involved in the anaerobic oxidation of methane. The new and extended results 

confirm that microbial communities performing methane oxidation near gas hydrate deposits 

are much more complex than first thought. lt is very likely that the overall methane oxidation 

at such an "extreme" environmental setting includes both archaea and eukarya thriving on 

methane released from the dissociation of methane hydrates. This characteristic feature is 

most obvious at locations where methane gas hydrate breaches the seafloor. This association 

suggests that eukarya such as aerobic methanotrophs use methane as a carbon source at or 

near the sediment-water interface, whereas archaea, performing methane oxidation in a syn

trophic consortium with sulfate reducers, are restricted to subsurface anaerobic sediment 

zones. Without the apparently efficient process of methane oxidation, the release of methane 

from the gas hydrates and surficial sediments to the water column would be even greater than 

currently documented. The microbial layer at hydrate exposures acts as a filter and prevents 

methane from reaching the water-air interface. Therefore, microbial methane oxidation in gas 

hydrate environments, occurring either anaerobic or aerobic, is an important sink in the global 

methane budget. 
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Materials and methods 

Materials and methods 

The material and methods presented here provide the details needed for the precise 

analysis of biomarkers in organic geochemistry and are an extended version of those found 

throughout the dissertation. Features concerning the geological setting of the working areas 

are discussed in each of the chapters. 

Sample collection and storage 

Sediment samples were obtained in 1996 from the Cascadia subduction zone (working 

area Cascadia) and the Aleutian trench (working area Shumagin) during the R/V Sonne expe

ditions SO 109-1, SO 109-2, SO 1 10-1 a, and SO 110-1 b, and from Hole 1034B in Saanich 

Inlet during ODP Leg 169S (Fig. 1, Table 1). Upon recovery, all sediment samples were im

mediately transferred into pre-cleaned 125 ml wide-mouth glass vials and stored frozen at 

-30°C until analysis. Carbonates were provided by Jens Greinert at GEOMAR taken in 1994

during the RV SONNE expedition SO 97 (working area Shumagin) and in 1996 during the 

RV SONNE expedition SO 110-1 a and were stored at room temperature until analysis for this 

research (Greinert, 1998) (Table 1 ). 
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Table 1. List of stations sampled for the analysis of biomarkers in methane d · t d · . . . - omma e manne envuonments at
the different workmg areas m the NE-Pacific. 

Cruise Station Working area Water depth Location Samples 

(m) Lat. 0N Long. 0W 

so 97 TV-G 97 Shumagin 4861 54°17.980' 157°11.710' Carbonates 

so 109-1 TV-G 25-1 Cascadia 2025 44°40.410' 125°17.380' Sediments 

so 109-1 TV-G 30-2 Cascadia 2124 44°40.601' 125°17.517' Sediments 

so 109-1 TV-G 36-1 Cascadia 668 44°40.495' 125°07.268' Sediments 

so 109-1 TV-G 36-4 Cascadia 668 44°40.443' 125°07 .368' Sediments, carbonates 

so 109-1 TV-G 36-5 Cascadia 686 44°40.478' 125°07.374' Sediments 

so 109-1 TV-G 41-1 Cascadia 940 44°40.207' 125°03.396' Sediments 

so 109-1 TV-G 43-1 Cascadia 637 44°40.195' 125°06.538' Sediments 

so 109-1 TV-G 43-2 Cascadia 705 44°40.213' 125°06.505' Sediments 

so 109-1 TV-G 45-2 Cascadia 599 44°40.175' 125°05.852' Sediments 

so 109-2 TV-G 115 Cascadia 618 44°40.293' 125°06.296' Sediments 

so 109-2 TV-G 119 Cascadia 625 44°40.146' 125°06.685' Sediments 

SO 110-1a TV-G 9-1 Cascadia 596 44°40.167' 125°05.873' Sediments 

SO 110-1a TV-G 11-1 Cascadia 524 44°40.134' 125°06.503' Sediments 

SO 110-1a TV-G 18-1 Cascadia 785 44°34.235' 125°08.891' Sediments, carbonates 

so 110-1b TV-GKG 40 Shumagin 4808 54°18.170' 157°11.820' Sediments 

so 110-1b TV-G 43 Shumagin 4810 54°18.196' 157° 11.936' Sediments 

so 110-2 TV-G48 Shumag1n 4877 54°18.064' 157°11.895' Sediments 

ODP 169S 10348 Saanlch lnlet 203 48°38.000' 123°30.000' Sediments 

Chemicals 

To avoid contamination of samples used for biomarker analysis, extensive precautions

were taken. All solvents used for this research were obtained in high quality grade from Mal

linckrodt (nanograd, for rcsidue analysis). They were regularly checked by evaporating 100

ml of solvent down to 100 µl and analyzing 1 µl by gas chromatography (description below).

All glassware used was washed with detergent (Mucasol), rinsed with distilled water, and

baked over night at 500°C. Steel tools like forceps or spatulas, and plastic parts such as caps

and Teflon® liners were rinsed before use with acetone, dichloromethane and n-hexane. Be

fore use, inorganic chemicals such as sodium sulfate, potassium chloride or silica gel were

Soxhlet extracted over night with dichloromethane/methanol (2: 1, v/v), placed into a clean

glass beaker covered with pre-baked aluminum foil and kept in the drying oven until all sol

vent had evaporated. Solvent extracted and solvent-free silica gel (70-230 mesh, Merck) was

activated at 150°C for 48 h, subsequently deactivated with 5 ml pre-extracted water (1 1 of

distilled water extracted three times with 100 ml dichloromethane using a 2 l separatory fun

nel) per 100 g silica gel, and stored in 1.3 g portions in 10 ml clean fusible glass ampoules.
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General laboratory procedure 

An overview of the overall laboratory procedure for each sample is given in Fig. 2. 

Before extraction of sediment samples, a subsample was taken for the analysis of total organic 

carbon (Corg) and stable organic carbon isotope composition (8 13Corg
)- Extraction of sediment

material and carbonate residue was carried out using an ultrasonic stick which dipped into the 

liquid. To avoid evaporation of solvent and irreversible change of biomarker content and dis

tribution within a sample, each sample was cooled in an ice bath. Liquid chromatographic 

separation of the free lipid extract yielded four fractions of different polarity from apolar hy

drocarbons to polar glyco- and phospholipids. Especially hydrocarbon and selected alcohol 

fractions were intensively analyzed by gas chromatography-mass spectrometry (GC-MS) and 

continuous tlow-isotope ratio mass spectrometry (CF-IRMS) to determine either known or as 

yet unknown biomarkers derived from methanogenic and methanotrophic sources in methane

dominated marine environments. Additionally, hydrocarbons were analyzed by gas chroma

tography (GC). 
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Corg analysis 

Contents of Corg were determined from the carbonate free, dried and homogenized
sediment material using a Carlo Erba Nitrogen Analyzer 1500 Series 2. Samples (about 10 to
15 mg each) were combusted at l ,000

°C in an oxygen atmosphere converting organic carbon
into carbon dioxide. Carbon dioxide was then separated by gas chromatography and measured
with a thermal conductivity detector. The elemental analysis system was calibrated using an
acetanilide standard. For carbonate elimination, approximately 3 g of wet sediment material
were treated over night with 15 ml of 1 0% HCI. The next day the particulate sediment mate

rial was separated from the liquid phase by centrifugation for 5 min at 4,000 rounds per min

ute (rpm) and the supernatant decanted. To remove remaining salts, samples were washed

three times with 30 ml of distilled water, mixed by using a Vortex, and centrifuged for 5 min

at 4,000 rpm. Subsequently, sediments were dried by using a freeze drier and homogenized

for 10 min by using an agate ball mill. Using this method standard deviation were 0.02% for 

Corg· 

Pore water analysis 

Sulfate measurements were carried out by ion chromatography and detection of anion 

species by conductivity. Sulfate values are reported in mM and were determined by calibra

tion with IAPSO-standards of different concentrations. Using duplicate measurements, stan

dard deviations were within 1.5%. 

Extraction 

Sediment material 

Free lipids were extracted ultrasonically at 0
°C (cooling in an ice bath) from 25 g of

wet sediment material using (1) 50 ml of methanol/dichloromethane (2: 1, v/v), (II) 50 ml of

methanol/dichloromethane ( I :2, v/v), (III) 50 ml of dichloromethane, and (IV) 50 ml of di

chloromethane (Flügge, 1997). After I O min of ultrasonification every extract was separated

from the particulate sediment material by centrifugation for 5 min at 4,000 rpm and the super

natant was transferred using a solvent-rinsed pipette into a separatory funnel pre-filled with

50 ml pre-extracted 0.05 M KCl solution. After the third extraction step the combined solvent

extracts were partitioned bctween the dichloromethane and the aqueous methanol phase. The

organic phase was transferred into a 100 ml pear-shaped flask and carefully evaporated near

d · 
t at 30°c Combination with the extract obtained from step

ryness usmg a rotary cvapora or · 
. . 

IV d b · · lded the free lipid extract. Finally, the free hp1d extract was
an su sequent evaporat1on y1e 
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transferred into a 4 ml pre-baked screw cap using dichloromethane and a 500 µl gas-tight sy

ringe, and stored frozen at -20°C until further analysis.

Carbonate material 

The quantity of 25 g of pre-cleaned Carbonate (washed with acetone) was dissolved by
adding stepwise 500 ml of l N HCl and stirring for 6 h. After centrifugation for 5 min at
4,000 rpm and decantation of the supernatant, the residue was washed two tirnes with pre
extracted water and the lipids were extracted as described above for wet sediment material.

Liquid chromatography (LC) 

Fractions were separated from the free lipid extract by non-automated medium pres

sure liquid chromatography (MPLC) on silica gel (1.3 g, 5% deactivated) topped with 0.5 g of 

anhydrous sodium sulfate. Extracts were blown to near dryness with pure nitrogen and re

dissolved in 1,000 µl n-hexane before MPLC. Separation of the whole extract was by elution 

with (I) 13 ml of n-hexane, (II) 10 ml of dichloromethane/n-hexane (20:80, v/v), (III) 10 ml of 

dichloromethane, and (IV) 10 ml of methanol/dichloromethane (50:50, v/v) into the respec

tive fractions (Elvert, 1995). Elemental sulfur in the hydrocarbon fractions (I) was removed 

either by passing the fractions over separate short columns filled with 1 g of activated copper 

powder (< 63µm, Merck; activated with pre-extracted 1 N HCl) using n-hexane as eluent or 

by filling the chromatography column with 1 g of activated copper powder before adding the 

silica gel. After chromatography each fraction was carefully evaporated to near dryness using 

a rotary evaporator at 30°C, transferred into 250 µl pre-baked fusible glass arnpoules using an 

appropriate solvent and a gas-tight syringe, and stored frozen at -20°C until gas chroma

tographic analysis or derivatization. 

Hydrogenation of hydrocarbon fractions 

Selected hydrocarbon fractions were hydrogenated by saturation of 50 µl n-hexane 

with H2 in a fusible glass ampoule pre-filled with 10 mg of PtO2 (Adam's catalyst) and subse

quent adding of 50 µI of sample (½ aliquot). After 1 h at room ternperature the sample was 

directly analyzed by gas chromatography-mass spectrometry using a Carlo Erba gas chro

matograph coupled to a Fisons Trio 1000 mass spectrometer operating at 70 eY with a mass 

range of rn/z 40-600 and subjected to chromatographic conditions as described below. 
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Derivatization of alcohols 

To facilitate gas chromatographic analysis of alcohols, trimethylsilyl (TMS) deriva

tives were produced (Fig. 3). Alcohol fractions were blown to near dryness using pure nitro

gen, mixed with 100 µ! BSTFA (bis(trimethylsilyl)trifluoroacetamide, Supelco), and heated in 

closed glass ampoules for 2 h at 80°C. Following evaporation to near dryness under nitrogen, 

the residue was taken up in n-hexane and subsequently analyzed by mass spectrometric analy

sis (GC-MS; CF-IRMS). 
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1/ 
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3
h

/

N-trimethylsilyltrifluoroacetamide

Figure 3. Representative derivatization of a free alcohol with BSTF A fonning a TMS-derivative. 

Gas Chromatography (GC) 

Gas chromatographic analysis of hydrocarbon fractions (I) were performed using a 30 

m apolar DB-5 fused silica capillary column (0.25 mm intemal diameter (ID), film thickness 

0.25 µm; J & W Scientific) in a Carlo Erba 5160 gas chromatograph equipped with an on

column injector and a flame ionization detector (FID). The samples (dissolved in n-hexane) 

were injected at 60°C. After a 1-min hold time, the oven temperature was raised to 140°C at 

l 0°C/min, then to 310°C at 5°C/min and finally kept at 310°C for 25 min. The Carrier gas was 

H2 at a flow rate of 2.5 ml/min. Concentrations for each compound were determined by add

ing internal standards (IS: 3-methylnonadecane, 2-methyleicosane, 5ß(H)-cholane) with 

known concentrations prior to GC analysis and are reported in µg/g Corg for sediment samples 

and Mg-calcites and in ng/g carbonate weight (CW) for aragonite precipitates. Standard de

viations for single compounds are in general below cr = 2 µg/g Corg from sediment samples 

and Mg-calcites except for compounds with more than 50 µg/g Corg (below cr = 10 µg/g Corg) 

and below cr = 0.1 µg/g CW ( l 0 ng/g CW) from aragonite precipitates for compounds with 

more than 5 µg/g CW ( cr between 0.5 and 1 µg/g CW). Reproducibility was checked every 

day by running a n-alkane standard (n-C13 to n-C3s) and determination of the concentrations 

obtained for the internal standards. Because all response factors for the individual biomarkers 

tended towards l ,  all concentrations reported were not response-corrected. Loss of material 

during analysis was monitored by adding a recovery standard (RS n-C4o) prior to the overall 

analytical procedure and comparing the obtained concentration after the whole procedure with 

the one known for the free recovery standard. In general, typical recoveries were 70 to 80%. 
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Data acquisition and processing were managed using APEX Chromatography Workstation 

(Version 2.06 Rev A; Autochrom Inc.) on a MS-DOS compatible computer. 

Gas Chromatography-Mass Spectrometry (GC-MS) 

Hydrocarbon and alcoholic compounds were identified by electron-impact coupled 

GC-MS using a Carlo Erba 8000 gas chromatograph interfaced to a Fisons MD 800 mass 

spectrometer operated at 70 eV with a mass range of rn/z 40-600 and a cycle time of 0.9 s 

(resolution 1000) (Fig. 4). The gas chromatograph was equipped with a DB-1 fused silica 

capillary column (30 m, 0.25 mm ID) coated with cross-linked methyl silicone (film thickness 

0.25 µm, J & W Scientific) using He as carrier gas. The samples were injected in splitless 

mode (injector temperature: 285°C; solvent delay: 8 min) using bot needle technique and 

subjected to the same temperature program given for GC measurements. MS temperatures 

and settings were: transfer line 290°C, ion source 200°C, emission 200 V, detector 300 V. 

Compound identifications were based on comparison of relative retention times and mass 

spectra of authentic standards ( obtained from companies such as Chiron, Merck, and Aldrich) 

or to those reported in the literature. Data acquisition and processing were managed using 

MassLab (Version 1.12; Fisons) on a Windows compatible computer. 
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Figure 4. Typical GC-MS set-up used for the identification of individual biomarkers. Additionally, general ioni
zation products are shown. 
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Stahle carbon isotope analysis by CF-IRMS 

Hydrocarbons 

Stab Je carbon isotope compositions of individual constituents in hydrocarbon fractions 

were determined by CF-IRMS (Finnigan MAT 252). This technique features a coupled gas 

chromatograph-combustion line-isotope ratio mass spectrometer that permits routine and 

rapid determination of carbon isotope ratios on nanomolar quantities of sample (Fig. 5). The 

mass spectrometer (electron energy 70 eV; accelerating potential of 10 kV) was connected to 

a Varian 3300 GC equipped with a 30 m fused silica DB-1 capillary column with 0.25 mm ID 

and a stationary phase thickness of 0.25 µm (J & W Scientific) or a 50 m CP-Sil 5 CB-MS 

(0.25 mm ID, 0.4 µm stationary phase, Chrompack). The carrier gas was He at a flow rate of 

1.5 ml/min. The samples were on-column injected at 60°C and after 1 min the oven tempera

ture was raised to 300°C at 2.5°C/min and then kept at 300°C for 20 min (CP-Sil 5 CB-MS: 

60°C (Imin isothermal), up to 140°C at a rate of: 10°C/min, up to 230°C at rate of 3°C/min, 

and finally up to 310°C at a rate of 2°C/min at which it was held for 35 min). 

He 
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"C"O„O (mass 46) 

Detector 

Figure S. Schematic CF-IRMS set-up used for the determination of stable carbon isotopes on individual bio
markers. Representative conversion of organic constituents to carbon dioxide is shown for methane. 

Connection between the mass spectrometer and the GC was accomplished via a micro

volume combustion interface consisting of a ceramic reactor (0.5 mm ID) containing two 

oxygenated copper wires and one platinum wire (0.1 mm outer diameter each) in which indi-
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vidual constituents of organic compound mixtures were quantitatively converted to carbon 

dioxide and water at 850°C(Merritt, 1993). Regeneration of the oxidizing power of the com

bustion reactor was regularly carried out over night by oxygenation of copper at 500°C. Water 

was removed by diffusion through a selectively permeable capillary membrane (Nafion®) 

which was regularly heated for 10 min after each run to regenerate its water retaining effi

ciency. 

Carbon dioxide produced by combustion of chromatographic effluents continuously 

enters the ion source of the mass spectrometer, and ion currents for rn/z 44, 45, and 46 result

ing from form ionization of carbon dioxide were simultaneously measured using triple Fara

day cups connected to high-speed amplifiers (Merritt et al., 1994; Ricci et al., 1994). Carbon 

isotope ratios were determined by integration of all three ion currents across the entire width 

of each chromatographic peak (Freeman et al., 1994) and reported in the 8 notation as per mil 

(%0) deviation from the Pee Dee Belernnite standard (PDB): 

o'3C(9"oo) = 
/3 12 Samp/e -1 X 103 

[ ('3C/ 12C) ] 
( 'C / C) Standard 

The integrated ion currents were corrected for background contributions, differences in the 

elution times of the rn/z 44 and 45 peaks due to separation of the carbon isotope species 13C

and 12C on the chromatographic column (Fig. 6) (Hayes et al., 1990), and for contributions of 
170 to rn/z 45 (Santrock et al., 1985). An internal standard (n-C36) of known isotopic compo

sition (8 13C = -26.2%0) was co-injected with each sample to determine the isotopic composi

tion of individual compounds. Besides CO2-calibration (8 13C = -46. l o/oo) at the start and the

end of each run, 5ß(H)-cholane (8 13C = -l8.9o/oo) and 3-methylnonadecane (8 13C = -27.0o/oo) 

were additionally used as internal standards for monitoring reproducibility and precision. 

Analytical reproducibility was on average within ± 0.2 to 0.3o/oo for an n-alkane standard (n

C13 to n-C38) with no background, but were much more variable for complex mixtures (± 0.0 

to ± l.6o/oo) due to factors such as coelution or background to signal ratio. Data acquisition and 

processing were managed using ISODAT software (Version 5.0; Finnigan) on a Concurrent 

DOS compatible computer. 
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Figure 6. A portion of a typical chromatogram 
containing C02 peaks derived from combustion of 
compounds separated on a GC colurnn. The lower 
trace shows the m/z 44 ion current while the 
upper trace shows the instantaneous 45/44 ratio. 

Isotopic compositions of alcohols were measured in form of TMS-derivatives and cor

rected for the isotopic shift associated with the addition of carbon atoms during derivatization. 

The 8 value of the trimethylsilyl carbon from BSTFA (-38.3 ± 0.6%0) was calculated from 

analysis of a free and a derivatized alcohol standard (n-Cwol to n-C19-ol including cis- and 

trans-phytol). All derivatized compounds were analyzed by CF-IRMS as described for hydro

carbons using co-injected n-C20 (8 13C = -33. l o/oo) and n-C36 (8 13
C = -26.2%0) as intemal stan

dards. The isotopic composition of the carbons added to individual alcohols by derivatization 

was calculated by applying the equation of (Huang et al., 1995): 

where n is the carbon number of the alcohol and m the number of carbon atoms contributed 

by one TMS group (m = 3). 
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J 13C of organic carbon 

The isotopic composition of 8 13Corg 
was measured by elemental analysis-isotope ratio

mass spectrometry (EA-IRMS) using a Carlo Erba Elemental Analyzer connected via a Con

Flo™ interface to the Finnigan MAT 252. Analysis was carried out by Magnus Eek and 

Melissa McQuoid in the Biogeochemistry Lab at the School of Earth and Ocean Sciences 

(SEOS) in Yictoria, Canada. 10 to 15 mg of sample were combusted at 1,000°C with copper 

oxide as oxidant converting organic carbon into carbon dioxide. Carbon dioxide was then 

separated by gas chromatography from nitrogen oxides and water, and measured continuously 

by IRMS as described for biomarker analysis. Analytical reproducibility for duplicate runs 

was below ± 0.1 %0 PDB. 
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Chapter 1 

Anaerobic methane oxidation associated with marine gas hydrates: 

superlight C-isotopes from saturated and unsaturated 

Abstract 

C
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25 irregular isoprenoids
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The activity of anaerobic methane-oxidizing microbes is revealed by extremely light 

C-isotope values of saturated and unsaturated C20 and C25 isoprenoids ( e.g. crocetane,

2,6, I 0, I 5, 19-pentamethyleicosane) in reducing sediments of the Hydrate Ridge of the Cas

cadia continental margin. The 13C values were up to -123.8%0 vs. Pee Dee Belemnite, they

rcpresent the isotopically lightest carbon so far isolated from the marine environment. At Hy

drate Ridge destabilization of gas hydrate generates an enormous methane plume in the lower

water column and saturates the sediments with methane. Based on isotope evidence of the

biomarkers we conclude that methanogenic archaebacteria in a syntrophic consortium with

sulfate reducers may be able to switch their metabolism from one of methane formation to

another favoring methane consumption. Methane hydrate destabilization at Hydrate Ridge

and globally at cold seeps at all convergent margins supplies sufficiently high amounts of free

methane to favor net methane oxidation under anaerobic conditions.

Keywords: biomarkers; irregular isoprenoids; crocetane; pentamethyleicosane; stable carbon 

isotopes; archaebacteria; gas hydrates; methane; Cascadia continental margin; Hydrate Ridge 
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Chapter l

1. Introduction

Anaerobic methane oxidation associated with marine gas hydrates 

Methanotrophic processes are widespread in nature and play a significant role in the 

global biogeochemical cycle of methane (King, 1992; Hovland et al., 1993; Reeburgh et al., 

1993). Methane-oxidizing bacteria typically occur at the aerobic/anaerobic interface in ter

restrial environments such as lake sediments, rice paddies and water-saturated peat lands 

(Sundh et al., 1994; Gilbert and Frenzel, 1995). In contrast, there is strong evidence in marine 

environments for anaerobic metbane oxidation, evidence is indirect and based largely on geo

chemical data (Iversen and J0rgensen, 1985; Suess and Whiticar, 1989). Neither has the 

mechanism been elucidated in detail, nor has the organism isolated. Several authors propose 

"reverse methanogenesis", a process by which a syntrophic consortium of methanogenic ar

chaebacteria and sulfate reducers is responsible for the net oxidation of methane (Hoehler et 

al., 1994; Hansen et al., 1998). Here we report new data which support this hypothesis: Sig

nificant 12C-enrichment in irregular C20 and C
25 isoprenoid lipids of anaerobic sediments from 

a methane-sulfide gas bydrate environment of the Cascadia continental margin. To our 

knowledge these are the most extreme C-isotope values so far observed in tbe marine envi

ronment. 

2. Study area

Gas hydrate deposits are quite comrnon and well-known from accreted sediments at 

plate collision zones such as the Cascadia margin and from sedimentary sequences at passive 

margins throughout the ocean basins (Hyndman et al., 1992; K venvolden, 1993). Hydrates 

typically occur tens to hundreds of meters below the sea floor, depending on methane avail

ability, pressure and temperature imposed by water depth, and the sub-sea floor geotherrnal 

regime. Only a few areas have been reported associated with gas vents or oil seeps near the 

sediment surface (e.g., Brooks et al., 1991; Ginsburg et al., 1993; MacDonald et al., 1994). 

At tbe northem surnmit of Hydrate Ridge (585 m water depth) rising bubbles from the 

decomposition of gas hydrates generate an enorrnous methane plume in the lower water col

umn with methane concentrations of up to 50,000 nL/L (Fig. 1) (Suess and Bohrmann, 1997; 

Bohrmann et al., 1998). Video surveys show prolific vent comrnunities and authigenic car

bonates associated with faults that act as fluid conduits, with warm fluids flowing upwards 

(Westbrock et al., 1994). Carbon isotope values of these carbonates are between -35 and 

-55%0 relative to the Pee Dee Belemnite standard (PDB) and clearly identify methane as the

dominant carbon source (Greinert, 1998). 
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Figure 1. Plate tectonic setting of the Cascadia convergent margin and concentrations of methane (contours; in 
nL/L) in the lower water column at the northem summit of Hydrate Ridge with locations of coring sites TV-G 
43-1 (637 m water depth) and 43-2 (705 m water depth). Coring site TV-G 41-1, which is not shown on this
map, is located east ofthe flank ofthe ridge at a water depth of940 m.

3. Results and discussion

Microbial incorporation of methane-derived carbon into cellular biomass enriches 13C

in the residual methane and 12C in the synthesized biomass. Specific biomarkers in sediments 

and petroleum contain 12C-enriched compounds of up to -90o/oo vs. PDB (Hayes et al., 1987; 

Freeman et al., 1990; Collister et al., 1992). This depletion in 8 13C implicates a source of 

these compounds from organisms which utilize methane, since it is the only natural carbon 

substrate commonly found with such light C-isotope values. At Hydrate Ridge there are 

abundant irregular saturated and unsaturated C20 
and C

25 isoprenoid biomarkers which are 

highly depleted in 13C of up to -123 .8%0 PDB (Table 1 ). In contrast, biomarkers derived from

algal sources such as the isoprenoid pristane show isotope values of -27.5%0. The isotopic 

composition of individual compounds was determined by continuos flow-isotope ratio mass 

spectrometry (CF-IRMS, Finnigan MA T 252) as described previously (Hayes et al., 1990; 

Merritt and Hayes, 1994). The mass spectrometer was connected to a Varian 3300 gas chro

matograph equipped with 30 m DB-1 column with 0.25 mm internal diameter and a stationary 

cross linked methyl silicone phase of 0.25 µm. The carrier gas was He at a flow rate of 1.5 

ml/min. The samples (dissolved in n-hexane) were on-colurnn injected at 60°C and after 1 

min the oven was programmed to 300°C at 2.5°C/min and then kept at 300°C for 20 min. All 

values reported were determined by duplicate analysis and the results averaged. 
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Table 1. Stable carbon isotope values and structures of irregular isoprenoid biomarkers from anaerobic sedi
ments of Hydrate Ridge associated with methane oxidation at coring sites TV-G 41-1, TV-G 43-1, and TV-G 43-
2. The isoprenoid pristane is shown as reference for biomarkers of algal origin. Isotope values are reported in the
6 notation relative to the Pee Dee Belernnite (PDB) standard: 6 13C = [('3C/ 12Csampic)/(13C/ 12C,�-1] x 103 • An
intemal Standard (n-C36) with a known Ö

13C-value (-26.2o/oo) was used to determine the isotopic composition of
individual hydrocarbons. Additionally, 3-methylnonadecane and 5ß(H)-cholane were used as intemal standards
for monitoring reproducibility and precision; standard deviation and isotope values of 10 replicated runs were
-27.0 ± 0.2%0 and -18.9 ± 0.3o/oo, respectively.

Sample Pr Cr PME PME:4 

TV-G 41-1 -27.5 -107.6 -101.7 n.d.

TV-G 43-1 -27.7 -117.9 -123.8 -107.3*

TV-G 43-2 -27.6 -113.8 -112.6 n.d.

*: 
13

C-enriched isotope value because of coelution with other polyunsaturated isoprenoids

n.d.: not detected

Pristane (Pr) Crocetane (Cr) 

PME PME:4 

Identification of irregular isoprenoids was carried out by gas chromatography-mass 

spectrometry (GC-MS). Compounds such as crocetane (2,6, 11, 15-tetramethylhexadecane), an 

isomer of phytane (2,6, 10, 14-tetramethylhexadecane ), 2,6, l 0, 15, 19-pentamethyleicosane 

(PME) or unsaturated C25 isoprenoids were identified (Fig. 2, 3). Other isoprenoids such as 

squalene or archaeal ether-linked C40 isoprenoids were absent in all of our samples. For cro

cetane, only minor coelution with phytane was observed. The difference in the mass spectrum 

of the regular (head-to-tail) isoprenoid phytane and the irregular (tail-to-tail) isoprenoid cro

cetane is the much higher abundance of the m/z 169 fragment in the mass spectrum of cro

cetane while phytane has a characteristic fragment of m/z 183. Although crocetane has been 

known for over 60 years it has only recently been recognized in recent marine sediments be

cause coelution with phytane tended to obscure its presence (Bian, 1994). The isotope data 

suggest that crocetane is natural and possibly a biomarker for methane-oxidizing bacteria (see 

Table l ). On the other hand, PME ( characteristic fragment m/z 239) is a well-known C25 iso

prcnoid believed to be synthesized by methanogenic archaebacteria (Holzer et al., 1979; 

Tomabene et al., 1979; Risatti et al., 1984). Also, although PME has been reported to origi

nate at least partially from algal sources based on its isotope signature (Kohnen et al., 1992; 

Freeman et al., 1994), our C-isotope data clearly suggest that under certain conditions this 

compound may also partake in methanotrophic bacterial activity. 
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Figure 2. GC-MS traces ofhydrocarbon fractions obtained from anaerobic sediments at coring sites TV-G 43-1, 
TV-G 43-2, and TV-G 4 l -1. n-alkanes are marked with their carbon numbers. Hydrocarbon lipids were extracted 
from the wet sediment ultrasonically using dichloromethane-methanol 2: 1 (v/v, 3x) and separated by non
automated medium pressure liquid chromatography on silica gel with n-hexane as eluent. Elemental sulfur was 
removed by passing the fractions over activated copper. The GC-MS was operated at 70 eV with a mass range of 
m/z 40-600 and a cycle time of 0.9 s (resolution 1000) using He as carrier gas; samples were injected in splitless 
mode (injector temperature: 285°C) and separation of hydrocarbons was achieved on a 30 m x 0.25 mm i.d. 
apolar DB-1 fused silica capillary colurnn (film thickness 0.25 µm; J & W Scientific); after a 2-min hold time at 
50°C, the oven was programmed at 5°C/min to 300°C at which it was held for 15 min. 
(*Strang even- over odd-predominance for n-alkanes in this part of the chromatogram is probably due to con-
tamination ofthe sample) 

The cluster of unsaturated C25 isoprenoids in the hydrocarbon fraction of hydrated 

sediments from the sampling site contains compounds with one to five double bonds. Such 

unsaturated isoprenoids were previously isolated from various strains of methanogenic ar

chaea such as Methanosarcina mazei and Methanolobus bombayensis and determined by 
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mass spectral analysis (Schouten et al., 1997). Additionally, 1H and 13C magnetic resonance 

spectroscopy analysis has identified the most present unsaturated C25 isoprenoid in M. mazei

as 2,6,10,15,19-pentamethyleicosa-2,6,14,18-tetraene (Sinninghe Damste et al., 1997). This 

compound has mass spectral data identical to one of our unsaturated isoprenoids (PME:4) 

extracted from hydrated sediments which shows a very light C-isotope value of -107.3%0. 

Higher amounts of unsaturated C
25 

isoprenoids have been recognized only at TV-G site 43-1. 

All other samples yielded minor or no detectable amounts of these molecules which made 

them unsuitable for isotopic investigations (see Fig. 2). 
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Figure 3. Mass spectra of irregular isoprenoid biomarkers such as crocetane, PME and PME:4 (mass spectra 
identical to PME-2,6, 14, 18-tetraene; Schouten et al., I 997) associated with methanotrophic processes at coring 
site TV-G 43-1. 

The similarity of stable isotopic compositions of irregular C20 and C25 isoprenoids 

from anaerobic sediments at all locations indicate a common source for these compounds 

(Table l). These biomarkers are possible end members of methanotrophic activity. They re

flect not only the isotopic composition of the abundant methane pool from gas hydrates but 

also the isotope effect accompanying methane consumption with a depletion in 13C of ap

proximately 50%0 relative to free gaseous methane (ö 13CcH4 ranged from -62 to -72%0). While 

for crocetane there is no known source other than methanotrophy, for PME and its unsatu

rated counterparts until now mostly methanogenic archaebacteria were thought to be the 

source. Our isotope values in 13C for PME and PME:4 of up to -123.8%0 prove that these bio

markers participate in methanotrophic processes as weil. From this evidence we conclude that 

methanogenic archaebacteria may be able to switch from a metabolism of methane formation 

to one favoring methane consurnption. This possibility was recently confirmed by 16S rRNA 

analysis of anaerobic sediments of the Eel River Basin on methanogenic archaea containing 

isoprenoid alkylglycerol ether lipids which are similar depleted in 13C (K.-U. Hinrichs, per-
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sonal communication). The anaerobic oxidation of methane may be accomplished via a rever

sal pathway of C02 reduction (i.e., "reverse methanogenesis") or an up to now unrecognized 

non-enzymatic route. Thermodynamically a reversal pathway of C0
2 

reduction is quite feasi

ble using water as electron acceptor at very low hydrogen and C02, and at very high methane 

concentrations (Zehnder and Brock, 1979; Harder, 1997). These conditions are met in Hy

drate Ridge sediments because of C0
2 

removal by carbonate precipitation and low hydrogen 

concentrations caused by sulfate reducers. lt appears very likely that hydrate-destabilization, 

such as at Hydrate Ridge of the Cascadia convergent margin, supplies free methane suffi

ciently to exceed a threshold beyond which net methane oxidation is favored. 
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Figure 4. Gas chromatogram of the hydrocarbon fraction isolated from extracted residue of cemented Mg-calcite 
sediment from station TY-G 97 (Aleutian trench). The quantity of25g ofpreviously cleaned Mg-calcite (washed 
with acetone) was dissolved by adding stepwise 500ml of IN HCI and stirring for 6 h. After centrifugation, the 
residue was washed two times with pre-extracted water and the hydrocarbons were extracted and isolated as 
previously described. GC analysis was performed on a 30 m x 0.25 mm i.d. apolar DB-5 fused silica capillary 
column (film thickness 0.25 µm; J & W Scientific) using a Carlo Erba 5160 gas chromatograph equipped with an 
on-column injector and a flame ionization detector. The samples were dissolved in n-hexane and injected at 
60°C. After a )-min hold time at 60°C, the oven was programmed to 140°C at 10°C/min, then to 3!0°C at 
5°C/min and finally kept at 3 10°C for 22 min. The carrier gas was H2 with a flow rate of 2.5 ml/min. IS: Interna! 

standards (3-methylnonadecane, 2-methyleicosane, 5ß(H)-cholane). 

The special gas hydrate environment which provides the necessary conditions for an

aerobic methane oxidation also contains abundant authigenic carbonates with extreme 13C 

depletion. Therefore in the absence of gas hydrates or if hydrate destabilization and CH4 

emission have ceased, the carbonates may retain evidence of organo-mineralization and 

methanotrophic biomarkers. First results from a Mg-calcite retrieved from a vent site at the 
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Aleutian trench (water depth 4860 m) show that the gas chromatogram is dominated by cro

cetane and other compounds which might be unsaturated C
20 

isoprenoids (Fig. 4). Neither 

GC-MS nor carbon isotopic investigations have been undertaken yet. Small amounts of PME 

and PME:4 were detected in the carbonate sample. Again, all our evidence points to anaerobic 

methane oxidation carried out by methanogenic archaebacteria in a syntrophic consortium 

with sulfate reducers at convergent tectonic settings with special deep-sea ecosystems. 

4. Conclusions

Carbon isotopic investigations of saturated and unsaturated irregular C2
0 and C25 iso

prenoids such as crocetane, PME and its four times unsaturated homologue 2,6,10,15,19-

pentamethyleicosa-2,6, 14, 18-tetraene (PME:4) identified these compounds as biomarker for 

methane-oxidizing archaea. These biomarkers are present in anaerobic marine sediments at 

cold seeps of the Cascadia convergent margin associated with destabilized methane gas hy

drates. Therefore, it is concluded that methanogenic archaea in a syntrophic consortium with 

sulfate reducers are able to grow on methane as their sole carbon source rather than forming it 

as metabolic product. This finding supports the earlier hypothesis of net methane oxidation 

under anaerobic conditions through "reverse methanogenesis". However, there is still a more 

exciting possibility for the oxidation of methane that might be accomplished by a single as yet 

undetected bacterium. 
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Abstract 

Saanich !niet has been a highly productive fjord since the last glaciation. During ODP

Leg 169S, nearly 70 m of Holocene sediments were recovered from Site 1034 at the center of

the inlet. The younger sediments are laminated, anaerobic, and rich in organic material (1 to

2.5 wt.%C0rg), whereas the older sediments below 70 mbsf are non-laminated, aerobic, with

glacio-marine characteristics and have a significantly lower organic matter content . This dif

ference is also reflected in the changes of interstitial fluids, and in biomarker compositions

and their carbon isotope signals. The bacterially-derived hopanoid 17ß(H),21 ß(H)-hop-

22(29)-ene (diploptene) occurs in Saanich Inlet sediments throughout the Holocene but is not

present in Pleistocene glacio-marine sediments. Its concentration increases after -6,000 years

BP up to present time to about 70 µg/g Corg, whereas terrigenous biomarkers such as the n

alkane C31 are low throughout the Holocene (< 51 µg/g C0rg) and even slightly decrease to 36

µg/g C
0
rg at the most recent time. The increasing concentrations in sediments younger than
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-6,000 years BP separate a recent period of higher primary productivity, strenger anoxic

bottom waters, and higher bacterial activity from an older period with lesser activity, hereto

fore undifferentiated. Carbon isotopic compositions of diploptene in the Holocene are be

tween -31.5 and -39.6%0 PDB after -6,000 years BP. These differences in the stable isotopic

record of diploptene probably reflect changes in microbial community structure of bacteria

living at the oxic-anoxic interface of the overlying water colurnn. The heavier isotope values

are consistent with the activity of nitrifying bacteria and the lighter isotope values with that of

aerobic methanotrophic bacteria. Therefore, intermediate 8 13C values probably represent

mixtures between the populations. In contrast, carbon isotopic compositions of n-C31 are

roughly constant at -31.4 ± 1.1 %0 PDB throughout the Holocene, indicating a uniform input

from cuticular waxes of higher plants. Prior to -6,000 years BP, diploptene enriched in 13C of

up to -26.3%0 PDB is indicative of cyanobacteria and suggests a period of lower primary pro

ductivity, more oxygenated bottom waters, and hence lower bacterial activity during the earli

est Holocene.

Keywords: biomarkers; diploptene; n-alkanes; anoxic sediments; carbon isotopic composi

tion; nitrifying bacteria; methanotrophic bacteria; cyanobacteria 

1. Introduction

Highly productive marginal basins in marine environments often accumulate organic

rich sediments. The composition of the preserved organic matter is controlled by the oceano

graphic regime, primary productivity, water depth, terrigenous supply, and decomposition and 

alteration during the early stages of diagenesis. To identify the sources of accumulated or

ganic matter, specific molecular markers (biomarkers) or measurements of the carbon iso

topic composition of the total sedimentary organic carbon (8 13C0,g) are often used (e.g., Jasper 

and Gagosian, 1989, 1990; ten Haven et al., 1990; Hinrichs et al., 1995; Fahl and Stein, 1997, 

Whiticar et al., this volume). The discovery of biomarkers in organic matter derived from 

different sources pem1its the elucidation of the paleoclimatic and paleooceanographic con

trols on organic matter deposition (Jasper and Gagosian, 1993). 

The hopanoid biomarker diploptene, often abundant in recent and ancient sediments, 

is thought to be indicative of primarily bacterial sources (Wakeham, 1990) and occurs in di

verse environments, including soils, microbial mats, oceanic, lacustrine, and lake sediments 

(Volkman et al., 1986; Venkatesan, 1988; Prahl et al., 1992). Its widespread occurrence is 

attributed to bacteria that contain diploptene or its diagenetic precursor diplopterol as rigidity

imparting constituents of their cell membranes (Rohmer et al., 1992). Representative groups 

of these bacteria are cyanobacteria, purple non-sulfur bacteria, acetic acid bacteria, nitrifying 

bacteria, and methylotrophic and methanotrophic bacteria (Rohmer et al., 1984; Ourisson et 
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al., 1987; Surnmons et al., 1994). Nevertheless, several terrestrial fems are known to contain 

diploptene as weil (Ageta and Arai, 1983) and fems historically have been suggested as a 

source of these compounds to aquatic sediments (Bottari et al., 1972; Ageta and Arai, 1983), 

but the probability that these sources of diploptene are quantitatively important in marine en

vironments is low. However, Prahl et al. (1992) attributed the most part of diploptene in 

sediments throughout the Washington coastal environment to microorganisms indigenous to 

soils based on the similarity of the carbon isotope composition of diploptene in soils to those 

deposited in the sediments. Hence, diploptene found in marine sediments can derive from 

diverse bacterial sources of terrestrial and marine input. 

For this reason, we used carbon isotope compositions of diploptene in conjunction 

with down-core concentration profiles to examine the sources of diploptene in the Holocene 

sediments of Saanich Inlet. We present results on the apparent differences in the carbon iso

topic composition of diploptene which indicate changes in the microbial community structure 

of bacteria living at the oxic-anoxic interface or in the photic zone of the overlying water col

umn. Furthermore, we suggest, in conjunction with the overall Holocene organic carbon rec

ord, that the increase in the diploptene concentration might also be related to intensity 

changes in primary productivity. Thus, we are able to discriminate how bacterial inputs have 

varied with time in anoxic sediments of Saanich Inlet since the last glaciation. 

2. Study area

In the lower water colurnn of semi-closed marine fjord Saanich Inlet, oxygen demand 

exceeds oxygen supply as a result of high primary productivity and restricted deep-water cir

culation. This leads to anoxic bottom waters and anoxic sediments. Benthic organisms cannot 

survive under these conditions, and annual and seasonal depositions during Holocene time are 

preserved as finely laminated sediments with organic-rich marine and organic-poor terrige

nous sediments (Sancetta and Calvert, 1988). During ODP Leg 169S, nearly 70 m of such 

laminated Holocene sediments were cored from Site 1034B at the center of Saanich Inlet 

(Fig. 1 ). Whereas the top of this unit reflects a well laminated sequence, the part below 54 me

ters consists of poorly laminated mud containing an abundant bivalve fauna, suggesting 2,000 

to 3,000 years of more oxygenated bottom waters during the earliest Holocene (Bornhold et 

al., 1998). Prior to the Holocene record, the sediments of the upper Pleistocene were 

characterized by a rapidly accumulated dense, terrigenous silty clay with minor bioturbation 

near the top of this unit. 
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Figure 1. Southemmost Vancouver 
Island and location of ODP Site 1034B 
in Saanich lnlet (from Bomhold et al., 
1998). 
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The sedimentation rate for varved Holocene sediments in Saanich Inlet varies between 

3 to 15 mm/ year with an average of 6 mm/year (Bornhold et al., 1998). The varves are cou

plets of dark soil layers derived from the highly forested areas around the inlet, which are 

deposited mainly during fall and winter, and light diatom-rich layers, which are deposited 

during spring and summer. Early diagenetic stages present in Saanich !niet sediments include 

intense and well-characterized bacterial sulfate reduction and methanogenic fermentation 

(Brown et al., 1972; Nissenbaum et al., 1972; Presley et al., 1972). At Site 1034B, this sce

nario was confirmed by analysis of interstitial waters extending down to 80 meters below the 

sea floor (mbsf) (Fig. 2; Bomhold et al., 1998). This upper unit I contains anaerobic, organic

rich sediments (1 to 2.5 wt.%Corg). Extensive remineralization processes are reflected by dis

solved sulfate concentrations close to zero and an alkalinity profile with maximum values of 

-115 mM. In the deeper unit II, organic matter is largely refractory and concentrations are an

order of magnitude lower than in the shallower unit. Concentrations of dissolved nutrients are

low and those of dissolved sulfate are high, indicating that sulfate reduction is not operative.

Therefore, the sharp gradient in dissolved sulfate up to 26 mM below 80 mbsf is probably

indicative of upward diffusion of sulfate from unit II to unit I. Furthermore, this characteristic

diffusion distribution for sulfate might also indicate the presence of anaerobic methane

consuming organisms which create an additional sink for sulfate between 80 and 100 mbsf

(Whiticar and Elvert, this volume).
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Figure 2. Depth distribution of dissolved sulfate, alkalinity, and organic carbon, and lithology at Site 1034B 
(from Bomhold et al., 1998). 

3. Materials and methods

Twenty-nine samples were recovered from Hole 1034B between depths of 1 to 115 

mbsf. At least one sample was immediately taken from each 10 m core, transferred into pre

cleaned 125 ml wide-mouth glass vials, and stored frozen at -30°C until analysis. Bulk pa

rameters such as 8 13C
0

,8 and wt.%C
0

,g were provided in conjunction with the organic matter 

record at Site 1034B (Table 1) by Whiticar et al. (this volume), and stratigraphic information 

as weil as radiometric dates by Bornhold et al. ( 1998). 

3.1. Extraction and chromatographic separation 

Lipids were extracted ultrasonically from the wet sediment material with dichlo

romethane-methanol (2: 1, v/v, 4x). The solvent extracts were partitioned between the dichlo

romethane and the aqueous methanol phase by adding 0.05 M KCI solution, and the organic 

phase was evaporated to near dryness. Hydrocarbon fractions were separated from the lipid 

extract by non-automated medium pressure liquid chromatography (MPLC) on silica gel ( 1.3 

g, 5% deactivated). Separation was by elution with hexane (100%; 13 ml as Fl), dichlo

romethane-hexane (20:80, v/v; 10 ml as F2), dichloromethane (100%; 10 ml as F3), and di

chloromethane-methanol (50:50, v/v; 10 ml as F4) into the respective fractions. Elemental 

sulfur in the F I fractions was removed by passing the fractions over short columns of acti

vated copper with n-hexane as eluent. These fractions were analyzed by gas chromatography 

(GC), gas chromatography-mass spectrometry (GC-MS), and on-line, continuous flow

isotope ratio mass spectrometry (CF-IRMS). 
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Table 1. 6 13Cors a�d ¾Corg of organic �atter, and radiocarbon ages of shell and wood fragments at Site 1034B
(from Bornhold, Ftrth, et al., 1998; Wh1t1car et al., this volume). 

Core, sectlon, Corrected 613C"'g Co,g 
14C age yr Calibrated 

interval (cm) depth (mbsf) (%o) (%) BP (at depth) 14C age yr BP 

169S-1034 B-
1 H-1, 90-96 0.93 -21.30. 2.64° 

1H-1, 130-136 1.33 -21.30. 2.64' 
1H-2, 10-16 1.63 -21.30" 2.64° 

1H-2, 44-50 1.97 -21.30° 2.64" 
1H-2, 139-145 2.92 -21.27 2.56 
1H-3, 80-86 3.83 -20.28 2.50 
2H-1, 100-106 5.23 -21.30 2.15 330 ± 50 (5.20 m) 286-507 
2H-2, 130-136 7.03 -21.35 2.13 
2H-3, 100-106 8.23 -21.56 1.97 
2H-4, 50-56 9.23 -21.68 2.06 
2H-4, 130-136 10.03 -21.46 2.47 1,080 ± 80 (9.88 m) 868-1,199 
2H-5, 50-56 10.73 -21.71 2.49 
2H-5, 130-136 11.53 -21.85 2.07 1,350 ± 50 (11.20 m) 1,173-1,344 
2H-6, 130-136 13.03 -21.79 2.50 
2H-7, 60-66 13.83 -21.83 2.00 
3H-1, 100-106 14.73 -21.63 2.40 1,880 ± 50 (16.33 m) 1,631-1,923 
3H-4, 136-139 19.57 -22.25 2.11 
3H-6, 20-26 21.43 -21.74 2.00 
3H-6, 44-50 21.67 -21.74 2.00 
3H-7, 60-66 23.33 -21.89 2.30 3,330 ± 50 (23.70 m) 2,552-2,777 
4H-4, 130-136 29.03 -21.85 1.70 4,260 ± 50 (28.26 m) 4,554-4,977 
5H-4, 136-139 38.57 -22.01 2.20 
6H-4, 136-139 48.07 -22.42 1.51 5,670 ± 50 (46.73 m) 6,303-6,632 
7H-4, 133-139 57.56 -22.35 1.47 8,590 ± 50 (57.27 m) 8,469-8,891 
8H-4, 133-139 67.06 -23.01 1.30 10,800 ± 70 (67.36 m) 11,098-11,944 
10H-4, 133-139 86.06 -25.68 0.42 12,630 ± 60 (81.20 m) 13,557-14,067 
11 H-4, 133-139 95.56 -25.03 0.39 
12H-4, 125-131 105.48 -25.03 0.37 
13H-4, 1213-131 114.50 -24.91 0.31 

': Highly disturbed samples: ö"C.,. and %C
.,. 

values are taken from sample 169S-1034B-1 H-2, 96 cm and 
assumed to be constant upcore. 

3.2. Gas Chromatography 

Hydrocarbon fractions were analyzed using a 30 m, apolar, DB-5 fused silica capillary 

column (0.25 mm internal diameter, film thickness 0.25 µm; J & W Scientific) in a Carlo 

Erba 5160 gas chromatograph equipped with an on-colurnn injector and a flame ionization 

detector. The samples were dissolved in n-hexane and injected at 60°C. After a 1-min hold 

time, the oven temperature was raised to 140°C at 10°C/min, then to 310°C at 5°C/min and 

finally kept at 310°C for 25 min. The carrier gas was H2 at a flow rate of 2.5 ml/min. Con

centrations for each compound were determined by adding internal standards (3-methyl

nonadecane, 2-methyl-eicosane, 5ß(H)-cholane) prior to GC analysis and are reported in µg/g 

C
0
rg with an absolute uncertainty of ± 3 µg/g C

0
,g for single compounds. Loss of material dur

ing analysis was monitored by adding a recovery standard (n-C40) prior to the overall analyti

cal procedure. Typical recoveries were 70 to 80% relative to n-C40• 
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3.3. Gas Chromatography-Mass Spectrometry 

Diploptene in varved sediments of Saanich Inlet 

Compounds were identified by electron-impact GC-MS using a Carlo Erba 8000 gas 

chromatograph interfaced to a Fisons MD 800 mass spectrometer operated at 70 eV with a 

mass range of m/z 40-600 and a cycle time of 0.9 s (resolution 1000). The gas chromatograph 

was equipped with a DB-1 fused silica capillary column (30 m, 0.25 mm intemal diameter) 

coated with cross-linked methyl silicone (film thickness 0.25 µm, J & W Scientific) using He 

as carrier gas. The samples were injected in splitless mode (injector temperature: 285°C) and

subjected to the same temperature program given above. Compound identifications are based 

on comparison of relative retention times and mass spectra of authentic standards or to those 

reported in the literature. 

3.4. Carbon Isotope Analysis 

The isotopic compositions of individual compounds in hydrocarbon fractions were 

determined by CF-IRMS (Finnigan MAT 252) which has been described previously (Hayes et 

al., 1990; Merritt and Hayes, 1994). This technique features a coupled gas chromatograph

combustion line-isotope ratio mass spectrometer that permits routine and rapid determination 

of carbon isotope ratios on nanomolar quantities of sample. The mass spectrometer was con

nected to a Varian 3300 gas chromatograph equipped with a 30 m DB-1 column with 0.25 

mm intemal diameter and a stationary phase thickness of 0.25 µm (J & W Scientific) or a 50 

m CP-Sil 5 CB-MS (0.25 mm intemal diameter, 0.4 µm stationary phase, Chrompack). The 

carrier gas was He at a flow rate of 1.5 ml/min. The samples, dissolved in n-hexane, were on

colurnn injected at 60°C and after 1 min the oven temperature was raised to 300°C at

2.5 °C/min and then kept at 300°C for 20 min (CP-Sil 5 CB-MS: 60°C (Imin isothermal), up

to l40°C at a rate of: l0°C/min, up to 230°C at rate of 3°C/min, and finally up to 310°C at a

rate of 2°C/min at which it was held for 35 min). The carbon isotopic compositions are re

ported in the 8 notation as per mil deviation from the Pee Dee Belemnite standard (PDB). 

Besides CO -calibration at the start and the end of each run, an intemal standard (n-C36) with

a known 8 13C value was used to determine the isotopic composition of individual hydrocar-

bons. Additionally, 5ß(H)-cholane was used as internal standard for monitoring reproducibil-

ity and precision during the project. 
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4. Results and Discussion

Diploptene in varved sediments of Saanich Inlet 

The content of organic matter in laminated sediments of Saanich Inlet at Site 1034B
steadily decreases from 2.6 %C0,g at the top of the core to around 1 to 1.5% in the lower
Holocene unit, which is poorly laminated. In contrast, the glacio-marine Pleistocene sedi
ments contain less than 0.5%C0,g (Table 1). Other bulk parameters such as total elemental
sulfur and %N0,g also reflect this trend (Bornhold et al., 1998). Similarly, there is a trend in
the 8 13C0,s signal from values of -21.3%0 in younger sediments to values of -23.0%0 in older
sediments. This has previously been interpreted as reflecting an increase in marine primary
productivity and a dilution of allochthonous terrestrial organic material by isotopically heav

ier marine products (Whiticar et al., this volume). Below 70 mbsf, an abrupt shift in 8 13C
0

,g 

values to -24.5%0 suggest a sharp transition to more terrestrial conditions during tbe Pleisto

cene, also characterized by diminished organic matter flux. Representative partial gas chro

matograms of the hydrocarbon fraction from anoxic sediments of Saanich Inlet are illustrated 
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Figure 3. Partial gas chromatograms of hydro
carbon fractions obtained from samples 169S-
1034B-2H-6, 130-136 cm (laminated, 13.03 
mbsf), 169S-1034B-6H-4, 136-139 cm (lami
nated, 48.07 mbsf), l 69S-1034B-8H-4, 133-139 
cm (less laminated, 67.06 mbsf), and 169S-
1034B-I0H-4, 133-139 cm (glacio-marine silty 
clay, 86.06 mbsf). Odd n-alkanes are marked 

with their carbon numbers (IS: 5ß(H)-cholane). 
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in Fig. 3. All fractions from Holocene sediments at Site 1 034B are dominated by odd-
nurnbered n-alkanes with a maximum at n-C indicati·ng a tem·g l fr 

· 
l 29 enous supp y om cutlcu ar 

waxes of higher land plants. This also confirmed by the odd over e e b d d 
· 

- v n-num ere pre om1-
nance (CPI; Bray and Evans, 1961) in the range from n-C25 to n-C33 varying between 2.8 and
5.2 within the laminated part of sediment column (Table 2). Values as low as 1.7 are obtained
for Pleistocene glacio-marine sediments. Diploptene occurs in Saanich Inlet sediments
throughout the Holocene and is not present in Pleistocene glacio-marine sediments (Fig. 3;
Table 2). lts concentration in creases after-6,000 years BP up to present time to 70 µg/g C

0r
8 

Table 2. �PI, D:I:Cis.31,_ and conc�ntratio_ns �nd carbon isotopic compositions of relevant terrigenous n-alkanes
and bactenally-denved d1ploptene tn Saamch mlet sediments at Site I 0348. 

-----
--

Core, sectlon, Corrected CPI n�,, Diploptene [C2w1 D:[C2541 
i;,,c�,,' 613C·Dlploptene' 

lnt11val (cm) depth (mbsf) (119/g c ... 1 (11glg c.,.l (119'9 c.,.l l"'ol l"'ol 

169$-1034B-
lH-1, 90-96 0 93 2.8 36 39 136 0.28 -31.1 -37.0 
1H-1, 130-138 1.33 4.3 42 45 170 0.26 -31.0 -37.4 
1H-2, 10-16 1.63 4.0 37 44 133 0.33 -30.9 -37.0 
lH-2, 44-50 1 97 4 6  31 42 117 0.36 -31.2 :t 0.2 -35.6 :t 0.2 
lH-2, 139-145 2 92 4 1 34 49 127 0.38 -32.0 -37.9 
1H·3, 80-86 3 83 4 1 39 46 144 0.32 -30.6 :t0.1 -36.1 :t 0.2 
2H-1, 100-106 5.23 4.6 47 62 177 0.35 -31.7 :t 1.0 -38.5 :t 0.2 
2H-2, 130-136 7 03 3 9  47 70 185 0.38 -31.3 -38.3 
2H-3, 100-106 8 23 3.4 49 50 184 0.27 -31.7 :t 0.3 -36.4 :t 0.3 
2H-4, 50-56 9 23 4 3  49 61 182 0.33 -30.3 -37.1 
2H-4, 130-136 10 03 3.9 48 49 165 0.30 -31.0 -37.7 
2H·5, 50-56 10 73 4 2  36 38 135 0.28 -31.5 :t 0.6 -39.6 :t 0.0 
2H-5, 130-136 11.53 3.8 52 60 183 0.33 -31.1 -38.3 
2H-6, 130-136 13.03 4.3 40 50 161 0.31 -31.4 t 0.5 -38.1 t 0.3 
2H·7, 60-66 13.83 4 3  53 67 211 0.32 -32.1 t 1.1 -38.5 t 0.9 
3H-1, 100-106 14 73 4 3  47 52 182 0.29 -31.7 -39.5 
3H-4, 136-139 19 57 5 2  44 36 162 0 22 -32.0 t 0.2 -38.4 :t 0.2 
3H-6, 20-26 21 43 3.7 35 42 142 0.29 -30.9 t 0.6 -38.7 :t 0.1 
3H-6, 44-50 21 67 4.6 32 37 134 0.28 -31.7 :t 0.4 -38.2 :t 0.3 
3H-7, 60-66 23 33 4 5  39 39 157 0.25 -30.7 :t 0.7 -37.7 :t 0.5 
4H-4, 130-136 29 03 3.4 54 53 201 0.27 -31.5 :t 0.9 -38.6 :t 1.1 
5H-4, 136-139 38.57 4.2 57 37 216 0.17 -31.4 t 0.5 -37.9 :t 0.1 
6H-4. 136-139 48 07 4 4  55 25 214 0.12 -31.1 :t 0.1 -31.5±0.1 
7H-4, 133-139 57 56 4 0  54 22 192 0.12 -32.4 :t 0.4 -26.4 :t 0.5 
BH-4, 133-139 67.06 4.4 51 21 209 0.10 -32.2 :t 0.3 -26.3 :t 0.3 
lOH-4, 133-139 86.06 1.7 120 n.d. 443 0.00 -31.6 n.d. 

11H-4, 133-139 9556 1 7 129 nd. 464 0.00 n.m. n.m. 

12H-4, 125-131 105.48 1.8 69 n d. 277 0.00 n.m. n.m. 

114 50 1 7 125 nd. 482 0 00 n.m n.m 13H-4 128-131 

': lnc:hcated uncena,ntJes are s tandard errors of means of 2 or 3 measuremen ts. Where no uncertalnty is glven. value represents single measurement. 

n.d not detec ted, n.m„ not measured 

m sarnple 169S- l 0348-2H-2, 130- l  36cm, whereas terrigenous biomarkers such as n-C31 

slightly decrease in concentration (Fig. 4, Table 2). Highest concentrations for n-C3 1 and all 

other n-alkanes are obtained for Pleistocene se<liments older than 12,000 years BP. The ratios 

D:IC25_31, where D is the concentration of diploptene and :EC25•3 1 the summed concentrations

of long chain, odd-numbered n-alkanes (Prahl et al., 1992), range from 0.25 to 0.38 after 

-5,000 years BP. These values probably indicate abundant bacteria which contribute to the

organic matter ultimately preserved in Saanich Inlet sediments. Moreover, they are signifi

cantly higher than those reported by Prahl et al. (1992) for recent Washington coastal sedi

ments and sediments from the Columbia River basin. These authors inferred, in conjunction 

with carbon isotope analysis of diploptene and long-chain n-alkanes, that soil bacteria are the 
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probable source of diploptene found in these environments. In contrast, considering the ratios 

D:IC2s.31, diploptene found in varved sediments of Saanich Inlet is indicative for bacterial 

sources mainly derived from the marine environment. 
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Figure 4. Depth distribution of n-C31 , diploptene, and ratio between diploptene (D) and plant-derived odd n
alkanes (IC25_3 i) at Site 10348. Dashed line approximately represents 6,000 years BP. 

Carbon isotopic compositions of diploptene and n-C
31 

are significantly different and 

clearly demonstrate that these biomarkers derive from different environments (Fig. 5, Table 

2). Moreover, the 1 3C-depleted isotopic composition of diploptene, between -31.5%0 and 

-39.6%0 PDB in sediments younger than -6,000 years BP, confirms its bacterial origin. In

contrast, the carbon isotopic composition of n-alkanes such as n-C
31 remains constant at about

-31.4 ± l .  l %0 throughout Holocene time, indicating an allochthonous source from cuticular

plant waxes. A potential source of diploptene found in Saanich Inlet sediments might be for

instance nitrifying bacteria living at the oxic-anoxic interface of the overlying water column
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Figure s. Depth distribution of individual isotopic compositions of n-C31 and diploptene at Site 1034B. Dashed

line approximately represents 6,000 years BP.
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(Freeman et al., 1990 ; Freeman et al., 1994), and which grow on a carbon source isotopically

depleted in 13C relative to the carbon isotopic composition of dissolved organic carbon o:co2)

in the photic zone (--8%0). Such a carbon source might be LC02
, which is derived from a

mixture of remineralized particulate organic matter and oxidized methane diffusing from the

zone. In Saanich lnlet, contributions of methane to LC0
2 

are very likely because the oxidation 

of methane at the oxic-anoxic interface is known to consume up to 100% of the methane dif

fusing from the anoxic layer (Ward et al., 1989). At the interface, Ward et al. (1989) also

measured steep gradients in nutrient concentrations and bacterial abundance, indicating that

the overall bacterial activity at this zone is very high. Nevertheless, it should be considered

that diploptene is also derived from aerobic methanotrophs, causing the depletion in 13C of

LCÜ2 at the interface, which are known to contain high amounts of diploptene or its diage-

netic precursor diplopterol (Rohmer et al., 1984; Rohmer et al., 1992).

Considerable lower diploptene concentrations (< 25 µg/g Corg) with simultaneously en-

riched 8 13C values of up to -26.3%0 were obtained in sediments older than -6,000 years BP

(Table 2). This finding indicates that diploptene in these sediments is derived from a bacterial

source growing on LCO2 with a different carbon isotopic composition than that found at the

oxic-anoxic interface. Such a bacterial source is probably planktonic cyanobacteria which can

be identified by carbon isotopic compositions close to those of biomarkers derived from

eukaryotic algae (Sakata et al., 1997). Schoell et al. (1992) for example reported carbon iso

topic compositions of a C29 and a C30 
hopane in a Monterey crude oil of -26.1 %0 and -25.8o/oo,

respectively, which exactly match those found for diploptene in Saanich Inlet sediments older

than -6,000 years BP. Moreover, Schoell et al. (1992) suggested diploptene and diplopterol as

possible precursors for the C29 
and the C30 

hopane found in their samples. On this basis, we

infer that diplotene in sediments older than -6,000 years BP is mainly of cyanobacterial ori-

gtn. 

The absence of diploptene derived from bacterial sources living at the oxic-anoxic in

terface suggests a period during the earliest Holocene where anoxic bottom water conditions

were not established. This is either due to lower primary productivity or oceanographic con

ditions providing more oxygenated bottom waters. The first explanation is in well agreement 

with the overall Holocene carbon isotope record at Site 1034B (Whiticar et al., this volume).

Whiticar et al. attributed the continual enrichment in 13C of C0rg during Holocene time to in

creasing marine primary productivity and a dilution of allochthonous terrestrial organic mate

rial by isotopically heavier marine products. Lower primary productivity would cause less

oxygen consumption during the decay of settling organic particles and hence the bottom water

in Saanich Inlet would not become anoxic. Altematively, a similar situation would arise if the

oceanographic conditions in Saanich Inlet were still influenced by postglacial sea-level rise 

due to the proximity of retreating glaciers prior to 12,000 years BP. Rising sea-level would

cause more oxygenated bottom waters to flow into the inlet and anoxic conditions would di-
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minish. After -6,000 years BP distinctly lower carbon isotope values and increasing concen
trations of diploptene are compatible with a sea-level stand such as today, which is also con
firmed by geomorphologic investigations and topography around the Saanich Inlet area 

(Huntley et al., this volume). Therefore, the isotopic signature of diploptene in the sedimen

tary record of Saanich Inlet is attributed to multiple bacterial sources. Cyanobacteria, nitrify

ing bacteria, and methanotrophic bacteria clearly contribute to the overall record, where (a)

planktonic cyanobacteria grow on LCO2 in the photic during the Holocene, (b) nitrifying bac

teria grow on a carbon source isotopically depleted in 13C relative to LCO2 at the oxic-anoxic

interface after -6,000 years BP, indicating the onset anoxic bottom water conditions during

that time, and (c) methanotrophic bacteria oxidize methane diffusing from the anoxic layer

and cause the depletion in 13C of LCO2 at the interface . 

5. Conclusions

Anoxie sediments from Saanich Inlet are dominated by the presence of diploptene, a 

hopanoid biomarker derived from multiple bacterial sources. Increasing diploptene concen

trations and depleted 8 1 3C values between -31.5 and -39.6%0 PDB in sediments younger than

-6,000 years BP separate a recent period of higher primary productivity, stronger anoxic

bottom waters, and more bacterial activity from an older period with lesser activity, hereto

fore undifferentiated. At that time, the sea-level in Saanich Inlet had risen near its present 

level and modern oceanographic conditions were well-established. Moreover, differences in 

the stable isotopic record of diploptene probably reflect changes in microbial community 

structure of bacteria living at the oxic-anoxic interface of the overlying water colurnn. The

heavier isotope values are consistent with the activity of nitrifying bacteria and the lighter 

isotope values with that of aerobic methanotrophic bacteria. In contrast, in sediments older 

than -6,000 years BP diplotene with 8 13C values of up to -26.3%0 can be attributed to plank

tonic cyanobacteria. All of these bacteria clearly contribute to the overall isotopic signature of 

diploptene found in the sedimentary record and, therefore, intermediate 8 13C values probably 

represent mixtures between the populations. 
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Chapter 3 

Methane-oxidizing archaea in deep-sea sediments and authigenic carbo

na tes at cold seeps of the eastern Aleutian subduction zone 

Abstract 
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Cold seeps of the eastem Aleutian subduction zone support prolific benthic communi

ties and generate carbonate precipitates which are dependent on carbon dioxide delivered 

from methane-oxidizing archaea. These microbial communities seem to be active in sedi

ments at the sulfate reduction-methane production boundary. Lipid compounds of these or

ganisms are strongly depleted in 1
3C with values of 8 13

C as low as - l  30.3o/oo PDB. Diagnostic 

biomarkers include predominantly saturated and unsaturated irregular C20 isoprenoids such as 

2,6,11,15-tetramethyl-hexadecane (crocetane) as weil as the glycerol ether lipid archaeol. The 

irregular isoprenoids are dominant constituents of the total organic carbon in the anaerobic 

sediments as weil as the carbonate precipitates. This is reflected in the carbon isotope compo

sition of organic matter of -4 l .8o/oo and between -45.4 and -48.7o/oo PDB of the carbonate pre

cipitates, respectively. The enrichment of irregular isoprenoids suggests that methane

oxidizing archaea have accumulated within the microbial community in the sediment. Com

parison with results presented elsewhere indicates that at least three different microbial com

munities compose archaea that perform anaerobic methane consumption, and which are de-
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e respect1ve cold seep env1ronrnents. If methanePendent on specific conditions found at th · 

rc aea ea s to a dominant abundance of crocetaneventing is low or has ccased starving of a h 1 d 
' 

whereas high amounts of unsaturated irregular C20 isoprenoids are indicative of recent fluid
venting and living archaea. Furthermore, biosynthetic implications suggest that the irregular
C20 isoprenoids are biosynthesized through tail-to-tail coupling of two geranyl pyrophosphate
units and subsequent reduction of the double bonds with the saturated homologue crocetane
being the ultimate product. 

Keywords: Aleutian subduction zone; cold seeps; authigenic carbonates; biomarkers; irregular 

isoprenoids; stable carbon isotopes; crocetane; archaeol 

1. Introduction

Chemoautotrophic microbial communities inhabiting marine sediments near cold 

seeps or living as symbionts in vent macrofauna are important for carbon cycling in environ

ments wherc light no longer exists. At cold seeps, fluid venting supports benthic communities 

and generates authigenic carbonates from biogeochemical tumover and interaction between 

fluids and ambient bottom water (Suess et al., 1985; Kulm et al., 1986; Wallmann et al., 

1997). Especially growth and metabolism of the associated vent macrofauna are based on a 

chemoautotrophic food chain which starts with the microbially mediated oxidation of reduced 

compounds such as methane or hydrogen sulfide delivered by active fluid venting. For meth

ane, the oxidation to carbon dioxide occurs either by aerobic (Childress et al., 1986) or an

aerobic processes (Suess and Whiticar, l 989), with the latter still being not completely under

stood. However, subsequent incorporation of carbon dioxide by organisms or precipitation of 

carbonates in oversaturated microenvironrnents results in carbon isotope values depleted in 

13C providing indirect evidence for methane oxidation. Values reported for carbonates and 

organisms such as mytillid mussels, vestimentiferan or pogonophoran tube worms are up to 

-77o/oo PDB (e.g., Paull et al., 1985; Brooks et al., 1987; Ritger et al., 1987; Suess et al., 1998).

Independently conducted research on biomarkers associated with ancient and recent 

methane seepage has provided another piece of supporting evidence for anaerobic methane 

oxidation (Elvert et al., l 999; Hinrichs et al., 1999; Thiel et al., 1999). These authors identi

fied irregular tail-to-tail isoprenoids and isopranyl alkylglycerolethers such as 2,6,11,15-tetra

methylhexadecane ( crocetane ), 2,6, l 0, 15, 19-pentamethyleicosane (PME), 2,3-di-O-phytanyl

sn-glycerol (archaeol), and 2-0-3-hydroxyphytanyl-3-0-phytanyl-sn-glycerol (sn-2-hydroxy

archaeol) with superlight carbon isotope values of as low as -123 .8%0 PDB. The combination 

of PME and archaeol, traditionally believed to be biosynthesized by methanogenic archaea, 

with such extraordinary carbon isotope values prompted these authors to suggest that either 
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certain methanogens themselves are involved in the consumption of methane, operating re

versely in syntrophic cooperation with sulfate reducers, or that methanogens within some ar

chaeal lineages evolved to being capable of using methane as their predorninant or even ex

clusive carbon source. 

Following this idea, we analyzed hydrocarbons and alcohols from deep-sea sediments 

and carbonates from cold seep settings of the eastem Aleutian subduction zone for their 

structural and isotopic relationship to anaerobic methane-oxidizing archaea. Cold seeps at the 

eastem Aleutian subduction zone are among the deepest observed. Being far removed from 

the photic zone, these deep settings are well suited to study chemoautotrophic processes be

cause very little particulate organic matter reaches this depth. Accordingly, we identified nu

merous irregular isoprenoids and one diether lipid biomarker in extraordinary high abundance 

combined with highly depleted carbon isotope values. These criteria indicate the presence of 

methane-oxidizing archaea. The finding of archaea, consuming methane anaerobically, is the 

first of its kind documented at cold seeps from convergent margins in the deep-sea environ-

ment. 

2. Materials and methods

2.1. Study area 

The study area at the eastem Aleutian subduction zone, referred to as SHUMAGIN 

sector, was surveyed and sampled during R/V Sonne cruises 97 (SO 97) and 110 (SO 110-1 b 

and SO 110-2), and is shown in Fig. 1. The tectonic setting and the general sampling strategy 

have been described earlier by Suess et al. (1998). Active venting was observed at the inter

section of accretionary ridges with oblique tensional faults of the margin. These faults are 

manifested on canyons north of the deforrnation front at water depths around 4800 m. Typical 

colonies of seep macrofauna and authigenic carbonate crusts were found. The seep biota con

sisted of bacterial mats, pogonophorans, vestimentiferans and ornnipresent large colonies of 

bivalves. The nutritional pathway at the seep ecosystem in the SHUMAGIN sector is chemo

autotrophic as observed for other subduction settings. The carbon isotope composition of 

parts of the seep fauna ranged from -57.1 to -64.3%0 PDB and thus identifies methanotrophy 

as the dominant carbon metabolizing pathway (Suess et al., 1998). For authigenic carbonates, 

the o 13C values between -42. 7 and -50.8%0 suggest biogenic methane, via anaerobic oxidation 

and mixed with carbon dioxide supplied by sulfate-reducing bacteria, as the carbon source 

ultimately precipitated (Greinert, 1998). 
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Figure 1. Aleutian subduction zone with area of investigation (SHUMAGIN sector). 

2.2. C0rg 
and pore water analysis 

Contents of Corg were determined from the carbonate free, dried and homogenized 

sediment material using a Carlo Erba Nitrogen Analyzer 1500. For carbonate removal, 3 g of 

wet sediment material were treated over night with 15 ml of 10% HCI. After freeze-drying, 

samples were homogenized by using an agate ball mill. Standard deviations of this method 

\\ere 0.02%. Sulfate measurements were carried out by ion chromatography and detection by 

conductivity. Sulfate values are reported in mM and were calibrated with IAPSO-standard 

seawater of different concentrations. Using duplicate measurements, standard deviations were 

within 1.5%. 

2.3. Extraction, chromatographic separation, and derivatization 

2.3.1. Sediment material 

Lipids were extracted ultrasonically from the wet sediment material using (1) 50 ml of 

methanol/dichloromethane (2: 1, v/v), (II) 50 ml of methanol/dichloromethane (1 :2, v/v), (III) 

50 ml of dichloromethane, and (IV) 50 ml of dichloromethane. Fractions were separated from 

the lipid extract by non-automated medium pressure liquid chromatography (MPLC) on 1.3 g 

silica gel (70 _ 230 mesh, 5% deactivated). Liquid chromatographic separation was by elution
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with (I) 13 ml of n-hexane (hydrocarbons), (II) 10 ml of dichloromethane/n-hexane (20:80, 

v/v; esters and ketones), (III) 10 ml of dichloromethane (alcohols), and (IV) 1 0 ml of metha

nol/dichloromethane (50:50, v/v; glyco- and phospholipids). Elemental sulfur in the hydro

carbon fractions (I) was removed by passing the fractions over separate short columns filled 

with 1 g of activated copper powder using n-hexane as eluent. Hydrogenation of selected hy

drocarbon fraction was by saturation of 50 µl n-hexane with H2 in a fusible glass ampoule 

pre-filled with 10 mg of PtO2 and subsequent adding of 50 µl of sample (½ aliquot). After 1 h 

at room temperature the sample was directly analyzed by gas chromatography-mass spec

trometry (GC-MS). 

2. 3. 2. Carbonate material

The quantity of 25 g of pre-cleaned carbonate (washed with acetone) was dissolved by 

adding stepwise 500 ml of 1 N HCl and stirring for 6 h. After centrifugation for 5 min at 

4,000 rpm (rounds per minute) and decantation of the supematant, the residue was washed 

two times with pre-extracted water and the lipids were extracted as described above for wet 

sediment material. 

2.3.3. Derivatization of alcohols 

To facilitate gas chromatographic analysis of alcohols, trimethylsilyl (TMS) deriva

tives were produced. Alcohol fractions were blown down to near dryness using pure nitrogen, 

mixed with 100 µl BSTFA (bis(trimethylsilyl)trifluoroacetamide, Supelco ), and heated in 

closed glass ampoules for 2 h at 80°C. Following evaporation to near dryness under nitrogen, 

the residue was taken up in n-hexane and subsequently analyzed by mass spectrometric analy

s1s. 

2.4. Gas Chromatography (GC) 

Gas chromatographic analysis of hydrocarbon fractions (I) were performed using a 30 

m apolar DB-5 fused silica capillary column (0.25 mm intemal diameter (1D), film thickness 

0.25 µm; J & W Scientific) in a Carlo Erba 5160 gas chromatograph equipped with an on

column injector and a flame ionization detector. The samples were injected at 60°C. After a I

min hold time, the oven temperature was raised to 140°C at 10°C/min, then to 310°C at 

5°C/min and finally kept at 310°C for 25 min. The carrier gas was H2 at a flow rate of 2.5 

ml/min. Concentrations for each compound were determined by adding intemal standards (IS: 

3-methylnonadecane, 2-methyleicosane, 5ß(H)-cholane) with known concentrations prior to

GC analysis and are reported in µg/g Corg
· Standard deviations for single compounds are in 
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general below cr = 2 µg/g Cor
g 

except for compounds with more than 50 µg/g Corg 
(below cr = 

10 µg/g Corg)- Loss of material during analysis was monitored by adding a recovery standard 

(11-C40) prior to the overall analytical procedure. In general, typical recoveries were 70 to 80% 

relative to n-C40. 

2.5. Gas Chromatography-Mass Spectrometry (GC-MS) 

Hydrocarbon and alcoholic compounds (as TMS-derivatives) were identified by elec

tron-impact coupled GC-MS using a Carlo Erba 8000 gas chromatograph interfaced to a Fi

sons MD 800 mass spectrometer operated at 70 eV (cycle time of 0.9 s; resolution 1000) with 

a mass range of m/z 40-600 for hydrocarbons and rn/z 40-800 for alcohols. The gas chro

matograph was equipped with a DB-1 fused silica capillary column (30 m, 0.25 mm ID) 

coated with cross-linked methyl silicone (film thickness 0.25 µm, J & W Scientific) using He 

as carrier gas. The samples were injected in splitless mode (hot needle technique; injector 

temperature: 285°C) and subjected to the same temperature program given for GC measure

ments. 

2.6. Stable carbon isotope analysis 

2.6.1. Hydrocarbons 

Carbon isotope compositions of individual constituents in hydrocarbon fractions were 

determined by continuous flow-isotope ratio mass spectrometry (CF-IRMS; Finnigan MAT 

252). This technique features a coupled gas chromatograph-combustion line-isotope ratio 

mass spectrometer that permits routine and rapid determination of carbon isotope ratios on 

nanomolar quantities of sample. The mass spectrometer was connected to a Varian 3300 GC 

equipped with a 50 m CP-Sil 5 CB-MS (0.25 mm ID, 0.4 µm stationary phase, Chrompack). 

The carrier gas was He at a flow rate of 1.5 ml/min. The samples were on-colurnn injected at 

60°C and after 1 min the oven temperature was raised to 140°C at a rate of 10°C/min, then to 

230°C at rate of 3°C/min, and finally to 310°C at a rate of 2°C/min at which it was held for 35 

min. Carbon isotope ratios are reported in the 6 notation as per mil (%0) deviation from the 

Pec Dee Belemnite standard (PDB). Two intemal standards (n-C36 and 5ß(H)-cholane) of 

known isotopic composition (-26.2%0 and -18.9%0, respectively) were co-injected with each 

sample to determine the isotopic composition of individual compounds. Analytical reproduci

bility was on average within ± 0.2 to 0.3%0 for an n-alkane standard (n-C13 to n-C3s) with no 

background, but were much more variable for complex mixtures (up to ± l .6%0) due to factors 

such as coelution or signal to background ratio.
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2.6.2. Alcohols 

lsotopic compositions of alcohols were measured in form of TMS-derivatives and cor

rected for the isotopic shift associated with the addition of carbon atoms during derivatization. 

The 8 value of the trimethylsilyl carbon from BSTFA (-38.3 ± 0.6%0) was calculated from 

analysis of a free and a derivatized alcohol standard (n-Cwol to n-C 19-ol including (Z)- and 

(E)-phytol). All derivatized compounds were analyzed by CF-IRMS as described for hydro

carbons using co-injected n-C20 (8 13C = -33.1 %0) and n-C36 (8 13C = -26.2%0) as internal stan

dards. The isotopic composition of the carbons added to individual alcohols by derivatization 

was calculated by applying the equation of (Huang et al., 1995): 

where n is the carbon number of the alcohol and m the number of carbon atoms contributed by 

one TMS group (m = 3). 

2.6.3. cS 13C of organic carbon 

The isotopic composition of 8 13Corg 
was measured by elemental analysis-isotope ratio

mass spectrometry (EA-IRMS) using a Carlo Erba Elemental Analyzer connected via a Con

Flo TM interface to the Finnigan MA T 252. Analysis were carried out by Magnus Eek and 

Melissa McQuoid in the Biogeochemistry Lab at the School of Earth and Ocean Sciences 

(SEOS) in Victoria, Canada. Analytical reproducibility for duplicate runs was below ± 0.1 %0. 

3. Results and Discussion

Four anaerobic sediments from four different stations at cold seeps and one carbonate 

sample were analyzed for the presence of methane-oxidizing archaea. The active seep sites 

along with extensive carbonate crusts and methane anomalies of the bottom water colurnn 

were observed at a location from the SHUMAGIN sector inside a canyon which crosscuts the 

third accretionary ridge (Fig. 2). The canyon itself is cut by two faults along N-S and NNW

SSE direction, obliquely to the deformation front, which probably provide pathways and fo-

cus diffusive fluid venting. 
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Figure 2. Location of sediments and carbonates used for biomarker analysis from the SHUMAGIN sector. Cor
ing Station TV-G 97 (TV-guided grab sampler, TV-G) yielded carbonate precipitates; at coring stations TV-GKG 
40 (TV-guided box corer, TV-GKG), TV-G 43, and TY-G 48 sediment samples were recovered. 

3.1. Hydrocarbons 

Two sediment samples (station TV-GKG 40 and TV-G 48) and the carbonate sample 

(station TV-G 97) were found to contain significant amounts of saturated and unsaturated 

irregular isoprenoids C20 and to a minor degree irregular isoprenoids with 25 carbon atoms, 

whereas these compounds were absent from sediments at station TV-G 43. Two representa

tivc partial gas chromatograms of hydrocarbon fractions from these anoxic sediments at the 

cold seeps are shown in Fig. 3. 
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Figure 3. Gas chromatograms of hydrocarbon fractions obtained from anaerobic cold seep sediments at stations 
TV-GKG 40 and TV-G 43. n-Alkanes are indicated by dots. Numbers represent total number ofcarbon atoms. 
(Cr: crocetane, Cr: 1 and Cr:2: compounds with a crocetane structure containing one or two double bonds; PME: 
2,6,10,15,19-pentamcthyleicosane; PME:3, PME:4, and PME:5: compounds with a PME structure containing 
three, four, or five double bonds, respectively; JS: intemal standards). 

The saturated acyclic C2o isoprenoid crocetane is by far the most prominent hydrocar

bon in fractions obtained from samples at stations TV-GKG 40, TV-G 48, and TV-G 97. In 

general, sediment samples from the SHUMAGIN sector are usually dominated by the input 

through lateral transport from the northeast (Suess et al., 1998) which should be reflected in 

high abundance of biomarkers derived from allochthonous sources. But these sources appear 
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to be minor of importance compared to the abundance of irregular C20 isoprenoid biomarkers 

and especially of crocetane. This biomarker has been recently found in high amounts in an

aerobic sediments and carbonates associated with recent and ancient methane seeps (Elvert et 

al., 1999; Thiel et al., 1999). Based on structural and isotope evidence, these authors ulti

mately linked this biomarker to methanogenic archaea directly involved in anaerobic methane 

oxidation. In contrast to stations containing crocetane and other irregular isoprenoids, these 

biomarkers are absent from sediments at station TV-G 43 (Fig. 3). Sediments at this locations 

are less anoxic than sediments obtained for example from station TV-G 48 (Fig. 4) and, there

fore, probably do not match conditions necessary to favor anaerobic methane oxidation. 
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Figure 4. Comparison of pore water sulfate profiles between location TV-G 43 and TV-G 48 at cold seeps of the 
SHUMAGIN sector. 

Minor abundant irregular C25 isoprenoids such as PME have been known for two dec

ades to represent methanogenic activity (Holzer et al., 1979; Tomabene et al., 1979; Brassell 

et al., 1981; Risatti et al., 1984) although frequently a source from photoautotrophy has been 

inferred (Kohnen et al., 1992; Freeman et al., 1994). Nevertheless, Elvert et al. (1999) and 

Thiel et al. ( 1999) described this compound to take part in the process of methane oxidation 

under anaerobic conditions and linked it to the same source organism as for crocetane. Fur

therrnore, Elvert et al. (1999) found a four times unsaturated C2s isoprenoid (PME:4), again 

related to the same source and containing the same carbon skeleton as PME, which was un

ambiguously identified before by Sinninghe Damste et al. (1997) in Methanosarcina mazei. 

Additionally, this pentamethyleicosene was isolated together with pentamethyleicosenes 

containing three or five double bonds from the marine methanogenic archaeon Methanolobus 

bombayensis (Schouten et al., 1997). Similar pentamethyleicosenes containing three (PME:3) 

and five double bonds (PME:5) were encountered in hydrocarbon fractions from stations TV

GKG 40, TV-G 48, and TV-G 97 at the cold seeps from the SHUMAGIN sector. 
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GC-MS analysis of saturated and unsaturated irregular C2o isoprenoid biomarkers obtained from an anaerobic 
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In an earlier paper, preliminary results from extracts of an authigenic Mg-calcite sam

ple retrieved from station TV-G 97 prompted Elvert et al. (1999) to suggest that hydrocar

bons, eluting slightly ahead and after crocetane, may be unsaturated homologues of crocetane. 

Now, on the basis of their mass spectra and retention times, these unsaturated compounds 

were identified to be 2,6, 11, 15-tetramethylhexacenes containing one or two double bonds 

(Fig. 5). Moreover, the carbon skeleton of these compounds was confirmed by hydrogenation 

of the hydrocarbon fraction which yielded crocetane as the only irregular C20 compound. 

Identification was by comparison with the mass spectrum and retention index of crocetane 

from the untreated fraction. The exact positions of the double bonds within each compound 

remains unclear because no standard substances are available and mass spectra alone can only 

tentatively identify compound structures. 

Other prominent constituents within hydrocarbon fractions obtained from TV-GKG 40 

are the unsaturated irregular C30 isoprenoid squalene and the hopanoid diploptene. Squalene 

was only abundant at this location and absent at all other stations from the SHUMAGIN sec

tor. In contrast, diploptene was found at all stations which also contained irregular C20 and 

C2s isoprenoids. The abundance was moderate at station TV-GKG 40 and low at the stations 

TV-G 48 and TV-G 97 (see Table 1). In general, concentrations of hydrocarbons isolated 

form anaerobic sediments ranged from 6.5 to 832.3 µg/g C0rg, with the highest abundance

obtained for crocetane and its unsaturated homologues (Table 1 ). The highest amounts of cro

cetane (2368.1 µg/g Corg) and other irregular isoprenoids were obtained from the extracts of 

the carbonate sample with only trace amounts of non isoprenoid compounds. This proves that 

the carbonate initially precipitated at a site where the activity of methane-oxidizing organisms 

was extraordinary high (Fig. 6). 

C
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Cr.1" IS 
IS 

Cr.1' 
IS 
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Figure 6. Gas chromatogram of hydrocarbon fraction obtained from a Mg-calcite at station TV-G 97. n-Alkanes 
are indicated by dots. Numbers represent total number of carbon atoms. 
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Table 1. C�ncentrations of hydrocarbons (in µg/g C0,g) obtained from anaerobic cold seep sediments and a
methane-denved carbonate of the SHUMAGIN sector. 

TV-G 97 TV-GKG 40 TV-G43 TV-G 43 TV-G 48 
( Mg-ca leite) (20-22 cmbsf) (34-36 cmbsf) 

Compound [µg/g Co,g] [µg/g C..J [µg/g C.,,g] [µg/g C�] [µg/g Co,g] 
n-C17 106.9 13.4 24.1 19.3 20.7 
Pr 64.5 25.5 41.9 33.5 51.6 
Cr:1 231.6 45.7 n. d. n. d. 15.0 
n-C18 80.9 7.0 19.0 13.8 15.5 
Cr 2368.1 281.2 n. d. n. d. 832.3 
Ph n. d. n. d. 9.8 6.5 n. d.
Cr:1' 232.9 50.7 n. d. n. d. 10.4
Cr:1" 151.9 34.8 n. d. n. d. 9.8
Cr:1"' 386.1 129.5 n. d. n. d. 23.2
Cr:2 340.5 96.8 n. d. n. d. 11.2
n-C 19 

95.5 15.2 24.5 22.2 21.0
n-C20 71.8 9.5 20.9 17.5 18.6
n-C21 36.0 13.5 33.4 26.2 25.6
n-C22 24.8 12.1 28.3 23.7 23.9
PME 84.8 40.7 n. d. n. d. 43.5
n-C23 17.0 11.6 47.3 38.9 28.5
PME:3 52.3 11.9 n. d. n. d. 16.4
PME:4 77.3 20.9 n. d. n. d. 16.5
PME:5 14.6 12.8 n. d. n. d. n. d.
n-C24 11.6 10.0 42.7 33.5 24.3
n-C2s 12.9 14.4 63.5 51.1 33.9
n-C26 

4.2 10.1 31.5 24.4 21.8
n-C21 14.5 18.3 72.6 69.6 41.0
n-C2s 7.0 12.0 25.1 23.1 21.4
squalene n. d. 112.0 n. d. n. d. n. d.
n-C29 

10.0 75.7 107.4 91.0 68.3
n-C30 

4.4 14.8 10.7 11.9 9.8
n-C31 7.3 23.9 95.5 74.9 38.3
n-C32 3.4 9.1 13.2 15.9 8.1
n-C33 5.2 10.8 32.3 22.4 18.3
diploptene 29.5 87.2 n. d. n. d. 36.9

n. d.: not detected.

The sum of irregular C20 and C25 irregular isoprenoids at station TV-G 48 represents 

roughly 0.1 % of the total organic carbon at this location. This is also reflected in the isotopic 

composition of -41.8%0 PDB of organic matter (Table 2). This value is extraordinarily low if 

it is assumed that membrane lipids only comprise a very small part of the sedimentary Corg 

(Sinninghe Darnste and Schouten, 1997). Accounting for the fact that substantial contribu

tions to sedimentary Cor
g 

such as proteins and carbohydrates are several per rnil heavier than 

lipids (Hayes, 1993), the 813C value represents either contributions frorn considerable quanti

ties of 13C-depleted lipids other than crocetane alone or that proteins and carbohydrates are 

also incorporating carbon from the oxidation of rnethane at this station. Unfortunately, there 

is no sedimentary 8 13Corg 
value available for station TV-GKG 40, even though isotope values 

of carbonates from this station clearly demonstrate the presence of methane-oxidizing organ

isms (813C = -45.4%0). In contrast, station TV-G 43 seerns to be unaffected by this scenario 

and shows an isotope value of -25.5%0. This is probably due to a different nutritional pathway 

for the whole microbial community at this station which is based rather on sulfide oxidation 

than methane oxidation. At station TV-GKG 40, the Corg 
value of 1.67% is very high for a 
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sediment initially accumulated at a water depth of 4800 m and similar to values obtained for 

cold seeps from Hydrate Ridge at the Cascadia continental margin (unpublished data). This 

implies rather higher contributions of seep fauna and associated bacteria than contributions 

from sedimentary organic matter. Subsequently, the activity of such communities results in 

enhanced oxygen consumption and favors anoxic conditions at shallow sediment depths. 

Table 2. ¾C.,g and stable carbon isotope compositions (in o/oo PDB) of sediments and carbonates at cold seeps of 
the SHUMAGIN sector; Ö 13C values ofcarbonates are from Greinert (1998). 

Sample corg 
(%) ö 13c (%o) 

TV-G 97 ( carbonate) 0.61 -48.7 ± 2.7 (n = 24)
TV-GKG 40 1.67 not analyzed
TV-GKG 40 (carbonate) -45.4 ± 3.7 (n = 9)
TV-G 43 (20-22 cmbsf) 0.72 -25.5
TV-G 48 0.58 -41.8

For biomarkers associated with methane oxidation, carbon isotopic compositions of 

two distinct groups were found (Table 3). First, irregular saturated and unsaturated C20 and 

C25 isoprenoids with isotope values between -93.5 and -130.3%0 (group I) and second, bio

markers such as squalene and diploptene with isotope values of -60.5 to -74.4%0 (group II). 

Because GC and GC-MS measurements of hydrocarbon fractions from station TV-G 43 con

tained no detectable amounts of any specific biomarker related to methane-oxidizing organ

isms, carbon isotope analysis were not performed. The extremely low isotope values of group 

I at the seep sites indicate an origin from organisms which utilize methane (Table 3), since it 

is the only natural carbon substrate commonly found with such strongly depleted 13C values. 

Methane-oxidizing processes are active in sediments with elevated anoxic conditions at the 

sulfate reduction-methane production boundary (Elvert et al., 1999; Thiel et al., 1999; and 

references therein). These authors postulated a scenario which involves a syntrophic consor

tium of methanogens, operating in reverse, and sulfate reducers, which is able to perform net 

methane oxidation under anaerobic conditions. 13C-enriched isotope values within group I of -

71. 7 for Cr: 1 (TV-G 48) and -71.1 for PME (TV-GKG 40) are due to coelution of Cr: 1 with a

second, 13C-enriched compound (n-C
1
s) and derivation of PME from different sources,

probably containing methanotrophic and methanogenic isotope signatures. In contrast to

group I, enriched isotope values in 13C for compounds of group II reflect oxidation of meth

ane by aerobic methanotrophic organisms which are probably transported into the anoxic

habitat by water pumping clarns such as Calyptogena sp. living at the sediment-water inter

face (Wallmann et al., 1997). However, Thiel et al. (1999) assumed that sulfate reducers

might be the source of hopenes simultaneously found with highly depleted irregular isopre

noids. We prefer the first interpretation because no culture of sulfate reducers is known to
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contain hopanoid compounds (Rohmer et al 1984) Add·t· ll · l � b. ·, . 1 1ona y, isotope va ues 1or 10-

markers of group II are in good agreem t ·th bl. · en w1 pu 1shed results of squalene and d1ploptene
b:�synthesized by aerobic methanotrophs (Summons et al., 1994). These authors presented
8 C values between -45.3 and -62.6%0 for squalene and between -46.8 and -70.1%0 for
diploptene, depending on growth stage and on change of substrates.
Table 3. Carbon isotopic compositions of b·o k 1 d · · · 

. . 
t mar ers re ate to methane ox1dat10n from anaerob1c cold seep 

sed1ments and a methane-denved carbonate of th SHUMAGIN · · 
. e sector; also shown are some b1omarkers denved 

from photoautotroph1c sources (n-C 17 and Pr). 

TV-G 97a 
TV-GKG 40a 

TV-G 48a 

( Mg-cal cite) 
Hydrocarbon 813C (o/oo) 813C (o/oo) 013C (%0) 

n-C17 -32.0 ± 0.7 -34.6 ± 0.1 -31.4
Pr -34.3 ± 0.0 -31.0±0.1 -29.4
Cr:1 + n-C18 -100.0 ± 0.4 -114.0 ± 0.3 -71.7
Cr -129.9 ± 0.6 -130.3 ± 0.3 -124.6
Cr:1' -123.1±1.1 -123.6 ± 1.4 n. m.
Cr:1" -128.9 ± 1.2 -129.9 ± 0.1 n. m.
Cr:1"' -124.7±1.4 -128.2 ± 0.3 -93.5
Cr:2 -123.7 ± 0.0 -122.7 ± 0.0 n. m.
n-C

19 -31.8 ± 0.5 -31.6 ± 0.4 -27.0
PME -107.0 ± 0.4 -71.1 ± 1.1 -104.4
PME:3 -116.8 ± 0.7 -98.0 ± 0.7 n. m.
PME:4 -110.6 ± 0.8 -111.8±1.4 n. m.
PME:5 n. d. -98.0 ± 1.1 n. d.

squalene n. d. -60.5 ± 1.1 n. d.
diploptene -72.7 ± 1.2b -72.5 ± 0.3 -74.l

a lndicated uncertainties are standard errors of means of 2 (TV-G 97) or 3 (TV-GKG 40)
measurements. Values for SO 110-2 TV-G 48 represent single measurement. 

b Values 91ven for diploptene at coring sites TV-G 97 and TV-G 48 represent small signal 
to noise ratio. 
n. d.: not detected; n. m.: not measured, insufficient material for carbon isotope analysis.

3.2. Alcohols 

Archaeol was detected as the dominant component within alcohol fractions obtained
from the sediment sample at station TV-G 48 and the carbonate sample at station TV-G 97
whereas this compound was absent at the stations TV-GKG 40 and TV-G 43. Archaeol is the
most common core ether lipid in archaea and especially prominent in methanogens and halo
philes (de Rosa and Gambacorta, 1986). A representative GC-MS chromatogram of an alco
hol fraction is shown in Fig. 7 and the mass spectrum of the TMS derivative of archaeol in
Fig. 8. For the mass spectrum, it is analogous to the one presented and described earlier
(Teixidor and Grimalt, 1992; Teixidor et al., 1993). Briefly, the characteristic fragment ions
are rn/z 621 and m/z 426 which result from the loss of TMS-OCH3, a process typical for TMS
ethers, and cleavage of one phytanyl moiety at either sn-2 or sn-3, respectively.
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Figure 7. Reconstructed ion-current GC-MS chromatogram of trimethylsilylated alcohol fraction obtained from 
a methane-derived carbonate recovered at station TY-G 97 (archaeol: 2,3-di-O-phytanyl-sn-glycerol; *: con-
taminant). 

Other core ether lipid components than archaeol were detected only in trace amounts 

and were assigned to be monounsaturated archaeols as identified earlier in the Antarctic 

methanogen Methanococcoides burtonii (Nichols and Franzmann, 1992). These components 

could be breakdown products of hydroxyarchaeols which were identified to be acid-labile 

even under mild conditions (Sprott et al., 1990). Unfortunately, under the conditions used for 

GC-MS measurements, intact hydroxyarchaeols as detected in cultures of members of the 

families Methanococcales and Methanosarcinales (Koga et al., 1993; Sprott et al., 1993) were 

completely absent. Additionally to ether lipid components, significant amounts of dihydro

phytol and n-alcohols of the range n-C 14:0 to n-C1s:o with a maximum at n-C16: 1 were found in

the carbonate sample at station TV-G 97, but were mostly absent in the sediment sample at 

station TV-G 48. 
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Figure 8. Electron impact mass spectrum of the TMS derivative of the diether lipid 2,3-di-O-phytanyl-sn
glycerol (archaeol) present in alcohol fractions of a cold seep sediment (TV-G 48) and a cold seep methane
derived carbonate (TV-G 97) from the SHUMAG[N sector. 

Carbon isotope analysis of alcohol fractions obtained from samples at stations TV-G 

48 and TY-G 97 reveal highly depleted 13C values for archaeol of as low as -123.5%0 and are 

in the same range as detected for crocetane and its unsaturated homologues (Table 4). This 

coincidencc suggcsts a very similar if not a common source for these compounds from or

ganisms which use methane carbon as their carbon source for lipid biosynthesis. The finding 

of archaeol as marker for anaerobic methane-oxidizing processes at deep-sea cold seeps is 

also in good agreement with surveys of archaeal 16S rRNA genes and biomarker analysis 

reported for sediment samples from the Eel River Basin (Hinrichs et al., 1999). This study 

proved the predominance of a new archaeal group of methanogens with simultaneous 13C

depleted biomarkers such as archaeol and sn-2-hydroxyarchaeol. Because GC and GC-MS 

measurements of alcohol fractions from stations TV-GKG 40 and TY-G 43 contained no de

tectable amounts of any ether lipid, carbon isotope analysis were not performed. The carbon

isotope value of dihydrophytol at station TV-G 97 also links it to anaerobic methane

oxidizing archaea as determined for acyclic irregular C20 isoprenoids and archaeol but it dif

fers distinctly at station TV-G 48 (see Table 3 and 4). Therefore at station TV-G 48, we have

to assume that dihydrophytol derives from different sources with different isotope signals.

One source is probably anaerobic methane-oxidizing archaea and the other might be the ori

gin from chlorophyll pigments, via phytol, delivered by planktonic sources which eventually

results in a mean in 13C of -82.2%0.
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Table 4. Carbon isotopic compositions of selected alcohols obtained from · 
extracts from a methane-derived carbonate ofthe SHUMAGIN sector. 

an anaerob1c cold seep sed1ment and 

TV-G 97
a 

TV-G 48
a 

(Mg-ca leite) 

Alcohol o 
13
c (%0) 013

C (%0) 
n-C14 :o -96.5 n. m.
n-C1s:o -97.4 n. m.
n-C16:1 -109.4 ± 0.3 n. m.
n-C16:1 ' -109.0 ± 1.6 n. m.
n-C16:1" -111.2±1.5 n. m.
n-C16:o -102.9 ± 1.0 n. m.
n-C11:1 -102.3 ± 1.3 n. m.
dihydrophytol -121.3 ± 0.1 -82.2 
n-C,a:o -48.8 n. m.
n-C22:o -31.8 -29.2 
n-C24:o -31.8 -31.0
n-C26:o -35.3 -32.6
hopanol -60.2 ± 0.9 -70.5
bishomohopanol -62.9 ± 1.6 -50.4
archaeol -123.5 ± 0.6 -120.2

a lndicated uncertainties are standard errors of means of 2 measurements.
Where no uncertainty is given, value represents single measurement. 
n. m.: not measured, insufficient material for carbon isotope analysis.

lntracrystalline n-alcohols isolated from a Mg-calcite at station TV-G 97 in the range

of n-C14:0 to n-C11:1 show 8
1
3C values between -96.5 and -111.2%0 (Table 4). These values

doubtlessly identify these biomarkers to play a significant role in the net oxidation of methane

but care should be taken for the assignment of an archaeal origin because these lipids have

never been reported to be a component of the membrane structure of methanogenic archaea

(see Koga et al., 1993 for a review). In general, short-chain n-alcohols are thought to be of

marine origin, especially derived from the degradation of wax esters which are biosynthesized

by zooplankton and marine invertebrates (Grimalt and Albaiges, 1990). But in the light of

such extraordinary carbon isotope values this assumption seems to be very unlikely and sug

gest production in silu. One possible producer of such alcohols highly depleted in 13C might

be sulfate reducers using an intermediate substrate which is not methane but still an isotopi

cally depleted type of organic carbon (Thiel et al., 1999). This conclusion was reached by

these authors from the presence of C15:o iso- and anteiso-, and C16:o rnid-chain branched alco

hols in a Miocene Iimestone with simultaneously depleted carbon isotope values but which

were different from 8 13C val ues obtained for dihydrophytol and a new tentatively identified

ether Iipid, containing one phytanyl and one hexadecyl moiety. Unfortunately, alcohols with

branched carbon chains were completely absent from all samples analyzed and thus would

suggest the absence of sulfate reducers within our samples. On the other hand, the distinction

of isotope values obtained for dihydrophytol and archaeol compared to the n-alcohols indi

cates a different source organism as found for dihydrophytol and C16:0 by Thiel et al. (1999).
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If this is true, the origin of highly depleted n-alcohols from sulfate reducers might be an obvi

ous alternative but remains open until detailed culture studies will be undertaken. 

3.3. Anaerobic methane oxidation at cold seeps 

Lipids from organisms living on a diet of methane are characterized by depleted car

bon isotope values because microbial incorporation of methane-derived carbon into biomass 
· h ' 3c · h ·d 1 h 12 · ennc es m t e res1 ua met ane and C m the synthesized lipid. Nevertheless, little is

known about the specific metabolic processes of organisms found in anaerobic sediments near
cold seeps with high amounts of methane delivered by fluids and enhanced microbial activity. 
At cold seeps of the eastem Aleutian subduction zone the carbon isotope values of as low as 
-130.3%0 (Table 3 and 4) and biomarker components such as irregular isoprenoids and a glyc
erol ether lipid (Fig. 3, 6, and 7) are quite different from those found in mussel communities
of methane seeps at the continental slope offshore Louisiana and the Gulf of Mexico where
aerobic methane oxidation is characterized by steroids, hopanoids, and fatty acids with iso
tope values between -58 and -75%0 (Jahnke et al., 1995). The significance of anaerobic meth

ane oxidation is now well documented for ancient (Thiel et al., 1999) and recent methane

seepage (Elvert et al., 1999; Hinrichs et al., 1999). In combination with biogeochemical stud

ies using 14C methane tracer experiments, stable carbon isotopes, and methane and sulfate

mass balance analysis conducted by other researchers (e.g., Reeburgh, 1980; Ivcrsen and J0r

gensen, 1985; Blair and Aller, 1995; von Rad et al., 1996; Bums, 1998; Niewöhner et al.,

1998) these results point to anaerobic methane oxidation at the expense of sulfate. Further

more, laboratory and field investigations indicate that a syntrophic consortium of methano

gens, operating in reverse, and sulfate reducers which are responsible for the net methane

oxidation under anaerobic conditions using water as the formal oxidant (Hoehler et al., 1994;

Hansen et al., 1998). However, if the overall reaction is actually a syntrophic cooperation in

volving a methanogen running methane formation backward and a sulfate-reducing bacte

rium, it is obvious considering the thermodynamic controls that only one of the partners could

gain metabolic useful energy from the reaction and that the other one had to run this process

only as a cometabolic activity (Schink, 1997). Therefore, one bacterium might exist which is

able to oxidize methane and reduce sulfate at the same time and thus yields the entire energy

from this transformation. Recently, Hinrichs et al. (1999) presented evidence based on ribo

somal RNA analysis that archaea evolved within some archaeal lineages are not simply able

to operate as methanogens in reverse, but are a new group for which methane oxidation is the

predominant or even exclusive metabolic pathway. This explanation and biomarker evidence

presented here and earlier (Elvert et al., 1999; Thiel et al., 1999) now opens the way for a new

understanding of the physiology and evolution of archaea as well as their role in the global

carbon cycle (Summons, 1999).
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In contrast to Hinrichs et al. (1999), the results presented here predominantly include 

13C-depleted irregular isoprenoid biomarkers such as crocetane and its unsaturated homo

logues. Based on the isotope evidence, these biomarkers probably are derived from archaea 

operating as methane-consumers, indicating that more than one type of microbial community 

involves archaea in the anaerobic oxidation of methane (Hinrichs et al., 1999). Moreover, this 

would explain why our samples show only a minor abundance of PME compared to crocetane 

both of which have been reported to be of a simi Iar concentration in samples analyzed for the 

presence of anaerobic methane-oxidizing organisms at other locations (Elvert et al., 1999; 

Thiel et al., 1999). Therefore, it has to be assumed that at least three different microbial com

munities involve archaea in the anaerobic conversion of methane into carbon dioxide (Table 

5): 

( l) One community which produces predominantly irregular C20 isoprenoids and ar

chaeol as found in recent anoxic sediments from the Aleutian subduction zone.

(2) One community which produces archaeol and sn-2-hydoxyarchaeol as found in a

recent anoxic sediment from the Eel River Basin.

(3) One community which produces more or less irregular C20 and C25 isoprenoids

such as crocetane and PME, and archaeol in recent anoxic sediments from Hydrate

Ridge and an ancient Miocene limestone from the "Calcari a Lucina".

Accordingly, it seems conceivable that these communities are strongly dependent on specific 

conditions delivered by the representative environment. Critical conditions are probably water 

depth, temperature, stage of anoxia, and of course supply of sufficient free methane, which 

are more suitable for one microbial comrnunity less so for another. 

Table 5. Abundance of highly 13C-depleted biomarkers at recent and ancient cold seeps associated with anaero
bic methane oxidation (Cr: crocetane; PME: 2,6, 10, 15, 19-penatmethyleicosane; Ar: archaeol; hy Ar: sn-2-hy

droxyarchaeol; n.a.: not analyzed; *: assignment for all stations of this study even
_ 
t�ough ar

_
chaeo

_
l was not found 

at station TV-GKG 40 which might be due to intact polar head groups of ether hp1ds at th1s stat1on and thus no 
free core ether lipid was detectable). 

--
Cold seep 
environment Cr PME Ar hyAr Authors 

Recent, gas hydrate vicinity none none moderate moderate Hinrichs et al. (1999) 

Recent, gas hydrates, moderate moderate n.a. n.a. Elvert et al. (1999) 

carbonates 

Fossil, carbonates high high high none Thiel et al. (1999) 

Recent, carbonates high minor high* none this study 

Interestingly, the relative abundance of the unsaturated irregular C20 isoprenoids com-

d d S from TV GKG 40 over TV-G 97 to TV-G 48 (Fig. 9). At stationpare to crocetane ecrease 
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TV-G 48 crocetane comprises more than 90% of the overall amount of C20 isoprenoids indi
cating that this cold seep environment must be different in terms of the specific conditions
than the other two environments. Considering the amount of total organic carbon at this cold
seep, it is obvious that TV-G 48 contains only a third as much as compared to TV-GKG 40
(see Table 2). This might indicate that further remineralization processes must have decreased
the actual amount of Corg and that archaea once lived at this station could have starved. There
fore, it is possible that at station TV-G 48 methane venting might be very low or has even
ceased. This results in the dominance of crocetane which is known to be ultimately preserved
in ancient carbonates (Thiel et al., 1999). In contrast, at station TV-GKG 40 the high amount
of unsaturated C20 isoprenoids and the absence of free archaeol - due to intact polar head
groups of ether lipids in living archaea - indicates an environment with recent methane vent
ing. Furthermore, this supports the accumulation of methane-consuming archaea within the
microbial community. And subsequently, this favors local carbonate precipitation which in
turn incrustrates living archaea and, therefore, preserves evidence of methane emission from
active fluid venting as found at station TV-G 97. 
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figure 9. Relative abundance of saturated and unsaturated irregular C20 isoprenoids at stations TV-GKG 40, TV
G 97, and TV-G 48. 

3.4. Jmplications for biosynthesis of irregular C20 isoprenoids highly depleted in 13C 

The high abundance of irregular C20 isoprenoids highly depleted in 13C at cold seep

sites of the eastern Aleutian subduction zone raises the question of their biosynthesis. Isotope

differences of over 50o/oo (Elvert et al., 1999; Hinrichs et al., 1999) between the methane sub

strate and the observcd lipids indicate that building of irregular C20 isoprenoids and archaeol

· h
. 

h · · s that both carbon atoms of acetate are derived from methane,w1t m t ese orgamsms requ1re 
. . 

h h h 'bl mes and the intermediate(s) of th1s transformat1on are noteven t oug t e respons1 e enzy 

kn · t·gati·ons on isotope effects of methylotrophic methanogensown yet. However, recent mves 1 . . 
. 

. d·t· revealed that these organisms, anaerob1cally capableunder non-hm1tmg substrate con 1 1ons
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of disproportionating methylated one carbon substrates such as methanol, methyl amines, or
methly sulphides into methane and carbon dioxide, also biosynthesize ether lipids which
contain phytanyl moieties depleted in 13C relative to the substrate by up to 71 .6%o (Summons
et al., 1998). These isotope differences might explain the highly depleted values found for

archaeol at two Stations from the SHUMAGIN sector. But accounting for the fact that at cold
seeps methylated substrates are probably minor in distribution compared to methane
(Summons et al., 1998) and that culture studies of methylotrophic methanogens did not reveal

the presence of crocetane (Schouten et al., 1997), an involvement of methylotrophic metha

nogens in anaerobic methane-oxidation should be considered with care.

If it is assumed that crocetane and archaeol are biosynthesized from methane by the 

same organism, there must be an as yet unrecognized synthesis step in archaea associated 

with the forming of irregular C20 isoprenoids. For ether lipids such as archaeol, the critical 

steps in the biosynthesis of methanogenic archaea according to Koga et al. (1993) are: 

( 1) The synthesis of the phytanyl chain

(2) The formation of ether bonds

(3) The formation of the 2,3 -di-O-isopranyl-sn-glycerol structure

Briefly, the synthesis of the phytanyl chain starts with the typical condensation of three ace

tate molecules forming mevalonate which is converted into isopentenyl pyrophosphate (Fig. 

10). Isomerization to dimethylallyl pyrophosphate and condensation of the allylic carbonium 

ion with another molecule of isopentenyl pyrophosphate forms geranyl pyrophosphate. At this 

point, we postulate that two reactions are possible in the biosynthesis of methane-oxidizing 

archaea living near cold seeps: ( 1) The classical pathway in methanogens leading to 2,3-di-O

phytanyl-sn-glycerol which includes the head-to-tail condensation of two geranyl pyrophos

phates forming geranylgeranyl pyrophosphate, subsequent reaction of two geranylgeranyl 

pyrophosphate units with the glycerol moiety forming 2,3-di-O-geranylgeranyl-sn-glycerol, 

and finally the hydrogenation of the hydrocarbon chain ( de Rosa and Gambacorta, 1986; 

Poulter et al., 1988). (2) For the irregular C2o isoprenoid biosynthesis we suggest a tail-to-tail 

coupling of two geranyl pyrophosphate units forming probably 2,6, 11,15-tetramethyl

hexadeca-2,6, l O, 14-tetraene ( crocetene ), a pathway analogous to the well-known squalene 

formation in bacteria and eukarya through tail-to-tail coupling of two famesyl pyrophosphate 

units. Subsequent reduction of crocetene would yield intermediates with one or two double 

bonds which finally could be hydrogenated, thereby forming crocetane (see Fig. 10). This 

suggestion corresponds to results encountered for the methanogenic archaea Methanosarcina 

mazei and Methanolobus bombayensis which contained in addition to the irregular C2s iso

prenoid with five double bonds its reduced counterparts with less double bonds (Schouten et 

al., 1997; Sinninghe Damste et al., 1997). Moreover, culture studies on methanogenic archaea 
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carried out by Tomabene et al. ( 1979) revealed a general increase in the amount of unsatu

rated acyclic isoprenoids in relation to growth stage, indicating that such components repre

sent rather metabolic products or intermediates than diagenetic degradation products. 
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D0 o- OH 

(3R)-mevalonate 

.. 

�OPP 

isopentenyl 
pyroosphate 
.. 

geranyl pyrophosphate 

OPP 
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(crocetene) 
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�o 
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Figure 10. Proposed biosynthet1c pathway or irregu ar 20 

(P denotes one phosphate group). 
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4. Conclusions

Methane-oxidizin� archaea at cold seeps ofthe eastern Aleutian subduction zone 

Sediments and authigenic carbonates from cold seeps of the eastem Aleutian subduc

tion zone contain evidence of anaerobic methane-oxidizing archaea living at water depths 

greater than 4800 m. This evidence is based on the occurrence of saturated and unsaturated 

irregular C20 isoprenoids as weil as the glycerol ether lipid archaeol with highly depleted iso

tope values of as low as -130.3%0 PDB. 

At least three different microbial communities near cold seeps involve archaea in the 

consumption of methane under anaerobic conditions: (1) One comrnunity which produces 

predominantly irrcgular C20 isoprenoids such as crocetane and the glycerol ether lipid ar

chaeol, (2) a second community which produces archaeol and sn-2-hydoxyarchaeol, and (3) a 

third community which produces irregular C2o and C25 isoprenoids such as crocetane and 

PME, and archaeol. Each of these comrnunities seems to be dependent on specific conditions 

generated by the respective cold seep environrnent. 

Starving of archaea, probably due to very low or even ceased methane venting, finally 

leads to a dominant abundance of crocetane, whereas high amounts of unsaturated irregular 

C20 isoprenoids are indicative for recent fluid venting and living archaea performing anaero-

bic methane oxidation. 

Biosynthesis of irregular C20 isoprenoids is probably performed through tail-to-tail 

coupling of two geranyl pyrophosphate units and subsequent reduction of the double bonds 

yielding interrnediate(s) with one or two double bonds. These can be further hydrogenated 

forrning the saturated homologue crocetane as the ultimate product which is preserved in 

sediments and authigenic carbonates from recent and ancient cold seep environments. 
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Carbo� isotopic composition of irregular C20 and C25 isoprenoids
denved from methane-oxidizing archaea at Hydrate Ridge, 

Cascadia convergent margin 
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Irregular saturated and unsaturated C20 and C25 isoprenoids are dominant compounds

in sediments from gas seeps associated with methane hydrates on the second accretionary

ridge, Hydrate Ridge, of the Cascadia convergent margin. Structural and isotopic evidence

shows that these compounds are derived from an archaeal source involved in the anaerobic

oxidation of methane. The biomarkers encountered here are highly depleted in 13C relative to

their methane carbon source, which is derived from destabilized gas hydrates, by up to 63%0

resulting in carbon isotopic compositions as light as -128%0 PDB. The essentially "limitless"

reservoir of methane available to the archaea allows the kinetic carbon isotope effect (ccH4-

b,omarker) associatcd with the process of anaerobic methane oxidation to be fully developed

(cmax = 72%0). Varying isotope effects and concentrations of the biomarkers on and off Hy

drate R..idge indicate that the abundance of these compounds appears essentially dependent on

the supply of methane from gas hydrates. For one of the dominant compounds, crocetane, it

78 



e 

Qlapter 4 Carbon jsotopjc composjtion of irregular isoprenoids at Hydrate Ridi:e 

should be considered that unrecognized coeluting isomers affect the final carbon isotope ratio 

measured. In terms of the biochemistry, the microbial community structure is dominated by 

anaerobic microbes such as sulfate reducers and methane-oxidizing archaea, whereas aerobic 

methanotrophs play only a minor role. 

Keywords: gas hydrates; irregular isoprenoids; sulfate reducers; archaea; methanotrophs; car

bon isotopic fractionation; kinctic isotope effect; crocetane; PME 

1. Introduction

Recent studies on the stable carbon isotope composition of individual compounds have 

significantly improved the identification of sources (Freeman et al., 1990; Kohnen et al., 

1992). The carbon isotope composition of individual compounds, derived from certain or

ganisms, is reflected by the carbon source utilized and the isotopic fractionation accompany

ing carbon fixation and biosynthesis of lipids (Hayes, 1993). Especially where compounds 

exhibit extreme isotopic values, their origin can be identified with confidence. For example, 

in the cycling of methane biomarkers highly depleted in 13C (-70 to -124%0 PDB) are indica

tive of aerobic or anaerobic oxidation processes (e.g., Freeman et al., 1990; Collister et al., 

1992; Elvert et al., 1999; Hinrichs et al., 1999). Such extreme values result from isotopic 

fractionation of the substrate methane during oxidation due to kinetic isotope effects which 

causcs the residual methane to become 13C-enriched and the biomass to become 13C-depleted 

(Summons et al., 1994; Jahnke et al., 1999). In the case of anaerobic methane oxidation, it is 

considered that between 20 and 100 Tg per year is consumed in marine environments, thus 

limiting net transport of methane into the water column and into the atmosphere (Reeburgh et 

al., 1991 ). Therefore, dctection and characterization of specific biomarkers related to the con

sumption of methane under anaerobic conditions contain highly important information. 

Considerable interest has been generated by the recognition of irregular tail-to-tail iso

prenoids such as 2,6, l 1, 15-tetramethylhexadecane ( crocetane) and 2,6, 10, 15, 19-pentamethyl

eicosane (PME) as biomarkers for recent and ancient anaerobic methane-oxidizing processes 

(Elvert et al., 1999; Thicl et al., 1999). Structural and isotopic evidence pointed to an archaeal 

source which is involvcd in the consumption of methane and probably capable of using meth

ane as its sole carbon source under anaerobic conditions. Previously, we observed carbon 

isotopic compositions bctween -102 and -124%0 in association with exposed methane-sulfide 

gas hydrates at the second accretionary ridge off the coast of Oregon (Elvert et al., 1999). 

These exposures have become a prime location to study the characteristics of gas hydrate de

stabilization induccd by active fluid venting along faults which are produced as a result of the 

collision of the Juan de Fuca plate with the North American plate (Fig. 1) (Suess et al., 1999). 
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Figure 1. Pl�te tectonic setting of the Cascadia convergent margin with the study area, Hydrate Ridge, located
on the accreuonary complex.

The differences of over 20%0 in the stable carbon isotopic composition of irregular 

isoprenoids at this location might indicate that substrate availability dictates the wide range of 

isotopic compositions observed. Additionally, by detailing the crocetane structure, it should 

be considered that coclution with its widespread isomer phytane (2,6, 10, 14-tetramethyl

hexadecane), which is mostly derived from photoautotrophic sources, lowered isotope values 

may result from this mixture (Bian, 1994). Furthermore, the detection of a four-times unsatu

rated C2s isoprenoid at one station, which contains the PME carbon skeleton, suggests that the 

process of anaerobic methane oxidation is reflected in various pattems of irregular isoprenoid 

biomarkers. The prcsent study, thus extends our earlier results from a limited number of sam

ples over a wider area of Hydrate Ridge with different localized features and includes more 

detailcd laboratory studies to clarify the effect of coelution of photoautotrophic-derived phy

tane and methanotrophic-derived crocetane. Such information is essential for assessing tbe 

isotopic compositions and pattems of biomarkers associated with anaerobic methane

oxidizing organisms in marine environments and will lead to a better differentiation of future 

biomarker analysis tracing the anaerobic cycling of methane back in geological time. 
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2. Materials and methods

2. 1. Samples

Carbon isotopic composition of irre�lar isoprenoids at Hydrate Ridge 

Anaerobic sediments and carbonates from a depth interval between 10 and 50 cm were 

collected from Hydrate Ridge, Cascadia convergent margin, during RN Sonne expeditions 

109 and 110 (SO 109-1, SO 109-2, and SO 110-la). Gas hydrates and methane venting were 

observed at the northem and southem summit of Hydrate Ridge (585 m and 780 m water 

depth, respectively) (Fig. 2). Episodic occurrence of rising bubbles generate enormous meth

ane plumes in the lower water colurnn at these locations with methane concentrations ex

ceeding 100,000 nL/L (Suess et al., 1999). Video surveys of both summits revealed prolific 

vent communities, thick bacterial mats, and authigenic carbonates, all of which are based on 

the oxidation of reduced compounds such as methane and hydrogen sulfide. At the southem 

summit, a TV-guided grab sampler (TV-G 18-1; see Fig. 2) recovered a large volume of gas 

hydrate from just beneath the sediment-covered surface (Suess et al., 1999). Other TV-guided 

Figure 2. Bathymetry of Hydrate Ridge and enlarge� vie": of the north�m su�it with locations of coring sta

tions from wh ich sed iments were analyzed for spec1fic b1omarkers dunng th1s (TV-G 25-1, 30-2, 36-5_, 45-2,

115, 119, 9-1, 11-1, 18-1) and an earlier study (TV-G 41-1, 43-1, 43-2) (Elvert et al., 1999); also shown 1s ODP

site 892. 
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grab samplers on the northern summit were distributed over a !arger area covering the most 

active sites as weil as marginal ones. Pore water analysis showed that all near-surface cores 

were anaerobic with sulfide concentrations exceeding 40 mM and alkalinity exceeding 30 

mM. Moreover, pore water analysis provide indirect evidence of gas hydrate occurrence by 

anomalous chlorid concentrations (515 to 540 mM) which are indicative of gas hydrate dis

solution while retrieving the TY-guided grab samplers. 

2.2. Analysis of sediments and carbonates 

Sediments and carbonates were extracted and fractionated as described previously 

(Elvert et al., 1999; see Chapter 3) with the compounds of interest eluting in the hydrocarbon 

and alcohol fractions. Selected hydrocarbon fractions were hydrogenated in n-hexane using 

PtO2 (Adam's catalyst). Derivatization of alcohols was performed by using BSTFA 

(bis(trimethylsilyl)trifluoroacetamide). The fractions were analyzed by gas chromatography 

(GC; hydrocarbons only), gas chromatography-mass spectrometry (GC-MS), and continuous 

tlow-isotope ratio mass spectrometry (CF-IRMS) as described below. 

2.3. Bulk parameters 

Contents of Corg 
were determined from the carbonate free, dried and homogenized 

sedimcnt material using a Carlo Erba Nitrogen Analyzer 1500. For carbonate removal, 3 g of 

wet sediment material were treated over night with 15 ml of 10% HCl. After freeze-drying, 

samples were homogenized by using an agate ball mill. Standard deviations of this method 

were 0.02%. Interstitial sulfate was measured by ion chromatography and detection by con

ductivity. Sulfate values are reported in mM and were calibrated with IAPSO-standard sea

water of different concentrations. Using duplicate measurements, standard deviations were 

within 1.5%. 

2. 4. Gas Chromatography

GC analysis of hydrocarbons was performed using a 30 m apolar DB-5 fused silica 

capillary column (0.25 mm internal diameter (1D), film thickness 0.25 µm; J & W Scientific) 

in a Carlo Erba 5160 gas chromatograph equipped with an on-column injector and a flame 

ionization detector. The samples were injected at 60°C. After a 1-min hold time, the oven 

temperature was raised to l 40°C at 10°C/min, then to 310°C at 5°C/min and finally kept at 

310°C for 25 min. The carrier gas was H2 at a flow rate of 2.5 ml/min. Concentrations for 

each compound were determined by adding internal standards (3-methylnonadecane, 2-

methyleicosane, 5ß(H)-cholane) with known concentrations prior to GC analysis and are re-
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Ported in µg/g Cor for Sediment sample d · g/ g s an m n g carbonate we1ght (CW) for carbonate
samples. Standard deviations for single compounds are in general below cr = 2 µg/g Corg
within sediment samples and below cr = 10 ng/g CW within the carbonate sample. Loss of
material during analysis was monitored by adding a recovery standard (n-C40) prior to the
overall analytical procedure. Typical recoveries were 70 to 80% relative to n-C40.

2.5. Gas Chromatography-Mass Spectrometry 

Hydrocarbons and alcohols (as TMS-derivatives) were identified by electron-impact 

coupled GC-MS using a Carlo Erba 8000 gas chromatograph interfaced to a Fisons MD 800 

mass spectrometer operated at 70 eV (cycle time of 0.9 s; resolution 1000) with a mass range 

of m/z 40-600 for hydrocarbons and rn/z 40-800 for alcohols. The gas chromatograph was 

equipped with a DB-1 fused silica capillary colurnn (30 m, 0.25 mm 10) coated with cross

linked methyl silicone (film thickness 0.25 µm, J & W Scientific) using He as carrier gas. The 

samples were injected in splitless mode (hot needle technique; injector temperature: 285°C) 

and subjected to the same temperature program given for GC measurements. 

2. 6. Stable carbon isotope analysis

2. 6.1. Hydrocarbons

Carbon isotope compositions of individual hydrocarbons were determined by continu

ous Dow-isotope ratio mass spectrometry (CF-IRMS; Finnigan MAT 252). This technique 

features a coupled gas chromatograph-combustion line-isotope ratio mass spectrometer that 

permits routine and rapid determination of carbon isotope ratios on nanomolar quantities of 

sample. The mass spectrometer was connected to a Varian 3300 GC equipped with a 50 m 

CP-Sil 5 CB-MS (0.25 mm 1D, 0.4 µm stationary phase, Chrompack). The carrier gas was He 

at a flow rate of 1.5 ml/min. The samples were on-column injected at 60°C and after 1 min the 

oven temperature was raised to l 40°C at a rate of 10°C/min, then to 230°C at rate of 3°C/min, 

and finally to 310°C at a rate of 2°C/min at which it was held for 35 min. Carbon isotope ra

tios are reported in the 8 notation as per mil (%0) deviation from the Pee Dee Belemnite stan

dard (PDB). Interna) standards (n-C36 and 5ß(H)-cholane) of known isotopic composition 

were co-injected with each sample to determine the isotopic composition of individual com

pounds. Analytical reproducibility was on average within ± 0.2 to 0.3%0 for an n-alkane stan

dard (n-C 13 to n-C38 ) with no background, but were much more variable for complex mixtures 

(up to ± l .6%o). This low precision is especially obvious for the complex cluster of C2s iso

prenoids eluting very close to each other (see Fig. 3 and 4). 
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2.6.2. Alcohols 

lsotopic compositions of alcohols wcrc mcasured in form of TMS-derivatives and cor

rected for the isotopic shift associated with the addition of carbon atoms during derivatization . 

The 8 value of the trimethylsilyl carbon from BSTF A (-38.3 ± 0.6%0) was calculated from 

analysis of a free and a derivatized alcohol standard (n-C 14-ol to n-C 19-ol including (Z)- and 

(E)-phytol). All derivatized compounds were analyzed by CF-IRMS as described for hydro

carbons using co-injected n-C20 (8 13C = -33.lo/oo) and n-C36 (8 13C = -26.2%0), and the isotopic 

composition of the carbons added to individual alcohols by derivatization was calculated by 

applying the equation of (Huang et al., 1995): 

ö
13C rree = [(n + m)* ö

13CrMS derivative - m*ö
13CTMS group]/n 

where n is the carbon number of the alcohol and m the number of carbon atoms contributed by 

one TMS group (m = 3). 

2.6.3. 5
13

C of organic carbon 

The isotopic composition of 8 13Corg was measured by elemental analysis-isotope ratio 

mass spectrometry (EA-IRMS) using a Carlo Erba Elemental Analyzer connected via a Con

floTM interface to the Finnigan MA T 252. Analysis was carried out by Magnus Eek and 

Melissa McQuoid in the Biogeochemistry Lab at the School of Earth and Ocean Sciences

(SEOS) in Victoria, Canada. 
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3. Results and Discussion

3.1. Abundance of irregular isoprenoids 

Irregular saturated and unsaturated C20 and C25 isoprenoids are the dominant constitu

ents of hydrocarbon fractions obtained from anaerobic sediments of Hydrate Ridge (Fig. 3). 
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Figure 3. Reconstructed ion-current chromatogram of a typical hydrocarbon fraction obtained from anaerobic 
sedirnents of Hydrate Ridge (station TV-G 18-1 ). n-Alkanes are indicated by <lots with numbers representing 
total nurnber of carbon atoms. (Crocetane: 2,6, 11, 15-tetramethylhexadecane; Cr: l "': compound with a cro
cetane structure containing one double bond; PME: 2,6, 10, 15, 19-pentamethyleicosane; PME: l "', PME:2"", 
PME:3"', PME:4, and PME:5: compounds with a PME structure containing one, two, three, four, or five double 
bonds, respectively; RS: rccovery standard). 

To illustrate the presence of the different C2s isomers containing the same number of 

double bonds, an enlarged view of the chromatographic window for C2s isoprenoids is shown 

in Fig. 4. The carbon skeleton of these compounds was confirmed by hydrogenation of the 

hydrocarbon fraction which yielded PME as the only irregular C2s isoprenoid. Identification 

was by comparison with the mass spectrum and retention index of PME from the untreated 

fraction. Biosynthesis of the unsaturated irregular C2s isoprenoids is probably performed 

through tail-to-tail coupling of farnesyl pyrophosphate and geranyl pyrophosphate and par

tially reduction of the double bonds (Sinninghe Damste et al., 1997). This pathway would be 

analogous to the well-known squalene formation in bacteria and eukarya through tail-to-tail 
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coupling of two farnesyl pyrophosphate units and to the biosynthesis of unsaturated irregular

C20 isoprenoids in methane-oxidizing archaea through tail-to-tail coupling of two geranyl py

rophosphate units (see Chapter 3). 
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Figurc 4. Rcconstructed partial ion-current chromatogram showing the broad range of saturated and unsaturated 
C15 isoprenoid hydrocarbons isolated at station TV-G 45-2. 

The mass spectra of the prominent irregular C2s isoprenoids are shown in Fig. 5. Even 

though we tentatively assigned some of the positions of the double bonds, the exact positions 

ofunsaturation of the compounds PME:l '", PME:2", PME:2"", PME:3", and PME:3"' 

have to remain unclear because no standard substances are available yet. However, because 

the known mass spectra of PME:4 (Schouten et al., 1997; Sinninghe Damste et al., 1997; El

vert et al., 1999) - central double bond hydrogenated and thus two unsaturated terminal ends 

on each side of thc molecule - contains an intense mass fragment ion at rn/z 123, it could be 

assigned to PME:3" and PME:3 "' having two double bonds on each terminal end of the 

molecule and one double bond either at position 6 or 14. Moreover, PME:2" should contain 

its two double bonds either at positions 2 and 6 or 14 and 18. In contrast, due to the lower 

intensity of m/z 123 compared to m/z 109 for PME:2" ", we suggest that both double bonds 

are located at the terminal cnds of the molecule, whereas PME: 1 '" contains its only double 

bond either at position 2 or 18. 
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Figure S. Electron impact mass spectra and corresponding retention indices on an apolar DB-1 column used for

GC-MS analysis of irregular C25 isoprcnoids obtained from anaerobic sediments at Hydrate Ridge containing no

(PME), one (PME:J '"), two (PME:2" and PME:2""), three (PME:3" and PME:3'"), four (PME:4), and five

(PME:5) double bond(s), respectively. d.b.: double bond(s).
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In many cases the absolute concentrations of over 50 µg/g Corg (Table l) for these 

compounds are by far higher than those obtained for compounds derived from allochthonous 

sources such as long-chain n-alkanes (see Appendix). Also, other microbial-derived biomark

ers such as the hopanoid diploptene are of minor abundance and, therefore, indicate a differ

ent source than methane-oxidizing archaea. Probable sources for this compound are cyano

bacteria, ammonia-oxidizing bacteria, and methylotrophic and methanotrophic bacteria 

(Rohmer et al., 1984; Ourisson et al., 1987; Surnmons et al., 1994). The concentration be

havior of diploptene, increasing with distance from the ridge, whereas irregular isoprenoids 

decrease in concentration, strongly supports the assumption of different sources for isopre

noids and hopanoids isolated from Hydrate Ridge sediments (Table l). Moreover, unsaturated 

irregular isoprenoids are not detectable at stations which are not located on the ridge and, 

therefore, not directly influenced by gas hydrate destabilization. This finding is indicative for 

an environment with active methane venting on the ridge and very low or even ceased meth

ane venting off the ridge (see Chapter 3). 

Table 1. Concentrations of hydrocarbons obtained from anaerobic sedirnents (in µg/g C0rg) and two rnethane
derived aragonite precipitates (in ng/g CW; Arag A and D ) at the first (TV-G 25-1 and TV-G 30-2) and the 
second accretionary ridge (Hydrate Ridge, all other TV-G) of the Cascadia rnargin. Note that crocetane (Cr) and 
phytane (Ph) are not resolvable by conventional gas chrornatographic conditions (Thiel et al., 1999) and thus are 
given as the surn of both. If discussion in the text refers to either one or the other isoprenoid, this assignrnent is 
based on definite GC-MS identification of the respective cornpound. 

-= - -
TV-G 25-1 TV-G 30-2 TV-G 36-5 TV-G 45-2 TV-G 115 TV-G 119 TV-G 9-1 TV-G 11-1 TV-G 18-1 

Compound 

n-C„ 
Pr 
n-C„

Cr(Ph) 
Cr1· 
PME 
PME1• 
PME2" 
PME·2-
PME:3" 
PME:3'" 
PME4 
PMES 
n-C

2
, 

d1ploptene 

- -

(µg/g C
...,

) (µg/g C
...,

) (µg/g C
...,

) 

4.9 7.4 4.0 

6.2 9.9 5.5 

3.5 5.8 2.5 

2.6 3.1 4 8

n.d. n.d. n.d. 

5 2 2.8 4 7

n.d. n.d. n.d. 

n.d. n.d. n.d. 

n.d n.d n d.

n.d. n.d. n.d. 

n.d n.d n d. 

n.d. n.d. n.d. 

n d n.d. n d. 

4.3 8.6 3.8 

17.9 18.2 11.4 

n d not detected 

(µg/g C
...,

) (µglg C
...,

) (µg/g C
...,

) (µg/g C
...,

) (µg/g C
...,

) (µg/g C
...,

) 

3.7 5.6 5.0 8.3 18.8 6.7 

5.4 5.6 5.4 11.7 25.4 8.9 

2.7 3.6 3.1 5.4 4.6 4.3 

26.9 50.9 26.5 34.0 20.1 51.0 

4.0 4.3 1.6 4.8 2.8 10.4 

24.5 28.4 40.5 51.5 28.1 42.2 

9.5 19.8 12.5 16.0 9.9 19.7 

8.1 4.2 6.1 11.0 3.7 5.8 

18.6 34.3 14.5 22.5 14.4 28.9 

21.0 9.3 19.2 25.9 11.4 14.3 

9.9 35.4 7.9 12.7 6.3 20.3 

26.5 24.9 25.0 32.6 12.2 32.7 

13 1 4.2 12.6 11.0 5.8 9.9 

4.4 4.6 4.9 8.2 6.9 6.5 

6.3 8.9 
4.8 4.7 5.6 6.9 

---

TVG 18-1 TVG 18-1 
AragA Arag D 

(µg/g C
...,

) (µg/g C
...,

) 

n.d. 15.0 
n.d. n.d. 

n.d. n.d. 

368.2 878.5 
13.9 62.8 

285.8 695.8 
13.7 147.7 
n.d. 52.9 
7.8 142.6 

n.d. n.d. 

n.d. n.d. 

n.d. n.d. 
n.d. n.d. 

16.5 17.1 

n.d. 96.5 
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3.2. Carbon isotopic composition and Jractionation of irregular isoprenoids associated with 

anaerobic methane oxidation 

Carbon isotopic compositions of specific irregular isoprenoids found in various sedi

ments and methane-derived carbonates from Hydrate Ridge and from two stations at the first 

accretionary ridge are shown in Table 2. On Hydrate Ridge, isotope values as light as -128%0 

(PME:2") were encountered and clearly demonstrate the presence of archaea living on a diet 

of methane derived from gas hydrate (Elvert et al., 1999). With increasing distance from the 

ridge, isotope values are enriched in 13C and, therefore, with the simultaneous concentration 

decrease, strict dependence of methane-consuming archaea on their carbon source is implied. 

lt is very likely that only a fairly high concentration of methane and continuously delivered 

can account for the extreme 
12

C-enrichment. Especially for saturated isoprenoids such as cro

cetane and PME, isotope values are highly depleted in 13C on the ridge (-115.0 to -125.0o/oo), 

become more enriched in 13C on the slope (-87.7 and -88.9%0, TV-G 36-5), and for PME at 

the first accretionary ridge become almest indistinguishable from microbial sources other 

than the specific methane-consuming archaea (-37.2%0, TV-G 25-1) (Fig. 6). Also, at the first 

accretionary ridge, concentrations of irregular isoprenoids are sometimes so low that carbon 

isotope analysis for these compounds were not feasible (TV-G 30-2). 

Tablc 2. %C0,g and carbon isotopic compositions (in %0 vs. PDB) of C0,g, two methane-derived aragonite pre
cipitates, irregular C20 and C25 isoprenoids, selected n-alkanes, pristane, and diploptene from anaerobic sedi-
rnents of Hydrate Ridge. 

TV-G 25-1 TV-G 30-2 TV-G 36-5 TV-G 45-2 TV-G 115 TV-G 119 TV-G 9-1 TV-G 11-1 TV-G 18-1 TVG 18-1 TVG 18-1 
AragA Arag D 

%C
,. 

0 5  0.7 2 1 1 7 1.0 1.8 1.6 1.6 1.7 

c� .. -.i (%o) -24.5 -22.6 -23.9 -36.7 -36.9 -39.8 -25.1 -33.1 -26.5 -46.5 -45.2 

Compound (%o) (%.) (%.) (%.) (%.) (%o) (%.) (%o) (%o) (%o) (%o) 

n-C„ -31.0 -30.1 -31.1 -46.0 -38.5 -59.7 -39.9 n.m. -51.7 n.d. -81.2 

Pr -268 -27.3 -25.7 -27.3 n.d. -29.2 -26.0 -27.2 -28.5 n.d. n.d. 

n-C„ -26.7 -28.7 -26.9 -39.7 -76.8 -49.0 n.m. n.m. -47.8 n.d. n.d. 

-119.3 -124.7 -120.3 -118.4 -124.8 -124.9 -125.0 Cr(Ph) -63.3 n.m. -87.7 -126.3 

Cr:1· n.d n.d. n.d. -58.3 n.m. n.m. n.m. n.m. -73.5 n.m. -122.0 

PME -37 2 -88.9 -125.5 -115.0 -125.3 -121.4 -115.5 -116.4 -121.0 -121.7 n.m. 
PME1• n.d n.d n.d. -127 2 -116.4 -124.0 -127.9 n.m. -121.7 n.m. -123.4 

PME2" n.d. n.d. -124.6 -120.4 -123.3 -128.0 n.m. -120.0 n.d. n.m. 
n.d. 

n.d n.d -126.0 -122.0 -124.9 -125.1 -123.6 -124.6 n.m. -124.4 
PME2- n.d 

n.d n.d. -125.1 -119.3 -120.6 -120.6 -110.7 -119.1 n.d. n.d. 
PME3" n.d 

n.d. -127.6 -122.8 -125.5 -127.0 n.m. -125.3 n.d. n.d. 
PME3'" n.d n.d. 

n d -122.9 -115.7 -118. 7 -116.8 -101.7 -116.7 n.d. n.d. 
PME4 n.d n.d 

-102.5 n.d. n.d. 
n.d. -122.8 -101.8 -119.6 -116.9 n.m. 

PME:5 n.d n.d. 
-31.2 -27.6 -31.1 n.m. n.m. 

n-C„ -27.0 -27 7 -26.3 -26.0 -25.0 -32.2 
-77.3 -74.7 -61.0 n.d. -80.2 

d1ploptene -36.3 -33.6 -34 9 -85.5 -76.6 -87.7 

nd not detected; n.m mot measured, Jnsufficient material for carbon Isotope analysls. 
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Figure 6. Northern summit of Hydrate Ridge with carbon isotopic compositions obtained for crocetane and PME
isolated from various anaerobic sediments and methane concentrations (contours; in nL/L) in the lower water
column. *: carbon isotopic signatures ofcrocetane and PME from stations TV-G 41-1, 43-1, and 43-2 are taken
from Elvert et al. ( 1999). 

The wide range in isotopic compositions of irregular isoprenoids is apparently influ

enced by the activity of anaerobic methane oxidizing microbes which depend heavily on 

available methane substrate. Methane concentrations in the lower water column are highest 

on the northem and southem summit of the ridge and readily decrease with distance from the 

ridgc due to vent activity with less or no gas hydrate component as found on the slopes and at 

the lirst accretionary ridge, respectively (Kulm et al., 1986; Carson et al., 1990; Suess et al., 

1999). This concentration gradient appears to be directly translated into the abundance of ir

regular isoprenoids and their enrichment in 
12

C which is also supported by our most recent 

finding that the northem summit shows several fixed locations of bubble escape centered over 

two morphological highs. Additionally, this finding corresponds to results obtained on the 

carbon isotopic compositions of dissolved C02 within the pore fluids from the Cascadia mar

gin which are less enriched in 12
Crco2 in fluids without a gas hydrate component and more 

enriched in 1 2Crco2 with a gas hydrate component (Suess et al., 1999). Therefore, a larger 

portion of the rco2 frorn vent fluids encountered on the first ridge derives from the oxidation

of particulate organic matter (Suess and Whiticar, 1989), whereas fluids from vents on Hy

drate Ridge rnainly comprise rC02 from the oxidation of methane released from the gas hy-

drates. 
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In contrast to irregular isoprenoids, diploptene on the ridge reveals carbon isotope val

ues between -61.0 and -87.7%0 (see Table 2). These values identify this compound as a bio

marker derived from a microbial source involved in the oxidation of methane. Such a source 

is probably aerobic methanotrophic bacteria which are known to be present in cold seep envi

ronments, to contain diploptene in suitable amounts, and to show isotope values which match 

the ones found here (Rohmer et al., 1984; Sumrnons et al., 1994; Jahnke et al., 1995). How

ever, aerobic methanotrophic processes at Hydrate Ridge seem to be of minor importance 

considering the small amount of diploptene found in anaerobic sediment samples on the ridge 

compared to the content of irregular isoprenoids (see Table 1). Also, diploptene found here 

may not to be a biomarker formed in situ but rather an "allochthonous" biomarker encoun

tered here due to sedimentation and transport processes. In addition, samples analyzed on the 

slope of Hydrate Ridge and the first accretionary ridge revealed isotope values for diploptene 

between -33 .6 and -36.3%0 (TY-G 25-1, 30-2, and 36-5), indicating multiple bacterial sources 

for diploptene. Other sources than methanotrophs are cyanobacteria or amrnonia-oxidizing 

bacteria (Jahnke et al. 1999). 

Analysis of hydrocarbon fractions isolated from the carbonate residue, which was re

leased by hydrochloric acid treatment of the pure aragonite, yielded chromatograms with ir

regular isoprenoids mainly unaffected by other organic compounds (Fig. 7). The high abun

dance of irregular isoprenoids in conjunction with their isotopic signature proves that carbon

ate initially precipitated in the pore space of anaerobic sediments (Greinert, 1998). Isotopic 

signatures of carbon utilized from organic matter sources are mostly absent. Assuming 

100 � 

! 

.?:' 50 'iii 

Q) 
> 

� 
Q) 
0:: 

Crocetane 
-125.0o/oo

Cr:1"' 
-122.0%o

PME 
-121. 7o/oo

PME:1"' 

-123.4%0

I PME:2'"' 
,,/" -124.4%o 

0 --- �Lb' ::::;:::::;:::::;=.:;:==;:::::::::::;::::::;=::;:=;:::::;=r=:;:=:;=:::;=;::���r==;=:;=;=�:::;==;:::::;=
20 25 30 35 

Retention time (min) ----

Figure 7. Reconstructed partial ion-current chromatogram of hydrocarbon fraction obtained from a methane
derived aragonite (Arag D) at station TV-G 18-1. 
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non-limiting substrate availability and no effect from other diagenetic processes, it can be 

inferred that carbon isotope values found here reflect the maximum of carbon isotopic frac

tionation possible carried out by methane-oxidizing archaea (open system fractionation). Car

bon isotopic fractionations are expressed using the epsilon (c) notation (Hayes, 1993): 

6cH,-biomarke/%o) = (aCH,-biomarker -1) X 103 

( Ö13C
CH + 1000)

with: a - ' CH4-biomarker -
(t513C _ lOOO) b,omarker + 

In these equations, € is the kinetic carbon isotope effect and a is the fractionation factor be

tween the carbon of the substrate methane and the carbon of the synthesized lipid biomarker. 

For further illustration, we present the kinetic carbon isotope effects obtained for the specific 

isoprenoids at each location (Table 3). 

Table 3. Isotope effects ECH4-biomarker (in %0 vs. PDB) of irregular C20 and C25 isoprenoids and diploptene associ
ated with methane oxidation at Hydrate Ridge. S 13Cctt4 released from gas hydrates was estimated to be 
-65.0%o PDB (Greinert, 1998). Other studies on methane hydrate from Hydrate Ridge showed S 13Cctt4 of be
tween -62.4 and -7 l .5%o (Hovland et al., 1995; Kastner et al., 1998; Suess et al., 1999).

TV-G 25-1 TV-G 30-2 TV-G 36-5 TV-G 45-2 TV-G 115 TV-G 119 TV-G 9-1 TV-G 11-1 TV-G 18-1 

----
Compound �-) _ 
Cr -1 8 
Cr:1M 

PME -28.9 
PME·1"' 
PME2" 
PME:2'M 
PME:3" 
PMEr 
PME:4 
PME:5 
diploptene -29 8 

----

(%.} (� (%.) 

24.9 70.1 
-7.1 

26.2 69.5 
71.3 
68.1 
69.8 
68.7 
71.8 
66.0 
65.9 

-32.5 -31.2 22.4 

(%.) (%.) (%.) (%.) (%.) 

61.7 68.2 62.9 60.6 68.3 
9.2 

56.5 69.0 64.2 57.1 58.2 
58.2 67.4 72.1 64.6 
63.0 66.5 72.2 62.5 
64.9 68.4 68.7 66.9 68.1 
61.7 63.2 63.2 51.4 61.4 
65.9 69.2 71.0 68.9 
57.3 60.9 58.7 40.9 58.5 
41.0 62.0 58.8 41.8 
12.6 24.8 13.3 10.5 -4.3 

TVG 18-1 TVG 18-1 
Ara9A Ara9 D 

(%.) (%.) 

68.4 68.5 
64.9 

63.7 64.6 
66.6 

67.8 

16.6 

Kinetic isotope effects for the various isoprenoid biomarkers at coring sites on Hy

drate Ridge are generally higher than 57%0 and clearly distinct from isotope effects encoun

tered for irregular isoprenoids detected on the slope and at the first accretionary ridge (TV-G 

25-1, 30-2, and 36-5). Lower isotope effects found for irregular isoprenoids on the ridge are 

indicative of either bad chrornatographic separation, Iow signal to background ratio, or coelu

tion with compounds derived from sources other than methanotrophy (see 3.3 for details). 

evertheless, isotope cffects for the biosynthesis of these lipids are probably variable. A 

similar variability is evident for a number of methanogens carrying out C02-reduction 

(Whiticar, 1996). In contrast, isotope effects for diploptene as a marker for aerobic methano-
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trophs are clearly separated from those obtained for anaerobic methane-oxidizing archaea at 

each site by at least 28%0 . 

The !arge isotope effects of as high as 72%0 fall in the same range as those associated 

with culture studies of methylotrophic methanogenesis under non-limiting substrate condi

tions (Summons et al., 1998). However, in general these conditions are not likely to occur in 

natural systems and, therefore, this process is not applicable for Hydrate Ridge sediments. lt 

should be stressed that at Hydrate Ridge the essentially "limitless" reservoir of methane avail

ability to the archaea allows the kinetic isotope effect associated with the process of anaerobic 

methane oxidation to be fully expressed. No measurable substrate depletion effects limit this 

process and hence the isotopically superlight biomarkers are encountered. Moreover, the sig

nificant difference between the 8 13C value of isoprenoid biomarkers and their substrate meth

ane found in all sediment samples from Hydrate Ridge demonstrates that carbon partitioning 

in anaerobic methane-oxidizing archaea leads to 12C-enrichment greater than is observed in 

any other kind of methane-consuming organism. 

3. 3. Effect of coelution with phytane on the carbon isotopic composition of crocetane

The precise measurement of the carbon isotopic composition of organic compounds in 

complex mixtures is mainly influenced by incomplete resolution of compounds eluting very 

close to each other (Collister et al., 1992; Ricci et al., 1994). Separation can be improved us

ing different capillary columns, injection temperatures, heating gradients, or carrier gas pres

sures. Nevertheless, the resolution of compounds, containing nearly the same elution behav

ior, is still impossible. Thiel et al. (1999) investigated the elution behavior of crocetane com

pared to phytane and found that conventional gas chromatographic conditions on apolar cap

illary columns only partially separate crocetane from phytane (retention indicies were 1812 

and 1814, respectively). Using the gas chromatographic conditions applied for GC-MS analy

sis in this study, we obtained a retention index of 1813 for crocetane and 1815 for phytane. 

Even though analytical reproducibility of the carbon isotopic compositions of crocetane in our 

samples is lower than ± 0.6%0 and hence ascertain highly precise carbon isotope analysis, it is 

obvious that isotope values as low as -63.3%0 (TV-G 25-1) result from the mixture of photo

autotrophic-derived phytane and methanotrophic-derived crocetane. 

For a better understanding of the coelution behavior of crocetane and phytane in con

junction with their resulting isotopic signature, we analyzed different mixtures of phytane

free crocetane (8 13C = -125.0%0), as found in hydrocarbon fractions isolated from the arago

nite residue (TY-G 18-1), and a phytane standard as well as the phytane standard alone (8 13C 

= -30.6%0). The results are illustrated in Fig. 8. For the phytane standard, the carbon isotopic 

composition is roughly equal to that of phytane derived from degraded chlorophyll inferred 

from the isotopic composition of pristane encountered in anaerobic samples from Hydrate 
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Ridge sediments (-25.7 to -29.2%0, see Table 2). Applying the final mixing curve to the car

bon isotopic compositions of crocetane samples from on and off Hydrate Ridge, we are able

to estimate the amount of phytane contributing to the final isotope signal of cro

cetane/phytane. Thus, the crocetane/phytane isolates from the ridge (8
13

Ccr/Ph = -113 .8 to

-125.0%0) contain 0 and 15% phytane, on the slope (8
13

Ccr/Ph = -87.7 to -107.6%0) the croce

tane/phytane isolate contains 20 to 40% phytane, and finally phytane contributing to the final

isotopic composition of crocetane/phytane (8
13

Ccr/Ph = -63.3%0) at the first accretionary ridge

reaches an amount > 65% (Fig. 8).

In all of these samples, including those with low crocetane concentrations, we were 

able to detect crocetane by GC-MS analysis. Crocetane shows specific mass spectral charac

teristics which allow its identification in samples with moderate abundance relative to phy

tane (Elvert et al., 1999; Thiel et al., 1999). In contrast, carbon isotope analysis revealed the 

presence of crocetane accompanying phytane only when intermediate mixtures were ana

lyzed. Mixtures containing less than 20% or more than 65% phytane showed no visible in

flections in the 45/44 ratio. Thus, if samples containing crocetane unaffected by phytane are 

availabel, the relationship between the final isotopic signature of the crocetane/phytane mix

ture and the amount of phytane can be determined and, subsequently, help to improve the un

derstanding of recent and ancient anaerobic methane cycling. 
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Figure 8. Mixture of crocetane (-125.0o/oo) isolated fro� � methane-derived aragonite (Arag D) at station TV-?
18-l with a phytane standard ofknown isotopic composit1on (-30_-6o/oo) expresse� as the abundance ofph_ytane_m
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3.4. Microbial community structure and the process of anaerobic methane oxidation in 

Hydrate Ridge sediments 

Microbial communities inhabiting anoxic environments include mainly sulfate

reducing bacteria and methane-producing archaea (Munson et al., 1997) which was also con

firmed using phylogenetic analysis for sediments and fluids at ODP site 892 containing meth

ane gas hydrates (Bidle et al., 1999). These microbes control the terminal steps in the miner

alization of organic carbon to methane and carbon dioxide. Geochemically, Hydrate Ridge 

sediments are characterized by intense bacterial sulfate reduction extending from the surface 

to 20 meters below seafloor (mbsf) at ODP site 892 (Kastner et al., 1995). In our samples, this 

feature is weil documented at both the northem and the southem surnmit (Fig. 9). Interstitial 

sulfate concentrations throughout are considerably lower than 28 mM which is expected for 

the conservative burial of seawater from the overlying water colurnn. Sediments at the north

em summit show decreasing sulfate concentration to as low as -5 mM within the first 15 

centimeters, sediments at the southem summit are sulfate-depleted right below the seafloor. In 

addition, sediments at the southem summit are often covered with bacterial mats and accom

panied by gas hydrate layers which extend as close as 2 mm to the sediment-water interface. 

SUifate [mM]

0 5 10 15 20 25 30 
0 

«.=' 

,:1
E 151 

i "I -o 25 II 
- TV-G9-1 

30
1 

-<>- TV-G 18-1 

35 

Figure 9. Comparison of pore water sulfate profiles in anaerobic sediments at the northem (TV-G 9-1) and the 
southem summit (TY-G 18-1) ofHydrate Ridge. 

Considering the fact that in sulfate-rich marine sediments sulfate-reducers are able to 

successfully outcompete methanogens for the available hydrogen if carbonate reduction is 

performed and consume substrates such as acetate or formate much more effectively, methane 

concentration as high as 130,000 ppmv as detected in shallow sediments at ODP site 892 

(Hovland et al., 1995) are indicative of a methane source which is not in situ methanogenesis. 

Indeed, at Hydrate Ridge ascending fluids from depth enhance methane hydrate destabiliza

tion and thus free methane to escape into the water column (Suess et al., 1999). Carbon iso

tope analysis on isoprenoid biomarkers such as crocetane and PME indicate that some part of 
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the methane is consumed anaerobically by reverse-operating methanogenic archaea living 

probably in a syntrophic consortium with sulfate reducers using water as the formal oxidant 

(Elvert et al., 1999). The activity of the overall process is also evident from o 13C values of 

rC02 ranging from -6 to -35%0 in the gas hydrate bearing zone at ODP site 892 accompanied 

by sulfate concentrations lower than -6 mM (Whiticar et al., 1995). Below this zone ( depth > 

20 mbsf), dissolved sulfate is not detectable and the o 13C values of I:CO2 rapidly increase to 

values higher than + 10%o, indicating the absence of methane oxidation. 

Further evidence that anaerobic methane oxidation is the major process contributing to 

the low o 13C values of I:CO2 in the gas hydrate zone is provided by aragonite precipitates 

found at the southern summit where gas hydrate breaches the seafloor. These aragonite pre

cipitates appear often in yellow layers of remarkable purity and grow directly within gas hy

drate layers parallel to the stratification, exhibiting a surface morphology that partly images 

the bubble fabric from gas hydrate (Bohrmann et al., 1998). The aragonites show carbon iso

tope values of around -46%0 (Table 2) and harbor irregular isoprenoid biomarkers highly en

riched in 12C reminiscent of archaea thriving on methane as their carbon source (see Fig. 7).

Accompanying 87Sr/86Sr ratios of 0.709145 and 0.709180 in the aragonites indicate that the 

precipitation occurs near the sediment-water interface influenced by recent seawater 

(Greinert, 1998). For comparison, ratios containing significantly less 87Sr are indicative for 

pore fluids from deeper sections (below 20 mbsf) at ODP site 892, thus implying mixing be

tween seawater and a deep fluid source enriched in 86Sr (Kastner et al., 1995). 

Analysis of alcohol fractions isolated from aragonite residue yielded a series of satu

rated and unsaturated n-alcohols, some isoprenoid alcohols such as phytol and dihydrophytol, 

and the ether lipid archaeol, a well-known occurence in alcohol fractions obtained from meth

ane-derived carbonates near cold seep environments (Thiel et al., 1999; see Chapter 3). Sur

prisingly, these fractions also contained hopanoid biomarkers known to be derived from aero

bic methanotrophs ( e.g., Jahnke et al., 1999 and references therein), namely hopanol and 

bishomohopanol (Fig. 10). On the other band, sediment samples recovered from TV-G 18-1 

showed no evidence of biomarkers related to any type of methanotrophic source. 
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Figure 10. Reconstructed ion-current GC-MS chrornatograrns of trirnethylsilylated alcohol fractions obtained

from a methane-derived aragonite and a surrounding sedirnent recovered at station TV-G 18-1 (archaeol: 2,3-di-

O-phytanyl-s11-glycerol; *: contarninant).
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Further details were encountered using carbon isotope analysis of the respective alco

hol fractions isolated from the aragonite precipitates to clarify which process of methane oxi

dation, aerobic or anaerobic, is responsible for each of the biomarkers found. Carbon isotope

values of the biomarkers related to methane oxidation were between -93 .3 and -122.9%o (Ta

ble 4) with hopanoids falling in the range from -93.3 to -96.7%0, n-alcohols in the range from

-97.4 to -108.9%0, and dihydrophytol and archaeol falling in the range from -118.8 to

-122.0%0. Additionally, we observed a compound containing a similar mass spectrum as that

Table 4. Carbo
_
n isotopic compositio_

ns (i� o/oo vs. PDB) and isotope effects e (in o/00 vs. PDB; brackets) of se
lected alcohols 1solated from anaerob1c sed1ments at Hydrate Ridge.

n-C140 n-C,s.o n-C1 s, 1· n-C,s,o n-C11:1 dihydro- PME-ol? hopanol bishomo- archaeol
Sample phytol hopanol 

TVG 18-1 Arag A -98.6 -104.5 -105.8 -97.4 -108.0 -122.0 -118.8 -95.4 -96.7 -118.8 
(37.3) (44.1) (45.7) (35.9) (48.2) (64.9) (61.1) (33.6) (35.1) (61.1) 

TVG 18-1 Arag D -105.3 -108.9 -107.7 -100.0 -108.9 -121.2 -122.9 -93.3 -96.4 -119.8
(45.1) (49.3) (47.9) (38.8) (49.3) (64.0) (66.1) (31.2) (34.8) (62.3)

n.d.: not detected. 

known for phytol, but showing an obvious fragment ion at m/z 423 (phytol m/z 353), proba

bly due to loss of a methyl group from the TMS-ether, suggesting the presence of a com

pound containing 5 additional carbon atoms. On this basis, the compound is tentatively as

signed as 2,6, 10, 15, 19-pentamethyleicosanol (PME-ol). And accounting for the fact that its 

carbon isotopic composition falls in the same range as 8 13C values of dihydrophytol and ar

chaeol, a common source organism is most likely. Combining these results with carbon iso

topic compositions obtained for irregular isoprenoid hydrocarbons, it is obvious that all ir

regular isoprenoids and alcohols such as dihydrophytol, PME-ol, and archaeol are indicative 

of anaerobic methane-oxidizing archaea, whereas less depleted n-alcohols are derived from an 

up to now unknown source. In conjunction with mid-chain branched alcohols Thiel et al. 

( 1999) assigned sulfate reducing bacteria as the producing organisms which use an isotopi

cally depleted intermediate substrate for biosynthesis. In contrast to these anaerobic microbes, 

hopanoids encountercd in alcohol fractions of the aragonite residue are quite unusual but 

probably are derived from eukarya, especially aerobic methanotrophs. The process of aerobic 

methane oxidation probably occurs at or near the sediment-water interface (Paul! et al., 1995), 

whereas anaerobic methane oxidation is the dominant process in anoxic subsurface sediments 

(Borowski et al., 1997). Also, at TV-G 18-1 the concentration of diploptene in hydrocarbon 

fractions is higher than anywhere eise on the ridge (see Table 1), indicating that degradation 

of hopanol contributes much more effectively to the diploptene pool where gas hydrates and 

extreme anaerobic conditions are observed right below the sediment surface. Therefore, it is 

very likely that the overall methane oxidation at such an "extreme" environmental setting in

cludes both archaea and eukarya thriving on methane released from the dissociation of meth-
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ane hydrates. This association suggests that eukarya such as aerobic methanotrophs use meth

ane as a carbon source at or near the sediment-water interface, whereas archaea, performing 

methane oxidation in a syntrophic consortium with sulfate reducers, are restricted to subsur

face anaerobic sediment zones (Fig. 11 ). 
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Figure 11. Schematic diagram of the different microorganisms thriving on methane, which is released from gas 
hydrates, inferred from the analysis of aragonite residue at TV-G 18-1. The variation in the carbon isotopic com
position ofselected biomarkers is indicated by bars (hop: hopanol; bishop: bishomohopanol; Ar: archaeol). 

4. Conclusions

Detailed studies on biomarkers derived from microbial sources accompanied with pore 

water and carbonate residue analysis contain important information for tbe elucidation of geo

chemical as weil as biochemical processes. Molecular and stable carbon isotope analysis of 

superlight irregular isoprenoids demonstrate the activity of anaerobic metbane-oxidizing ar

chaea. The abundance of these biomarkers appears essentially dependent on the supply of 

methane from gas hydrates which is also reflected in various biomarker pattems. In conjunc

tion with analysis that microbial communities performing methane oxidation at gas hydrate 

deposits are much more complex than first thought. lt is very likely that the overall methane 

oxidation at such a special geological setting includes both archaea and eukarya thriving on 

methane released from the dissociation of methane hydrates. This characteristic feature is 

most obvious at locations where methane gas hydrate breaches the seafloor. A scenario might 

look like this: ( 1) eukarya such as aerobic methanotrophs use methane as a carbon source at or 

near the sediment-water interface, (2) whereas archaea, performing methane oxidation in a 

syntrophic consortium with sulfate reducers, are restricted to subsurface anaerobic sediment 

zones beneath the aerobic seafloor regime. Without the processes of highly efficient methane 
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oxidation, the release of methane from the gas hydrates and surficial sediments to the water 

column would be even greater, possibly allowing methane to reach the water-air interface. 

Hence, microbial methane oxidation in gas hydrate environments, occurring either anaerobic 

or aerobic, is an important sink in the global methane budget. 
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Compound Retention 1ndex 
(DB-1) 

Cr:1 1798 
Cr 1813 
Cr1' 1823 
Cr:1" 1829 
Cr1'" 1846 
Cr2 1878 

Compound Retention index 
(DB-1) 

PME 2242 
PME:1 2251 

PME:1' 2255 

PME:1" 2261 

PME:1- 2275 

PME:2 2273 

PME:2' 2282 
PME:2" 2287 

PME:2'" 2292 

PME:2"" 2308 

PME:3 2307 
PME:3' 2317 

PME:3" 2321 

PME:3"' 2327 

PME:4 2342 

PME:5 2355 

0 
tv 

Retention indox Molocular Formula Dia9nostic mass spoctral data at 70 cV (m/z) 
(DB-5) weight ---- -- ---

1798 280 C20H,o 280 (5), 210 (1), 154 (2), 140 (4), 126 (17), 111 (22), 97 (19), 83 (39), 71 (33), 69 (69), 57 (67), 55 (69), 43 (100), 41 (56) 
1805 282 C20H,2 197 (2), 169 (10), 155 (2), 141 (4), 127 (7), 113 (13), 99 (10), 85 (25), 71 (71), 57 (100), 43 (95), 41 (37) 
1817 280 C20H"' 280 (4), 210 (1), 154 (1), 140 (4), 126 (16), 111 (21), 97 (19), 83 (44), 71 (29), 69 (66), 57 (64), 55 (72), 43 (100), 41 (54) 
1823 280 C20H,o 280 (5), 210 (1), 154 (1), 140 (4), 126 (17), 111 (26), 97 (17), 83 (31), 71 (33), 69 (79), 57 (69), 55 (68), 43 (100), 41 (60) 
1840 280 C„H'° 280 (4), 210 (1), 154 (1), 140 (4), 126 (17), 111 (22), 97 (13), 83 (25), 71 (37), 69 (100), 57 (73), 55 (51), 43 (84), 41 (71) 
1878 278 C20H

30 278 (5), 165 (1), 152 (4), 137 (3), 123 (8), 109 (37), 95 (16), 82 (27), 71 (4), 69 (100), 57 (12), 55 (42), 43 (14), 41 (72) -----

Retention indcx Molecular Formula Diagnostic mass spectral data at 70 eV (m/z) 
(DB-5) we,ght 

2237 352 C25H
02 

267 (1), 239 (2), 211 (1), 197 (3), 183 (4), 169 (6), 155 (4), 141 (6), 127 (9), 113 (15), 99 (14), 85 (32), 71 (73), 57 (100), 43 (77) 
2250 350 C25H50 350 (2), 191 (1), 179 (1), 165 (1), 154 (1), 152 (1). 140 (6), 139 (3). 137 (2). 126 (18). 125 (13), 123 (3), 112 (7), 111 (28), 109 (9), 

98 (9), 97 (23). 95 (14). 85 (15). 83 (37). 81 (16), 71 (37), 70 (37). 69 (62), 57 (73). 56 (41), 55 (60), 43 (100), 41 (42) 
2254 350 C„H,o 350(2).280(1), 191 (2).179(1), 165(1), 155(1), 152(1), 140(5).139(4), 137(1), 126(20), 125(14), 123(3), 112(8), 111 (30). 

109 (8), 98 (11), 97 (25), 95 (13), 85 (16), 83 (43), 81 (15). 71 (41), 70 (42), 69 (67). 57 (82), 56 (47), 55 (71), 43 (100). 41 (42) 
2260 350 C25H50 

350 (3). 281 (1), 280 (1), 191 (2), 179 (1), 165 (2). 154 (1), 152 (1), 140 (5), 137 (2), 126 (23), 125 (15), 123 (5), 112 (8). 111 (31), 
109 (8), 98 (12), 97 (26), 95 (14), 85 (18), 83 (45), 81 (15), 71 (43). 70 (44), 69 (78). 57 (86). 56 (52). 55 (77), 43 (100). 41 (47) 

2274 350 C,sHso 
350 (2), 196 (1), 181 (1), 167 (1), 154 (2), 152 (1), ,150 (2), 140 (3), 137 (3), 136 (2), 135 (2), 126 (13), 124 (9), 123 (10). 111 (20), 
109 (22), 97 (14), 95 (18), 85 (14), 83 (24). 81 (22), 71 (34). 69 (100). 57 (62). 55 (52), 43 (59). 41 (53) 

2277 348 C„H„ 348 (4). 179 (6), 165 (2), 163 (2), 152 (10), 151 (2), 138 (3), 137 (9). 124 (9), 123 (20), 111 (16), 109 (44), 97 (24), 95 (41), 83 (55), 
81 (42), 69 (100), 57 (59), 55 (90), 43 (74), 41 (58) 

2285 348 C„H„ no data 

2291 348 C25H'" 348 (2), 305 (1), 193 (1). 179 (2), 165 (2), 152 (2), 151 (2), 138 (1), 137 (4), 124 (8), 123 (51), 111 (8), 109 (15), 97 (15). 95 (18), 
83 (26), 81 (21), 69 (100), 57 (38), 55 (35). 43 (42), 41 (44) 

2295 348 C25H'" 348 (1 ). 305 (1), 179 (1 ). 165 (1), 152 (1 ), 151 (2), 137 (3). 135 (1 ). 124 (7). 123 (54), 111 (9). 109 (14), 97 (14), 95 (24). 83 (16). 
81 (20), 69 (100), 57 (35), 55 (27). 43 (40). 41 (43) 

2312 348 C25H'" 348 (3). 263 (1), 222 (1). 193 (1), 179 (2), 165 (1 ). 152 (3). 151 (2), 138 (3), 137 (4). 124 (4). 123 (9), 110 (7), 109 (35). 96 (10), 
95 (16), 82 (22), 81 (15) 69 (100), 55 (42). 41 (46) 

2315 346 C,sH„ no data 

2327 346 C„H„ 346 (2). 303 (1), 177 (1). 163 (2). 151 (1), 149 (2). 137 (3), 136 (2). 135 (2). 123 (15), 121 (3), 109 (30), 107 (7), 97 (7), 95 (18). 
83(12),82(17),81 (19),69(100),55(32).41 (41) 

2330 346 C,sH„ 346(2),303(2).177(1).165(1), 163(1).151 (1), 149(1), 137(3), 136(2).135(2).123(28), 121 (3), 109(9), 107(3),95(11), 
81 (13), 69 (100). 55 (20). 41 (37) 

2335 346 C„H„ 346 (1), 303 (1), 233 (1), 177 (1), 165 (1). 151 (1), 149 (1), 137 (2), 136 (6), 135 (1), 123 (29), 121 (2). 109 (11), 107 (3). 95 (14), 
81 (12), 69 (100), 55 (20). 41 (38) 

2354 344 C25H„ 344 (1). 301 (2). 275 (1). 205 (1). 191 (1). 177 (2), 163 (2), 149 (2). 137 (5), 136 (3). 135 (3), 123 (25), 121 (4), 109 (8). 107 (5), 
95 (15), 93 (4). 81 (22), 69 (100), 55 (11). 41 (42) 

2371 342 C25H,2 299 (1), 273 (1). 231 (1), 191 (1), 189 (1). 177 (1), 175 (1). 163 (1). 161 (1). 149 (3), 137 (5), 136 (5), 135 (4). 123 (4), 121 (6), 
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Table A2. Pore water sulfate and sulfide concentrations from anaerobic sediments at cold seeps ofthe Cascadian
and the Aleutian subduction zone.

TV-G 9-1 TV-G 43 TV-G 48 

Oepth Sulfat Sulfide Depth Sulfat Sulfide Depth Sulfat Sulfide 
(cm) (mM) (mM) (cm) (mM) (mM) (cm) (mM) (mM) 

1 0 27.2 0.1 0.5 28.3 b.d.l. 0.5 27.1 b.d.l. 
5.0 14.4 2.0 1.5 28.3 b.d.l. 2.5 27.8 0.0 
9 0  6.7 4.8 2.5 28.2 b.d.l. 3.5 25.2 0 1

14.5 3.8 13.3 3.5 27.9 0.1 4.5 23.7 1.2 
20.5 3.2 44.6 4.5 25.8 0.2 5.5 18.2 n.a. 
25.5 4.1 43.7 5.5 25.8 0.5 6.5 13.5 n.a. 
31 5 4.2 42.3 6.5 23.6 0.8 8.5 6.4 6.7 

7.5 23.0 1.0 9.5 4.9 2.9 
8.5 21.0 1.6 11.5 4.4 3 1

TV-G 18-1 9.5 20.7 1.7 14.5 5.4 3.6 

Sulfide 
11.5 18.3 2.2 b.d.l.: below detection limt; Oepth Sulfat 14.5 18.1 2.1 

(cm) (mM) (mM) 
17.5 19.0 

n.a.: not analyzed. 
2.1 

1 0  5.5 16.0 20.5 17.3 1.6 
3 0  5.7 18.1 23.5 15.0 2.1 
5.0 5.5 17.9 26.5 14.0 n.a. 
70 5.9 16.8 29.5 12.7 2.1 
9.0 5.7 14.4 32.5 12.7 4.0 

11.5 5.0 15.9 35.5 11.0 4.5 

14.5 2.8 17.5 
b.d.l.: below detection limt; 

175 5.1 16.0 n.a.: not analyzed. 

Table A3. Pore water alkalinity and sulfate concentrations from anaerobic sediments at ODP site 1034B, 

Saanich !niet. 

Core, section, Depth Alkalinity Sulfate 

interval (cm) (mbsf) (mM) (mM) 

169S-1034B-
1H-1, 139-145 1.4 57.3 1.3 
1H-3, 139-145 3.3 n.a. 0.8 

2H-2, 139-145 7.1 83.4 3.7 

2H-4, 139-145 10.1 92.8 2.2 

2H-6, 139-145 13.1 105.7 0.4 

3H-2, 139-145 16.6 113.0 0.0 

3H-4, 139-145 19.6 115.0 0.0 

3H-6, 139-145 22.6 112.0 0.2 

4H-2, 139-145 26.1 114.0 0.0 

4H-4, 139-145 29.1 112.0 0.0 

4H-6, 139-145 32.1 110.0 0.6 

5H-2, 139-145 35.6 110.0 0.0 

5H-4, 139-145 38.6 107.0 0.1 

5H-6, 139-145 41.6 104.0 0.0 

6H-2, 139-145 45.1 101.8 1.7 

6H-4, 139-145 48.1 105.5 0.4 

6H-6, 139-145 51.1 101.6 0.6 

7H-2, 139-145 54.6 94.4 0.9 

7H-4, 139-145 57.6 93.4 0.4 

7H-6, 139-145 60.6 88.7 0.5 

8H-2, 139-145 64.1 80.1 0.2 

8H-4, 139-145 67.1 72.0 0.8 

8H-6, 139-145 70.1 66.0 0.0 

10H-2, 139-145 83.1 24.4 0.9 

10H-4, 139-145 86.1 18.3 n.a. 

10H-6, 139-145 89.0 n.a. 5.5 

11H-2, 139-145 92.6 4.5 n.a. 

11H-4, 139-145 95.6 3.8 16.6 

11H-6, 139-145 98.5 3.9 19.4 

12H-2, 139-145 102.1 3.9 23.4 

12H-4, 139-145 105.1 4.0 23.7 

12H-6, 139-145 107.4 3,5 21.4

13H-2, 139-145 111.6 3.9 25.5 

13H-4, 139-145 114.6 3.9 25.6 

n.a.: not analyzed 
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V, � 1> 
C1> I» .g 0-
C1> ;;-

1i � > 
ä' � 
::s (/) 

c„ c,. C11 Pr 3Me-C17 C18 + Cr:1 Cr (Ph) Cr:1' Cr:1'" C„ unknown C20 C2, C22 PME PME:1 PME:1' PME:1" PME:1"' PME:2" PME:2"' 3 S 
(1> r:::r Sample (+PME:1') (+PME:2) ::s -
- (1> V, 

TV-G 25-1 -34.0 -28.7 -31.0 -26.8 n.d. -26.7 -63.3 n.d. n.d. -29.1 n.d. -26.4 -27.1 -25.9 -37.2 n.d. n.d. n.d. n.d. n.d. n.d. 0 0 

TV-G 30-2 -30. 7 -29.8 -30.1 -27.3 n.d. -28.7 n.d. n.d. n.d. -28.8 n.d. -27.4 -27.1 -28.8 n.d. n.d. n.d. n.d. n.d. n.d. 
...., � 

n.d. - r:::r 
TV-G 36-5 n.d. n.d. -31.1 -25.7 n.d. -26.9 -87.7 n.d. n.d. -26.7 n.d. -22.8 -21.8 -26.5 -88.9 n.d. n.d. n.d. n.d. n.d. 

::r 0 
n.d. (1> ::s 

TV-G 41-1 -43.0 -46.3 -42.7 -27.2 n.d. -28.5 -107.6 n.d. n.d. -28.1 n.d. -27.4 -25.2 -27.2 -101.7 n.d. n.d. n.d. n.d. n.d. n.d. (") -·"' V, 
TV-G 43-1 -39.4 -37.0 -41.7 -28.2 n.d. -28.4 -117.9 n.d. -50.8 -32.5 n.d. -27.7 -32.5 -29.1 -123.8 -115.2 n.d. n.d. -124.8 n.d. n.d. V, 0 

0 -
TV-G 43-2 -38.9 -48 8 -40.7 -28.1 n d. -31.4 -113.8 n.d. -35.3 -28.5 n.d. -26.6 -27.6 -27.2 -112.6 n.d. n.d. n.d. n.d. n.d. n.d. "' 0 

0. "S!. 
TV-G 45-2 n.d. -39.0 -46.0 -27.3 -87.0 -39.7 -126.3 n.d. -58.3 -33.4 -106.7 -28.6 -30.7 -27.0 -125.5 -124,0 -127.9 -128.1 -127.2 -124.6 -125.3 s;· 0 
TV-G 115 n.d. n.d. -38.5 n.d. n.d. -76.8 -119.3 n.d. n.d. n.d. n.d. n.d. -30.1 n.d. -115.0 -108.6 n.d. n.d. -116.4 -120.4 n.d. ::s 0 

V, 0 
TV-G 119 n.d. -50.6 -59.7 -29.2 -114.2 -49.0 -124.7 n.d. n.d. -35.3 -110.0 -29.4 -31.5 -26.6 -125.3 -123.1 n.d. n.d. -124.0 -123.3 n.d. c:: 3 
TV-G 9-1 n.d. n.d. -39.9 -26.0 n d. n.d. -120.3 n.d. n.d. n.d. n.d. -28.9 -30.1 -29.5 -121.4 -123.8 n.d. n.d. -127.9 -128.0 n.d. r:::r "O 

0. 0 
TVG 11-1 n.d. n.d. n.d. -27.2 n.d. n.d. -118.4 n.d. n.d. n.d. n.d. n.d. -27.6 n.d. -115.5 n.d. n.d. n.d. n.d. n.d. n.d. c:: Vl 0 -· 
TV-G 18-1 n.d. n.d. -51.7 -28.5 n.d. -47.8 -124.8 -60.9 -73.5 -34.7 n.d. -33.4 -30.3 -28.0 -116.4 -116.3 -120.1 -120.1 -121.7 -120.0 n.d. 

:-. �-
0 0 

TV-G 18-1 Arag A n.d. n.d. n.d. n.d. n.d. n.d. -124.9 n.d. n.d. n.d. n.d. n.d. n.d. n.d. -121.0 n.d. n.d. n.d. n.d. n.d. n.d. ::s ::s 
N v, 

TV-G 18-1 Arag D n.d. n.d. -81.4 n.d. -108.2 n.d. -125.0 n.d. -122.0 n.d. n.d. n.d. n.d. -32.5 -121.7 -122.5 n.d. n.d. -123.4 n.d. -122.7 0 0 
TV-G 18-1 Slime Arag D n.d. n.d. -43.7 n.d. -112.3 -35.5 -122.9 n.d. -34.5 n.d. -114.8 n.d. -30.8 -29.1 -120.6 n.d. n.d. n.d. -98.4 n.d. -116.2 

::s ...., 
� ::r 

'< 

� 
0 
0 

c,3 PME:2"" PME:3" PME:3"' PME:4 PME:5 c„ C,s C
,e c�, C,e squalene perylene C

29 
C

30 C3 , c
3
' C33 diploptene c

3' C31 3 C3a,3 f:l 
Sample (+PME:3) (+PME:3') r:::r 

0 
::s 

TV-G 25-1 -30.5 n.d. n.d. n.d. n.d. n.d. -27 .0 -29.2 -28.2 -29.7 -27.7 n.d. n.d. -30.0 -27.9 -31.7 -28.6 -30.2 -36.3 -25.0 n.d. n.d. V, 

TV-G 30-2 -29.6 n.d. n.d. n.d. n.d. n.d. -27.7 -27.8 -30. 7 -29.6 -26.7 n.d. n.d. -30.4 -28.5 -31.6 -32.4 -31.9 -33.6 -30.1 n.d. n.d. 
,......_ 
;;· 

TV-G 36-5 -26.5 n d. n.d. n.d. n.d. n.d. -26.3 -28.2 -27.8 -29.8 -30.0 n.d. -21.4 -30.5 -29.7 -31.5 -30.6 -31.4 -34.9 n.d. n.d. n.d. 
� TV-G 41-1 -30.4 n.d. n.d. n.d. n.d. n.d. -28.5 -29.0 -28.2 -30.0 -28.1 n.d. -18.4 -30.1 -29.6 -30.7 -27.6 -31.0 -36.3 n.d. n.d. n.d. 

TV-G 43-1 -43.0 -105.6 n.d. n.d. -107.3 n.d. -32.1 -29.9 -28.6 -31.6 -28.7 n.d. -20.6 -31.7 -28.8 -31.6 -27.7 -32.8 -73.3 -28.7 n.d. n.d. � 
TV-G 43-2 -30.3 n.d. n.d. n.d. n.d. n.d. -27 .5 -28.5 -28.1 -29.8 -29.3 n.d. -21.9 -30.8 -29.4 -31.5 -27.8 -31.3 n.d. -28.7 n.d. n.d. .._, 
TV-G 45-2 -41,5 -126.0 -125.1 -127.6 -122.9 -122.8 -26.0 -30.0 -27.9 -31.4 -34.1 n.d. -20.6 -30.4 -29.1 -32.1 -27.0 -33.2 -85.5 n.d. n.d. n.d. 0 
TV-G 115 -62.4 -122.0 -119.3 -122.8 -115.7 -101.8 -25.0 -31.3 -28.8 -32.6 -35.8 -64.4 -20.0 -31.4 -33.1 -32.8 -29.4 -34.7 -76.6 n.d. n.d. n.d. 0:, '-' 
TV-G 119 -52.7 -124.9 -120.6 -125.5 -118.7 -119.6 -32.2 -31.7 -29.8 -33.3 -36.0 n.d. -20.6 -31.1 -32.7 -32.7 -29.1 -36.4 -87.7 -29.7 n.d. n.d. 

;;;· 
TV-G 9-1 -53.6 -125.1 -120.6 -127.0 -116.8 -116.9 -31.2 -31.8 -29.0 -34.4 -34.4 n.d. -21.1 -31.0 -33.1 -32.9 n.d. -32.0 -77.3 -26.3 n.d. n.d. 0 

TVG 11-1 -46.7 -123.6 -110.7 n.d. -101.7 n.d. -27.6 -29.5 -28.5 -30.8 -36.4 -57.8 -21.0 -30.2 -29.0 -33.2 -26.9 -36.6 -74.7 -26.4 n.d. n.d. ;-
� 

TV-G 18-1 -43.4 -124.6 -119.1 -125.3 -116.7 -102.5 -31.1 -29.2 -31.2 -30.9 -42.7 -62.9 -22.5 -30.4 -31.4 -32.0 -24.8 -29.2 -61.0 n.d. -23.1 -22.8 0. 
TV-G 18-1 Ara9 A n.d. n.d. n.d. n.d. n.d. n.d. n.d. -27.9 -27.6 -27.4 -27.8 n.d. n.d. -27.3 -27.6 -27.7 -28.3 -28.8 -51.7 -27.6 n.d. n.d. q, 
TV-G 18-1 Arag D -58.9 -124.4 n.d. n.d. n.d. n.d. -32.4 -28.2 -26.8 -29.6 -29.3 -99.9 n.d. -28.5 -27.8 -27.2 -27.6 -31.7 -80.2 -26.5 n.d. n.d. 0 

TV-G 18-1 Slime Arag D -48.5 -106.0 n.d. n.d. n.d. n.d. -39.4 -28.3 -30.1 -29.1 -33.3 -108.9 n.d. -29.7 -33.4 -30.0 -30.4 -33.4 -65.2 -28.6 n.d. n.d. 3 
"' 

n.d.: not detected. 
::s "' 
('1> .., 
0 
r:::r 
;:;· 
0 
0 

0 5: 
"'" 



Table AS. Stable carbon isotopic �ompositio
_
ns of hydrocarbons (in %0 vs. PDB) isolated from anaerobic cold

seep environments and an auth1genic Mg-calc1te of the eastern Aleutian subduction zone (SHUMIGAN sector). 

Sample 

TV-G 97 MgCa 
TV-GKG 40 
TV-G48 

Sample 

TV-G97 MgCa 
TV-GKG40 
TV-G48 

-
;;_d.: not detected. 

c„ 

-32.0 
-34.6 
-31.4 

PME:5 

n.d. 
-98.0 
n.d. 

Pr C,.+Cr.1 

-34.3 -100.0 
-31.0 -114.0 
-29.4 -71.7 

c„ c„ 

n.d n.d. 
-32.2 -31.8 
-30.3 -30.5 

Cr Cr.1' Cr.1" 

-129.9 -123.1 -128.9 
-130.3 -123.6 -129.9 
-124.6 n.d. n.d. 

c„ c„ c„ 

n.d. n.d. n.d. 
-28.9 -30.1 -35.9 
-29.1 -29.5 -31.9 

Cr:1"' Cr:2 c,. C
20 c„ c„ PME Cn PME:3 PME:4 

-124.7 -123 7 -31.8 -40.3 -31.7 n.d. -107.0 n.d. -116.8 -110.6 
-128.2 -122.7 -31.6 -42.1 -31.0 -27.3 -71.1 -29.7 -98.0 -111.8 

-93.5 n.d. -27.0 -28.6 -28.6 -28.2 -104.4 -31.5 -102.5 n d. 

squalene perylene c„ C30 c„ c„ c„ diploptene 
n.d. -21.8 n.d. n.d. -31.2 n.d. n.d -70 7 

-60.5 -22.5 -28.2 -34.7 -35.7 n.d. -30.9 -72.5 
n.d. -26.5 -31.2 ·31.6 -33.5 n.d. -29.9 -74.4 

Table A6. Stable carbon isotopic compositions alcohols (in %0 vs. PDB) isolated from anaerobic cold seep envi

ronments and authigenic carbonate crusts of Hydrate Ridge and the eastern Aleutian subduction zone

(SHUMIGAN sector).

Sample 

TV-G97 Mg Ca 
TV-G 16-1 Arag A 
TV-G 16-1 Arag D 
TVG 16-1 
TV-GKG 40 
TV-G48 

Sample 

TV-G97 Mg Ca 
TV-G 16-1 Arag A 
TV-G 16-1 Arag D 
TVG 16-1 
TV-GKG40 
TV-G48 

Sample 

TV-G 97 Mg Ca 
TV-G 16-1 Arag A 
TV-G 16-1 Arag D 
TVG 16-1 
TV-GKG 40 
TV-G48 

C,2:0 
n.d. 

-35.9 
-33.9 
n d. 
n.d. 
n.d. 

c,., 

-106.9 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 

c,. , 

n.d. 
n.d. 
n.d. 

-25.8 
n.d. 
n.d. 

---

n.d not delected. 

c., .. C,..o 

n.d. -96 5 
-48.6 -98.6 
--64.7 -105.4 

n.d n d. 
n.d. n.d. 
n.d. n.d. 

c,,, c, •• 

-109 0 -48.8 

n.d. -37.7 
n.d. -49.6 
n.d. n.d. 
n d. n d. 
n.d. -111.5 

c,. . c.,. 
---

.35 3 n.d. 
• 37 6 n.d . 
-47.4 n.d. 
-30 5 -31.6 
-32.7 n d. 
-32 6 n.d. 

C,s1 c, •• c1., C,1.1' 

n.d. -97.4 -109.4 -109.0 
-107.7 -104.5 -115.5 n.d. 
-109 3 -108.9 -110.0 -108.6 

n.d n.d. n.d. n.d. 
n.d. n.d. n.d. n.d. 
n.d. n.d. -107.4 -105.1 

(E)-phytol C2,"<> PME-ol? 

-70.4 n.d. n.d. 
-35.4 -55.1 -118.8 
-35.3 n.d. -122.9 
n.d. n.d. n.d. 

-43-2 n.d. n.d. 
-30.2 n.d. n.d. 

cholestanol cholesterol c,.. 

-39.1 n.d. -39.6 
n.d. -29 5 n.d 
n.d. -30 6 -54.7 
n.d. n.d. -30.2 

•38.7 n d. n.d. 
-37.5 n.d -31 6 

--- --

Cus, 
" c, .... C11., dihydrophytol (Z}phytol 

-111.2 -102.9 -102.3 -121.3 n.d. 
-105.8 --85.5 -108.0 -122.0 -41.8 
-107.7 -100.0 -108.9 -121.2 -56.5 

n.d. n.d n.d n.d n.d. 
n.d. n.d. n.d. n.d. n.d. 

-102.9 -100.8 n.d. -82.2 n.d. 

c,, , C22.-o Cn-o C2.-, c,., c,.. c,. .. 

n.d. -31.8 n.d. n.d. n.d -31.8 n.d. 
n.d. -42.6 n.d. n.d. n.d -60.2 n.d. 
n.d. -46.1 n.d. n.d. n.d. -72.1 n.d. 

-24.9 -27.9 -28.2 -23.0 -28.4 -28.5 -30.5 
n.d. -29.3 n.d. -25.9 n.d -298 n.d. 

-26.7 -29.2 -34.1 -27.3 n.d -31.0 -32.0 

C300 hopanol bishomohopanol ar chaeol 

n d  -59.5 -61.7 -123 5 
n.d -95.4 -96.7 -118.8 
n.d -93 3 -96.4 -119.8 

-34.4 n.d. n.d. n.d. 
n.d -45 0 n.d. n.d. 

-35.2 -70 5 -50.4 -120 2 

105 



0 °' 

Core,IMICti<>n, Oepth c� c,, 
lnteNal (cm} (mbet) 

c„ C11 Cac-HBI Pr c„ Ph c,, c„ br-25 3 br-25 2 br-25·2' c„ br-25 1 br-25·2" c„ PME c„ c„ c„ c„ c„ C„ cholest p erytene c„ C,o un1denlified c,1 Cn fem-7- ene C» dipk>plene 

---
169S-10348-
1H1. 90-96 0 93 -26 8 -27 8 -27 0 -24 0 n de t. n del -28 7 -27 0 -25 4 -25 5 -26 2 ·201 
1H1, 130-136 1 33 n det -24 6 n del. -24 3 n del n det -25 3 -27 1 -24 5 -24 4 -25 4 -150 
1H2.10-16 1 63 n,del -28.7 -27.1 -26.6 n.det. n del, -26 5 -28.4 -24 1 -25.2 n,d, -170 
1H2. 44.50 1 97 ndel ·269 -268 -24.0 -13 .4 -241 -275 -28.8 -246 -255 -26.1 -168 
1H2, 139-145 2 92 n del -27 8 n det. -25 8 n del n det -28 1 -26 3 -24 8 -25 8 -29 9 -14 5 
1H3 , ll0-86 3 83 -27 8 -28 1 -28 4 -24 6 -14' -24 8 -28 3 -42 5 -25 4 -29 2 -28 1 -180 
2H1, 100-106 5 23 -29.3 ·27.7 -26,7 -262 ·14.0 -270 ·282 -35.3 -266 -294 -28,7 -17 9 
2H2. 130-138 7 03 n del n det n del -28.5 n.del n dot n del n.del .30 4 -27 1 -22 .1 -146 
2H3, 100-106 8 23 -31 .5 -30 2 -27 .4 -27 9 n det. n det. -29 1 -39 8 -25 9 -27 6 -23 9 -150 
2H4, 50-56 9 23 n.det -29,0 -29 5 -28.0 n.del n del -30 5 -40.5 -23 9 -26 9 -29.9 -13 1 
2H4. 130-136 1003 n.del -28.3 -26.8 -26.8 n.del. n del -26 8 -32 2 -26 2 -30 4 n.d -21 .3 
2H5, 50 -56 1073 ndel -31 0 -282 -257 -165 -299 -282 -33 5 -272 -284 -263 -190 
2H5, 130-136 11 53 n det -27 1 -28 2 -26 0 n.dol n det -27 8 -45 5 -27 1 -27 6 -28 6 .17 6 
2H6. 130-136 13 03 n.del. -29.2 -27.2 -24,2 -14.7 -28.5 -27.5 -32 .1 -27.0 -26,8 -28.7 n.d. 
2H7, 60-66 13 83 -26,8 -28.8 -28 3 -28.8 n.del n dol -281 -32 ,9 -26 7 -27.1 -26.4 -19.2 
3H1 . 100-106 1473 -281 -28 8 -28 2 -24 8 -16.3 -28 9 -281 -37 2 28 1 -29 3 -26 4 nd 
3H4. 136-139 19 57 n del -29 1 -28 1 -24 2 -14.8 -30 3 -28 3 -32 7 -27 4 -28 9 nd nd 
3H6. 20-26 21 43 -28.1 -28.2 -274 -24.3 -15.0 -298 -276 -31 .4 -259 -258 -26.4 n.d. 
3H6, 44-50 21 67 -28 9 -28 9 -27 9 -24 8 -152 -29 3 -281 -33 3 -26 8 -27 2 -26 1 nd 
3H7, 60-66 23 33 -27.0 -27 2 -27 6 -24 7 -14,9 -29.8 -27 0 -31 2 -26 5 -27 2 -26 5 nd 
4H4. 130-136 29 03 -26.9 -26,5 -26,3 -22 .7 ·14.0 -28 1 -27 2 -28,6 -25.5 -26.5 n.d. n.d 
5H4, 136-139 38 57 -26.8 -26.5 -27 1 -23 6 -15.3 -26 5 -27 6 -392 -25 7 -26.7 n.d. nd 
6H4. 136-139 48 07 -26.3 -26 8 -26 7 -23 9 -16 8 -28 9 -26 6 -25 8 -25 9 -26 2 nd nd 
7H4, 133 -139 57 56 -27 8 -269 -28 5 253 -180 -296 -281 -292 -271 -283 nd nd 
8H4, 133 -139 67,06 -28.0 -28.7 -27.9 -25.7 -17.0 -29.6 -28,1 n.del. -27.1 -28.2 n.d. n,d. 
10H4, 133 -139 86 06 -27.7 -26,9 -27,3 •29.1 n.det-28 6 -28.5 -29,5 -27 2 -29,0 n.d. n.d. --- --- ---

n d · no1 deleelcd, n del: not dolOfffllned 

+ br•25 2M -2 - ene c,.-stereno 

•158 ndet -206 -163 -27 8 -27 4 ·28 3 -28 5 n det. -28 7 -30 8 -29.8 -22 .4 ·249 -31 3 -308 -204 -31 .1 -28.9 -31 1 -31 1 -37.0 
-12 8 -22 0 -17.3 -13 8 ���5a4�1 ao�4�5�•�• -24 2 -30 2 -27.4 -19.6 -31 0 n.del -32 6 -31 .2 -37,4 
-19 4 -23 .4 ·18,5 -14,6 -26,4 -25,7 ·29,0 -28.2 -29,6 -28,7 ·29,9 -27,9 -21.5 -24 8 -30 7 -29 6 -198 -309 -31,9 -30,7 -31 6 -370 
-15 1 -23 3 -18.6 -14.3 -26.5 -25 0 -27.9 -28.5 -29,4 -28.3 -29.9 -28.6 -20 8 -22 2 -30 3 -27 7 -197 -31 .2 n.dol -31 1 -30 7 .35 6 
-186 -23 6 -188 -14 7 �8�1-306�3 �9 -302 -303���� -23 4 -30 8 -27 6 -20.6 -32 .0 n.det -34 5 -307 .379 
-152 -23 9 -193 -150 -281 -255 -284 -292 -29.7 -284 .303 -29.1 -204 -23 1 -30 1 -26 8 -19 3 -306 -28.8 -301 -30 6 -361 
·150 ·22 9 ·18,8 -14,3 -25,6 -23 7 -27.8 -29.3 -28.2 -28 1 ·30 1 -29 6 -20 3 -22 3 .29 5 -280 -198 -31 7 n.del -32 9 .305 -36 5 
-13 5 -23 8 -17.3 -13 ,9 -25.5 -23 1 -28,1 -27,1 -28,4 -296 -294 -27.3 -20.1 -22,4 -30 0 -26.3 -200 -31 .3 -31.3 -34 0 -31 5 -38 3 
-13 1 -24 2 -18,0 -14 2 28,6 -26 1 -28. 7 -28,5 -29,5 .29 2 -30 2 -28.6 -21 , 1 -23 ,3 -30,4 -26,6 -20,1 -31 ,7 -32 .3 -30,3 -31 ,7 -36.4 
·146 -23 5 •17,1 -13 .8 -27.2 -23 .0 -28.2 -27,0 -28,0 -27,8 -26.3 -27.9 -20 2 -21 9 -26 2 -26 0 ·191 -30 3 n.del -34 7 -31 4 -371 
-17 6 -25 8 -192 -16.5 -29.3 -28 6 -29,8 -29.1 -29,8 -29 6 -301 -28.4 -21 4 -23 1 -29 7 -26 7 -204 -31 0 n.dol -31 8 -31 7 -37 7 
-15 8 -24 6 -20.2 ·164 -27.5 -2'7 -29 2 -30.3 -30.0 -29 6 -30 8 -30.4 -22 .1 -23 .5 -30 1 .29 0 -199 ·31 5 ·31 .6 · 34  8 -31 2 -396 
-14 7 -24 6 -19 3 -14.3 -27 8 -27 1 -28.9 -28 5 -29 7 -30 3 -30 8 -29.6 -21 .7 -24 4 -30 2 -26 1 -20,9 -31 .1 n.det -36.3 -30.9 -36.3 
-15,3 -24.0 -19.3 -15.4 -26,6 -24,8 -28.1 -29, 1 -29,0 -28.3 -30, 1 -29.8 -20 4 -23.0 -29 7 -28 7 -196 -31 .4 -30 9 -34 3 -309 -381 
-13 6 -242 -18.6 -14,2 -28,1 -262 -28.9 -28,2 -28,1 -30,5 -31 ,3 -29.2 -22,3 -23.9 -32 0 -27 3 -20 8 -32 1 n.det -359 -32 2 -385 
-13 4 n del -204 -154 -28.5 -266 -28.9 -297 -306 -300 -31 0 ·31 .4 ·19,3 -23 ,7 -31 .2 -32.0 -20,3 -31 ,7 -30,2 ·33 9 -31 ,7 -39,5 
-19 3 n det. -22 5 -161 -28 2 n del -28 8 -29 7 -30 7 -30 0 -31 1 -31 .8 -23 .0 -250 -31 2 -31 7 -21 5 -32 .0 ·31,9 -356 -317 -384 
-18 3 n.det -20.8 -14.7 -28.2 -27.0 -27,9 -29.4 -29.8 -30 0 -30 1 -31.2 nd -200 -278 -31 3 -214 -30 9 -30 3 -34 5 -30 9 -38 7 
-14 1 n.del -21 5 -13 .0 -27.7 -263 -28,6 -29.0 -30.1 -301 -31 1 -30,9 n,d -21.9 -28 4 -31 1 -21 3 -31,7 -30,7 .34 7 -31 .7 -382 
.15 5 n.dol -21 1 -14,6 -27.3 ndot -286 -288 .293 -291 -300 -30.4 n.d. -22 .6 -27 2 -30,9 -21 2 -30,7 -28,4 -31 ,7 -31 ,0 -37,7 
-23 .9 n.del -21,3 -17, 1 -28.2 ndeL -27.8 -29.1 -29,5 -30.6 -31,0 -30.3 nd n det. -27 4 -30 7 -205 -31 5 -31 .5 -31 9 -30 7 -38 6 
·16 1 n,del -21 ,6 -16.1 -27.6 -32 ,2 -26.1 -29.0 -28.7 -29.5 -30.4 -30.7 nd -23 .8 -28 5 -30 2 -207 -31 4 -29.9 -306 -30 5 .37 9 

nd n del -22 1 nd -27 2 n d -27 6 -28 3 -29 0 -29 2 -30 0 -30.4 n.d -24 3 -28 8 -30 1 -21 2 -31 1 -28.6 ·251 -303 -31 5 
nd ndel -24 1 nd -282 n d -28 9 -28.6 -28 5 -29 4 -30 8 -30.9 n.d ndel ndel -31 0 -193 -32 4 -26.1 -22 .8 -31.7 -26.4 
n,d n.det. -24.8 n.d. -28.1 n,d, -29.4 -29.2 -29.2 -29.6 -30.3 -30.9 nd -24 9 -28 7 -31 5 -22 3 -32 2 -27 9 -22 6 -31 2 -26 3 
nd n.det. n,d, n.d, -29.2 n d, -28.9 -26.7 -29.2 -28.3 -29 8 -29.8 n,d, n del -29,8 -29,7 n,d -31 6 -30,5 nd, -293 nd 

----
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r n� 
"' s,:, 
Cl) O' 0 -
"' n, 
0. 
�- > 1-

·
::, ?'> X 

§o
TV-G 25-1 TV•G 30-2 TV-G 36-1 TV-G 36-5 TV-G 41-1 TV-G 43-1 TV-G 43-2 TV-G 45-2 TV·G 115 TV-G 119 TV-G 9-1 TV-G 11-1 TV-G 18-1 TV-GKG 40 TV-G 43 TV-G 43 TV-G 43 TV-G 48 TV-G 97 0. 0 

(S-10 cmbsf) (20-22 cmbsf) (34·36 cmbsf) Mg-calcito .-+ g
� [µg/g Co,g) {i,g/g Co,g) {µg/g Co<g) [µg/g Co,g) {µg/g Corg) [µg/9 Co,g) {i,g/g Co,g) (µglg Co<g] {IJg/g Corg] {µg/g Corg] [µg/g Corg] {µg/g Corg( {µg/g Corg] (µg/g Corg] {IJg/g Corg] (µg/g Corg] {µg/g Corg) {µg/g Corg] [µg/g Corg] � o

c,, 5 4 5.7 5. 8 4. 1 4. 3 8. 2 10.9 3.7 5.7 4.5 7. 8 6.4 5.8 25. 0 20. 7 22.5 19. 1 28.6 58.5 ::i,. � 
c„ 3.5 5.7 4.6 3.4 3. 2 13.4 11.9 3.7 5. 0 4.4 7. 3 6. 0 6.6 11.7 17.4 18.5 15.9 18.7 95.6 - I» 
c„ 49 74 8 1 4 0 59 104 119 37 56 5. 0 8 3 18 8 6 7 134 20 7 24 1 19 3 20. 7 1069 � g-
Pr 6.2 9.9 7.4 5.5 5. 3 16. 3 18. 8 5.4 5.6 5.4 11.7 25.4 8.9 25.5 39.6 41.9 33.5 51.6 64.5 ::t. ::, 
3-M e c„ n d n d n d n d n.d. n.d n d 2 5 3 7 3. 3 n d n.d n d n d n.d. n.d. n.d. n.d. n.d. § v, 
Cr.1 nd nd n.d nd n.d. n.d. nd nd nd. n.d. nd n.d nd 457 n.d nd. n.d. 15. 0 2316 cn 0 
c„ 3 5 5. 8 5.5 2.5 3.4 15. 0 10.6 2.7 3.6 3. 1 5.4 4.6 4. 3 7. 0 18. 3 19. 0 13. 8 15.5 80.9 t::: >-+, 
Cr(Ph) 26 3 1 21 3 4 8 13.4 34.6 42. 1 269 509 26.5 34 0 20. 1 51 0 281 2 10.5 9 8 6.5 832. 3 2368. 1 er� 
Cr.1' n d n.d. n.d. n d. n.d. n.d. n.d n d. n.d. n.d. n.d n.d. n.d. 50. 7 n.d. n.d. n.d. 10.4 232.9 §- 0-
Cr.1" nd n.d. n.d. nd. n.d. n.d. n.d nd n.d. n.d. n.d. n.d. nd. 34.6 n.d. n.d. n.d. 9. 8 151.9 O o
Cr.1- nd n.d nd. nd n.d. 7.5 nd 4 0 4. 3 1.6 46 2.6 104 1295 10. 8 125 6.6 23. 2 386. 1 g- O 
Cr.2 n d n.d. n.d. n d. n.d. n.d. n.d n d. n.d. n.d. n d n.d n d 96. 8 n.d n d. n.d. 11. 2 340 5 ::, � 
C„ 4 7 7.5 6.5 4.5 4.5 1 1 . 1  10.9 4. 3 4.7 4.9 6. 2 6.6 6. 2 15. 2 24. 0 24.5 22. 2 21. 0 95.5 N er 
c„ 35 6.7 4. 8 29 4.4 18. 2 1 2. 7 25 35 2.9 49 4. 3 36 95 18. 0 209 17 .5 18.6 71. 8 0 g
c„ 6,5 8. 3 6.6 4.4 5,7 11.5 12,6 3 1 4.6 3.4 6. 3 5.4 5. 3 13 5 32. 2 33.4 26. 2 25.6 36. 0 � Cll 
c„ 4 5 7 .9 7.6 3 3 6.0 24. 0 17. 0 3 6 4. 1 3.9 6.6 5.6 4 2 12. 1 24.5 28. 3 23. 7 23.9 24. 8 ':=': 
PME 5.2 2. 8 19.5 4. 7 19. 3 38. 1 35.6 24.5 28.4 40.5 51.5 28. 1 42. 2 40. 7 n.d. n.d. n.d. 43.5 84. 8 ::J 
PME:1 n d. n.d. n.d. n.d. n.d. 3. 1 n.d. 2.4 2. 3 5. 0 5. 8 2.6 7 . 8 n.d. n.d. n.d. n.d. n.d. n.d. ;:: 
PME:1' n d n.d. n.d. n.d. n.d. n.d. n.d 2.7 6.6 3.6 5. 7 4. 0 5.6 n.d. n.d. n.d. n.d. n.d. n.d. Q2_ 
rME:1" n d. n.d. n.d. n.d. n.d. n.d. n.d. 2,7 2.2 2.9 4.0 2.6 4.8 n.d. n.d n.d. n.d. n.d. n.d. (JQ 

PME:1- n d n.d. n.d. n d. n.d. 11.6 n.d. 9.5 19. 8 12.5 16. 0 9.9 19. 7 n.d. n.d. n.d. n.d. n.d. 10.4 (') 
PME 2 n d n d. n.d. n d n.d. 1 .6 n.d 3 2 2. 1 4.4 6. 2 2.9 16. 8 n.d n.d n d. n.d. n.d. n.d o 
PME:2' n d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 3. 0 5. 2 5.5 4. 3 7.4 n.d. n.d. n.d. n.d. 36 .4 14.6 €.., 
PME:2" nd n.d. n.d. n.d. n.d. 1.6 n.d 8. 1 4. 2 6. 1 11. 0 3.7 5. 8 n.d. n.d. n.d. n.d. n.d. n.d. -· 
PME 2"" n d n d. n.d. n d n.d. n.d. n d 4 7 9. 3 4.4 7 2 4.9 13 4 n d, n.d. n,d. n.d. n.d. n.d. � 
c„ 4 4 7.7 9.5 4.1 7.7 17. 7 17.6 6. 2 5. 8 5.5 8.5 7 .9 7 .6 11.6 42. 2 47,3 38.9 28.5 17. 0 p," PMEr nd n.d nd nd n.d. 13 0 nd 186 34.3 14.5 225 144 289 nd n.d nd n.d. n.d. nd. 8 
PME. 3 nd n.d. n.d. nd. n.d. 0.9 n.d 2. 8 8. 7 3. 2 4,4 1.4 12.5 11.9 n.d. n.d. n.d. 16 .4 52. 3 0-
PME:3" nd n.d. n.d. n.d. n.d. 1.6 n.d. 2 0 2.5 n.d. 3.5 1.9 7. 0 n.d. n.d, n.d. n.d. n.d. n.d. 

t:t>
PME·3" nd nd nd nd nd 24 nd 21 0 9. 3 19. 2 259 11.4 14 3 nd n.d. nd n.d. n.d. n.d. 0 
PME:3- n d n.d. n.d. n.d. n.d. 2.7 n.d 9 9 35.4 7.9 12.7 6. 3 20. 3 n.d. n.d. n d. n.d. n.d. n.d. 3 

PME:4 n d. n.d. n.d. n.d. n.d. 10.9 n.d. 26 5 24.9 25. 0 32.6 12. 2 32.7 20.9 n.d. n.d. n.d. 16.5 77. 3

PME.5 nd nd n.d. nd n.d. 1 7 nd 13 1 4 2 12.6 11 0 5. 8 99 12 8 n.d nd n.d 5. 7 146 § 
c„ 4 3 8.6 7.5 3. 8 9.4 27. 1 20. 7 4.4 4.6 4.9 8,2 6.9 6.5 10. 0 37.7 42.7 33.5 24. 3 11.6 p:, 

c„ 6,7 1 2. 2 10.4 6. 0 12.5 28.6 29. 2 8.5 7. 3 8.4 11.6 12. 8 9.9 14,4 52. 7 63 5 51. 1 33.9 12.9 � 

c„ 4 8 7. 1 5.0 3. 0 7. 7 26.7 24. 2 4 3 4.9 4. 0 7 3 6.5 4 5 10 1 24.4 31 5 24.4 21. 8 4. 2 0 

c„ 13,3 24. 0 17 . 8 10.8 24.7 51. 2 49.4 15.9 15. 1 16.7 24. 3 25.4 17. 0 18. 3 74.4 72.6 69.6 41. 0 14.5 �

octahydrosqualene n d. n.d. n.d. n.d. n.d. n.d n,d n d n.d. n.d. n d n.d n d n d n.d n d n d 34. 7 n d. O 

c„ 5. 0 7 . 0 5.9 2.6 8.6 28.6 24. 3 5.9 6.4 5. 2 8.4 9. 2 6.5 12. 0 24.6 25. 1 23. 1 21.4 7 . 0 � 
squalene n.d. n.d. n.d. n.d. n.d. 1.5 n.d. n.d. 4. 3 n.d. n.d. 16.7 1 7 .5 112. 0 n.d. n.d. n.d. n.d. n.d. O-

e„ 21 5 37 .2 30.4 15. 8 49.7 107.4 97. 0 36.4 27.6 34.9 504 53.5 39 2 75. 7 97. 8 1 074 91. 0 68. 3 10. 0 
a· 

c„ 4.7 7.5 4.4 1,7 7. 3 29. 2 21. 8 6.9 7. 0 6. 3 9.7 8. 3 5,9 14. 8 19. 2 10.7 1 1.9 9. 8 4.4 o 
c„ 14 4 28. 3 23.6 11. 8 37.6 81 .4 75. 0 34, 8 18.4 25. 2 40. 3 41. 3 31. 0 23.9 89. 0 95.5 74.9 38. 3 7. 3 ::J 

C„ 2 0 45 1.9 0 8 3. 7 1 7 0 1 7 0 3 3 6.4 3.9 56 9.4 2 2 9 1 15.9 13 2 15.9 8 1 3.4 eil' 

c„ 59 11. 1 9. 2 4.6 16. 2 23. 0 29. 3 10. 3 8.8 8. 1 15.2 13. 0 8.6 10. 8 25. 2 32. 3 22.4 1 8. 3 5. 2 p:, 

d,ploplone 179 18. 2 n.d. 1 1.4 9. 1 8.9 n.d. 4. 8 4. 7 5.6 6.9 6. 3 8.9 87. 2 4. 8 nd n.d. 36.9 29.5 � 
hop-21-en n d n.d. n d. n.d. n.d. n d. n d 3 7 n.d. n.d n d 5.5 5.0 14.5 n.d. n,d. n.d. n.d. n.d. o 
c„ 2 O n.d. n.d. n.d. 3.7 11.4 13. 8 n.d. 3. 8 n.d. 9.5 6. 2 n.d. n.d. n.d. n.d. 6. 2 n.d. n.d. 5'. 

n.d.: n01 dolected. � 

.g 
Vl 
0 
..., 

0 �
�

0 



ix 

Table A9. Concentrations of hydrocarbons (in ng/g CW) isolated from authigenic carbonate precipitates at cold

seeps of Hydrate Ridge and the Aleutian s�bduction zone. Please note that concentrations for TV-G 18-1 slime

Arag D are given in ng/g DW; DW: dry we1ght.

TV-G 97 Mg Ca TV-G 18-1 Arag A TV-G 18-1 Arag D TV-G 18-1 Slime Arag D TV-G 18-1 Mg Ca 

Compound [ng/g CW] [ng/g CW] [ng/g CW] [ng/g DW] [ng/g CW] 

C,5 344.5 n.d. n.d. 386.9 383.4 
C,a 564.6 n.d. 15.1 144.0 510.5 
C11 

630.1 n.d. 15.0 463.8 212.3 
Pr 381.4 n.d. n.d. 224.9 283.4 
3-Me C11 

n.d. n.d. 12.6 278.0 n.d.
Cr.1 1367.4 n.d. n.d. n.d. n.d. 
C,a 478.1 n.d. n.d. 15n.d. 235.8 
Cr 13978.6 368.2 878.5 2938.5 290.0 
Cr.1' 1377.2 n.d. n.d. n.d. n.d. 
Cr.1" 898.6 n.d. n.d. 196.5 n.d.
Cr.1M 2279.7 13.9 62.8 n.d. n.d.
cr.1- 369.2 n d. n.d. n.d. n.d. 
Cr:2 2009.6 n.d. 14.1 22.7 n.d.

C,v 560.5 n d. 3.4 154.0 111.0 
C20 419.3 n.d. n.d. 168.1 98.3 
C2, 211.2 n.d. n.d. 198.7 61.0 
C22 146.9 n.d. n.d. 244.4 60.1 
PME 496.5 285 8 695.8 3192.1 37.7 
PME:1 n.d. n.d. 41.3 n.d. n.d.
PME:1' n.d. n.d. n.d. n.d. n.d.
PME:1" n.d. n.d. n.d. n.d. n.d. 

PME:1'" 57.7 13.7 147.7 132.4 n.d.
PME:2 n.d. n.d. n.d. n.d. n.d.

PME:2' 81.2 n.d. 27.1 252.1 n.d.

PME:2" n.d. n.d. 52.9 77.6 n.d. 

PME:2
"' n.d. n.d. n.d. n.d. n.d. 

Cz, 
97.4 n.d. n.d. 287.6 56.6

PME:2'"' n.d. 7.8 142.6 n.d. n.d. 

PME:3 302.4 n d. n.d. n.d. n.d.

PME:3' n.d. n d. n.d n.d. n.d. 

PME:3" n.d. n d. n.d. n.d. n.d. 

PME:r n.d. n d. n.d. n.d. n.d. 

PME:4 453.0 n.d. n.d. 25.9 n.d.

PME:5 81.1 n.d. n.d. n.d. n.d. 

C2e 64.1 16.5" 17.1a 248.0° 62.51 

Czs 73.2 53 1· 21.0· 311.7° 76.5° 

C211 23.3 166.0° 38.2° 367.6° 51.7" 

C2, 80.1 361.0° 78.38 528.9° 146.0° 

C211 38.6 629 4• 136.0° 415.3° 86.9° 

C211 55.0 871.8" 206.4° 788.2° 291.1° 

133.6° 

C30 24.3 956.2° 244.31 698.4° 

269.01 

c„ 40.0 925 1° 267.6° 743.5° 

127.5° 

C
32 

18.8 797.2° 237.5° 624.4° 

135. 1 •
C33 28.8 598.4° 196. 1° 438.0° 

450.4° n.d.
dtploptene 166.3 n d. 96.5 76.9° 

c„ n.d. 432.2° 153.8° 363.4° 

n.d.: not detected; ": extraordinary high n-alkane content ind�s contamination of the sample.
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169$-10348- 169$-10348- 169$-10348- 169$-103-48- 169$-10348- 169$-10348- 169S-1034B- 169$-10348- 1695-1034B- 169S-1034B- 1695-1034B- 169S-1034B- 169S-1034B- 169S-1034B- 169$-10346-
o-. 
0 

Compo<r,d 1H1. 90-96 1H1. 130-136 1H2. 10-16 1H2.44-50 1H2 139-1A5 1H3. 80-86 2H1. 100-106 2H2. 130-136 2H3. 100-106 2H4, 50-56 2HA 130-136 2H5, 50-56 2H5. 130-136 2H6. 130-136 2H7, 60-66 ::s "' -- ---

c„ 6 1  5 6 4 2  5 4  8.5 7.5 9 4  7 8  8 4  7 3  5 1  5.9 8 3  6.2 8.9 0 

c,, 4.8 5.2 4.3 4.7 4.1 5.4 6.3 6.3 7.8 6.7 4.6 5.9 7.2 5.8 7.7 
..., 

:r 
c., 8 5  88 7 5  8 5  8 8  9 9  11.5 11 0 11 8 11 0 8 2  8.3 11.5 8.6 12.7 '< 
C

,.
-HBI 8.6 13.2 11.1 9.0 11.0 13.5 16.6 17.9 17 6 14.5 12 6 11.3 15 2 13.6 18.5 0. 

Prislane 21.4 30.6 16.9 24.5 25.9 32.9 19.6 19.6 20.3 18.7 35 5 13 0 15 6 13.7 20.6 0 
c„ 4 6  4 8  4.8 4 2  4,5 4.9 5.4 5.9 7.1 7.3 4.9 4.8 6.4 5.5 7.0 

n 

!:l Phytane 4 7  5.5 3 8  48 4 9  6.4 4.3 4 8  4 8  5 4  4.3 3 1  4 7  3.3 5.1 0-
c„ 7 4  8 5  7 8  8 2  7 6  8 3  9 0  9 7  10 5 10 3 eo 7 4  10 1 7.5 11.4 0 
c„ 7.4 6.8 7.0 7.0 7.1 6.3 6.5 7.8 8.6 9.8 6.1 6 5  8.0 6.6 11.0 ::s 

br-25.3 7.3 8.3 22.3 7.6 11.2 13.8 8.8 12.6 6.7 12.3 9.0 6 3  9 1  9.1 16.6 ,...._ 
b<-25:2 7 4  6.3 84 7 3  8 5  12.8 7 1 20.6 11 3 9.3 5 3  5.1 6 3  4.1 6.3 s· 
br-25 2' 3.6 9 2  12.6 6.4 9 0  11.3 8.5 13.0 10 8 10.3 9 2  6.6 8.6 5.7 7.9 1= 
c„ 9 8  9 7  8 6  8 7  8 5  8 1  9 5  9 4  11 3 12 3 8 4 8 4  10.7 8.8 13.3 

� br 25:1 20.4 33.2 14.2 22.8 20.9 24.3 26.0 35.7 25.0 31.7 22 0 16.5 20 4 25.5 28.4 
b<-25 2" 5.1 5.9 4.3 5.5 5.3 6.3 6.0 5.8 6.1 6.8 4.9 4 3  5 7  5 4  8 0  () 
b<-25:r 9.8 12.0 10.7 11.3 14 6 16.1 12.2 19.0 16.5 12.6 14 0 9 9  14 7 7.7 10.5 0 

c„ 8.9 9.3 7.2 7.5 7.1 7.3 9.3 7.9 10.3 10.7 8.0 7.6 9 9  8.1 11.1 €.., 
PME 11 0 10 3 8 2  7 6  6 8  6.7 4 1 5 8  2.9 4.7 3 6  2.5 2.8 2.4 2.9 ;;;· 
c„ 12.7 12.3 10.4 10.6 10.3 11.4 13.5 14.2 15.1 14.2 11 1 10.9 13.7 11.7 15.9 0 
c„ 11 7 9.1 8.3 8.1 84 9.6 11.4 12.4 13 0 12 1 9 4  9 5  11 8 11.1 13 5 ji;" 

c„ 24.4 27.3 20.7 2n.d 21.7 24.7 31.7 30.8 32.6 29.8 24 9 23 4 31.4 28.2 36.9 � 
c„ 10.2 9.0 7.7 6.8 7.2 8.3 9.3 10.3 10.9 9.8 8.3 7.8 9 9  8.6 11.5 0. 

c„ 33 9 37 8 30 0 30 9 32 0 36.8 42 4 48 e 43 9 43 9 37 0 34.0 45.4 41.6 52.0 r:t' 
c„ 13.4 10.1 8.3 6.7 7.5 8.9 9.6 12.3 14 2 10.3 10.7 7 9  11 3 9.3 12.8 0 

cholest-2-eno 12.2 12.2 10.0 9.9 9.3 11.8 11.4 14.5 9.7 7.8 9.8 5 7  10 5 7.9 10 9 3 
pe,ylene 55.5 67.8 43.3 25.4 50.7 57.4 69.4 80.6 95.6 59.5 55.1 67 4 93.3 40.8 325.0 I>) 

:::, 
c„ 40.9 62.8 45.1 35.2 39.2 42.8 55.4 58.3 58.4 59.3 54 4 40.9 54.6 51.9 68.5 I>) 

c„ 14.3 8 9  8.1 6 7  88 10.4 10 7 12 2 13 8 13 6 11 8 89 14.8 10.7 15.1 

un,denlified c
,.

-sterene 10.4 16.1 15.7 13.1 25.8 37.5 34.2 43.0 32.5 32.7 28 5 26 7 37 2 29.8 41.9 0 

c„ 36.4 42.3 37.4 31.2 33.7 39.3 47.3 47.3 48.6 48.9 48.4 36 3 51.7 39 7 53.3 0-

c„ 8.2 7.6 6.6 2.6 4 2  4.3 5.5 7.1 10.6 4.9 7.7 3.8 8.1 6.0 6.0 ;:;· 
fern-7-ene 12.4 11.3 9.8 7.9 10.3 7.9 16.5 5.7 15.7 16.3 18.3 10 3 20 6 15 5 20 6 "' 

0 

c„ 17.5 15.5 12 6 11 0 101 12.5 161 18 7 18 9 181 18 1 10 4 18 4 13.7 19.7 0. 

dlptoptene 38.5 45.0 43.6 42.4 48.5 46.0 61.5 69.6 49.7 60.6 49 0 38.0 59 7 50.1 66.8 3· --- --- --- ---
0 

n d„ not detected. ::s 
"' 
� 
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1695-10348- 1695-10348- 1695-1034B- 169S-1034B- 169S-1034 B· 169S-1034B- 1695-10348- 169S-1034 B- 169S-1034B- 1695-1034B- 169S-1034B- 169$-1034B- 169S-10348- 169$-1034B-

Compound 3H1, 100-106 3H4, 136-139 3H6, 20-26 3H6. 44-50 3H7. 60-66 4H4, 130-136 5H4, 136--139 6H4, 136--139 7H4, 133-139 8H4, 133-139 10H4, 133-139 11H4, 133-139 12H4, 125-131 13H4, 128-131 

c„ 7 1  5 3  6 2  5.5 6 3  7.2 7.3 9 2  9.7 10.5 50.8 58.2 41.3 70.0 

c„ 6.8 5.6 6.3 5.8 6.7 7.8 7.2 10.0 8.9 9.6 59.1 59.3 42.3 66.3 

c„ 103 8.0 9.3 8.6 9 4  11.8 11.0 13.8 13.6 13.0 57.1 56.7 45.3 67.3 

C
,.

-HBI 15 0 12.7 14 2 11.9 11.9 20.5 16.2 10.0 4.8 8.7 n.d. n.d. n.d. n.d. 

Pristane 15 1 9.8 12.1 12.4 12 1 18.8 21.6 19.3 16.0 15.1 191.0 169.5 101.4 171.9 

c„ 6.3 5.4 6.1 5.9 64 7.2 1.2 9.8 8.3 8.3 51.6 47.4 42.9 57.1 

Phytane 3.9 5.3 4.2 42 3.5 5.3 5.9 4.8 4.6 4.9 41.7 31.5 26.8 32.4 

c„ 9 4  7.4 8.7 8.3 8 7  11.6 10.3 12.9 12.1 10.3 52.7 51.1 472 60.7 

c„ 8.2 7.0 8.7 7.1 7.6 8.7 8.4 9.6 10.7 8.0 55.3 48.9 39.8 54.1 

br-25:3 10.3 3.7 4.8 1.1 3.0 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

br-25:2 3.6 n.d. n.d. n.d. 1.6 n.d. 4.0 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

br-25.2' 6.2 5.5 2.9 4.9 8.2 2.8 4.3 n.d. n.d. 4.0 n.d. n.d. n.d. n.d. 

c„ 9.7 8.7 9.8 8.8 9.3 11.4 11.4 12.7 14.1 10.7 58.4 54.3 53.5 65.7 

br-25.1 36 0 10.3 17 6 14.8 12 8 18.4 14.0 11.1 7.4 3.9 n.d. n.d. n.d. n d. 

br-25:2'' 5 6  4 1 5.1 3.9 4 3  3.6 3.7 4.3 3.7 5.3 n.d. n.d. n.d. n d. 

br-25:2'" 13 7 8 6 5 2 11.0 18 4 3.4 3.9 4.2 3.0 4.7 n.d. n.d. n.d. n.d. 

c,, 8 0  7 4 7.7 7.6 7 8  10.2 10.6 11 6 12.8 9.8 83.8 67.9 51.8 69.0 

PME 5 2  2.5 4.0 1.9 1.3 3.8 3.8 1.5 n.d. n.d. n.d. n.d. n.d. n.d. 

c„ 13 7 11.0 12 4 11.5 12 1 16.5 15.7 16.0 13.9 13.1 72.2 60.6 45.9 70,8 

c„ 14 7 10.6 15 1 10.2 11 9 16.6 15.1 17.6 14.7 14.7 69.1 57.8 47.9 73.4 

c„ 24 5 19.0 21 4 19.6 21 4 28.4 29.2 29.1 26.5 27.6 91.4 79.4 58.0 94.9 

c„ 9 7  7,9 9.6 7.9 8 8  12.0 12.1 12.3 11.8 10.6 75.0 69.3 42.1 71.3 

c„ 47.4 39.5 40 1 35.8 41.4 55.2 57.3 55.2 46.8 48.6 106.1 109.3 67.7 115.5 

c„ 12.6 8.5 11.9 8.2 9 9  18.0 14.7 14.0 12.8 11.1 75.9 71.3 44.6 77 8 

cholesl-2-ene 4.4 3.8 2.2 n.d. 1.7 4.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n d. 

pcrylcno 116.3 73.2 18.9 50.2 79.7 31.7 129.9 19.7 40.4 41.0 99.4 108.7 44.9 89 9 

c„ 63.3 59.4 45.7 46.9 54.9 63.3 73.3 74.9 64.8 82.0 125.5 146.7 82.6 146.2 

c„ 10.8 8.3 7.4 6.8 7.9 16.6 14.7 11.2 14.1 14.0 72.0 76.5 38.7 77 9 

unidentified c
,.

-sterene 3.5 3,5 1.8 1.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

c„ 46 5 43 5 35 1 31.7 39 1 54.0 56.5 54.9 54.2 51.0 119.5 128.5 68.9 125 4 

c„ 5 1  4.3 5 3  3.8 4 7  10.8 6.9 7.6 6.4 7.7 31.1 35.4 22.2 44,2 

fern-7-ene 16 3 14 7 16 0 13 1 14 0 26.3 14.3 11 5 11.5 8.8 n.d. n.d. n.d. n d  

c„ 17 1 17.3 14 1 13.1 16 0 32.6 20.6 20.4 22.0 19.4 57.3 57.8 42.5 54 1 

dlploptene 52 3 36.1 42 0 36.9 38 6 53.2 36.9 25 2 22.3 21.1 n,d. n.d. n.d. n d. 

n.d.: not detected. 
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