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a b s t r a c t

We studied specific lipid biomarkers of archaea and bacteria, that are associated with the anaerobic
oxidation of methane (AOM) in a cold seep environment as well as the origin of sedimentary organic
matter on the continental slope off NE Sakhalin in the Sea of Okhotsk. The organic geochemical
parameters demonstrated that most of the sedimentary organic matter containing hydrate layers could
be derived from marine phytoplankton and bacteria, except for a station (LV39-29H) which was
remarkably affected by terrestrial vascular plant. Specific methanotrophic archaea biomarkers was
vertically detected in hydrate-bearing cores (LV39-40H), coinciding with the negative excursion of the
d13Corg at core depths of 90e100 cm below the seafloor. These results suggest that methane provided
from gas hydrates are already available substrates for microbes thriving in this sediment depth. In
addition, the stable isotope mass balance method revealed that approximately 2.77e3.41% of the total
organic carbon (or 0.036e0.044% dry weight sediment) was generated by the activity of the AOM
consortium in the corresponding depth of core LV39-40H. On the other hand, the heavier d13C values of
archaeol in the gas hydrate stability zone may allow ongoing methanogenesis in deeper sediment depth.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Large amounts of methane, which is approximately 20 times
more powerful as a greenhouse gas than CO2, are primarily stored
in marine sediments as clathrate (Wuebbles and Hayhoe, 2002;
Buffett and Archer, 2004). Despite high production rates and
massive reservoirs of methane in marine sediments, the global
contribution of methane from the oceans to atmospheric pools is
estimated to be less than 3% due to the anaerobic oxidation of
methane (AOM) with sulphate as the terminal electron acceptor
(Barnes and Goldberg, 1976; Reeburgh, 1996; Hinrichs and Boetius,
2002).

Even though pure cultures of AOM communities are not yet
available, many researchers have provided evidence that AOM is
mediated by a consortium consisting of methanotrophic Archaea
and sulphate reducing Bacteria (SRB) in marine environments using
various techniques. Examples of these techniques include small-
subunit ribosomal RNA (16S rRNA) gene sequencing (Hinrichs
et al., 1999), fluorescence in situ hybridization with a secondary
ionmass spectrometry technique (FISH-SIMS) (Orphan et al., 2001),
þ82 31 4166173.
).

All rights reserved.
an in vitro 13CH4 labelling experiment (Blumenberg et al., 2005) and
extremely 13C-depleted carbon isotopic compositions of lipid
biomarkers (Elvert et al., 1999; Hinrichs et al., 1999; Peckmann
et al., 1999; Thiel et al., 1999). The strong 13C-depletions of the
biomarkers is a consequence of the biological isotope fractionation
of the carbon substrate (methane), which is known to show
extreme carbon isotope depletions (Valentine and Reeburgh, 2000;
Hinrichs and Boetius, 2002; Niemann et al., 2006a,b).

The most reliable lipid biomarkers in methane-seepage sites
indicative for AOM are PMI (2,6,10,15,19-pentamethylicosane), cro-
cetane (2,6,11,15-tetramethylhexadecane), sn-2-hydroxyarchaeol
(2-O-3-hydroxyphytanyl-3-O-phytanyl-sn-glycerol), and archaeol
(2,3-di-O-phytanyl-sn-glycerol) for Archaea, as well as iso- and
anteiso- C15:0 and C16:1u5 fatty acids and non-isoprenoidal diether
lipids for SRB (Elvert et al., 1999; Hinrichs et al., 1999; Peckmann
et al., 1999; Thiel et al., 1999; Pancost et al., 2001; Blumenberg
et al., 2004).

Three different clades of anaerobicmethanotrophs (ANME -1, -2,
-3) are phylogenetically characterized by 16S rRNA gene sequences
(Hinrichs et al., 1999; Orphan et al., 2002; Niemann et al., 2006a).
ANME-1 and -2 archaea, which are distantly related to metha-
nogens of the orders Methanosarcinales and Methanomicrobiales,
are usually associated with the SRB of the Desulfosarcina/Desulfo-
coccus branch (DSS) (Hinrichs et al., 1999; Boetius et al., 2000;
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Knittel et al., 2005). ANME-3 archaea, which are most closely
related to the cultured Methanococcoides genera, serve as syntro-
phic partners of Desulfobulbus species (DBB) (Niemann et al.,
2006a). Several recent studies have shown that membrane lipids
from different clusters of ANMEs and SRBs are expressed by their
abundance and composition of lipid biomarkers (Elvert et al., 2003,
2005; Blumenberg et al., 2004; Niemann et al., 2005). The literature
database of diagnostic lipids has provided statistically relevant
information, detailed information regarding the AOM consortium
(Niemann and Elvert, 2008).

The Sea of Okhotsk is one of the largest marginal seas in the
world and it is characterized by a region where the seasonal sea ice
reaches the lowest latitudes (Kimura and Wakatsuchi, 2000). The
Sea of Okhotsk is also one of the areas of the World Ocean that is
highly biologically productive. In addition, it exhibits a large flux of
organic carbon to the seafloor (Koblents-Mishke, 1967; Bogorov,
1974) and is characterized by high sedimentation rates
(150e200 mm/ka) (Zonenshayn et al., 1987). In the present study,
mud volcano and methane hydrate occurrences were associated
with the active gas vents on the northeast Sakhalin Slope which
were caused by high amounts of organic matter and the joint
compression of the seafloor by the surrounding plates (Zonenshayn
et al., 1987; Ginsburg et al., 1993; Soloviev et al., 1994; Greinert
et al., 2002; Lüdmann and Wong, 2003; Shakirov et al., 2004;
Shoji et al., 2005). For example, the bottom simulating reflector
(BSR) from the geophysical investigation and the hydroacoustic
anomalies in the water column were interpreted by examining the
distribution of the methane hydrates and the signatures of the
methane flumes that emanated from the seafloor, respectively
(Zonenshayn et al., 1987; Ginsburg et al., 1993; Lüdmann andWong,
2003; Jin et al., 2004; Luan et al., 2008). The methane concentra-
tions in the water column and sediments have been measured in
order to detect the locations of the gas seepage sites (Obzhirov,
1992, 1993; Obzhirov et al., 2002, 2004). Indirect indications of
the presence of hydrate, such as visual observations, porewater
chemistry data, and oxygen and hydrogen stable isotopic signatures
(d18O, dD) of the hydrate water, were also reported in the Sea of
Okhotsk (Ginsburg et al., 1993; Matveeva et al., 2003). Most of the
methane encaged in the hydrate and also migrating from the deep,
buried reservoirs along the faulting zones in the Okhotsk Sea, was
determined to be generated by microbial carbonate reduction
rather than from thermogenic origin, by characterizing the
composition of the hydrocarbon gases [C1/(C2þ C3)] and the carbon
and hydrogen stable isotope ratios (d13C, dD) (Ginsburg et al., 1993;
Matveeva et al., 2003; Mazurenko et al., 2005).

The presence of biogenic methane and AOM in the Sea of Okhotsk
indicates that microbiological activities are important for the forma-
tionanddissociationofmethanehydrate (Craggetal.,1996;Wellsbury
et al., 1997; Hinrichs et al., 1999; Dickens, 2003). Some previous
investigation forunderstanding theprocessofAOMinthis regionhave
focused on the phylogenetic distribution of microbial communities
(Inagaki et al., 2003), the symbiotic and benthic ecological aspects
(Sahling et al., 2003; Pestrikova and Obzhirov, 2007), and the
modelling approach for determining the organic matter flux
(Wallmann et al., 2006). Much more studies also found evidence of
AOM including lipid biomarkers (Peckmann et al., 1999; Thiel et al.,
1999; Aloisi et al., 2004) as well as authigenic carbonate and barite
precipitates with low d13C values (ca.�40&) that were a result of the
anaerobic oxidation of biogenic methane (Derkachev et al., 2000;
Greinert et al., 2002; Aloisi et al., 2004; Lembke et al., 2007). The
oldest record of AOM was as well found in seep-carbonates (Birgel
et al., 2008). However, there have not been any studies conducted
on themicrobial lipid biomarkers in relation to themethane hydrate-
bearing sediments in thewell-known, cold seep environment (on the
continental slope offshore of NE Sakhalin in the Sea of Okhotsk).
The objective of this study is to identify the origin of sedimen-
tary organic matter and to characterize the indigenous microbial
community distribution under various sediment environments in
the Sea of Okhotsk (i.e. large methane flux, presence and non-
presence of gas hydrate, etc.).

2. Materials and methods

2.1. Study area and sample collection

Multidisciplinary field investigations were conducted in May
2006 at the Derugin Basin in the central portion of the Sea of
Okhotsk using the R/V Akademik M.A. Lavrentyev (LV) from the
Russian Academy of Sciences (RAS). These investigations were
conducted within the framework of the CHAOS project (hydro-
Carbon Hydrate Accumulations in the Okhotsk Sea), which was
supported by China, Japan, Korea, and Russia. Nine sediment cores
were obtained from various sites (KOPRI, CHAOS, POI, GIZELLA and
new gas-venting sites) using a 5.5-m gravity corer with a 126-mm
diameter, lengthwise-cut split plastic liner in order to collect gas
hydrate-bearing sediment (Fig. 1, Table 1).

Gashydrateswereobservedat the LV39-25HandLV39-40Hcores
(Table 1), and the gas hydrate content in the hydrate-bearing inter-
vals of 60e245 cmand165e265 cmbelow the seafloor (cmbsf)were
visually estimated to be as high as 5e10% and 15e20% by sediment
volume, respectively (Luan et al., 2008). The LV39-40H core was
characterized by the presence of carbonate concretions thatwere up
to 3 cm in diameter within the core interval of 90e95 cmbsf. In
addition, gas-saturated characteristics including cheese-like struc-
tures created through degassing and a strong H2S odour were also
present above the lenticular-bedded sediments from a thickness of
a few millimeters to 3 cm in the hydrate-bearing zone (Fig. 2). Sub-
sampleswere sliced into depth intervals of 10 cmandwere collected
in 100-ml glass bottles for organic geochemical analysis. The sub-
samples were immediately frozen at �20 �C and were kept frozen
until the analysiswas conducted. The LV39-30Hand LV39-40H cores
were analyzed vertically in order to compare the organic,
geochemical distinctionwith the existence of the gas hydrate layers.

2.2. Extraction, chromatographic separation and derivatization

Lipids were extracted from approximately 4 g freeze-dried and
grinded sub-samples via sonication (Branson 5510) for 15 min at
20 �C three times in a row in a solvent mixture (15 ml) of dichloro-
methane/methanol (99/1, v/v). Subsequently, the aliquots of the
resultingextractwere concentratedusinga rotaryevaporator (EYELA
n-1000) and thenevaporated todrynessunderanitrogengas stream.

Neutral- and polar-lipids present in the aliquots were cleaved by
saponification with methanolic KOH solution. After the extraction
of the neutral lipid fraction from this mixture, the carboxylic acids
were obtained by acidification (HCl, pH 1e2) of the residual reac-
tion mixture and extraction with n-hexane instead of water. The
hydrocarbons and alcohols in the neutral lipid fractionwere further
separated into hydrocarbons, ketones, and alcohols using an SPE
silica glass cartridge (0.5 g packing, Agilent Technologies) as
described by Niemann et al. (2005).

The alcohol fractions were transformed into trimethylsilyl-
derivatives by heating them at 70 �C for 1 h after the addition of
100 ml pyridine and 50 ml BSTFA. After cooling at room tempera-
ture, the excess solvent was evaporated, and the remaining TMS
adducts were re-suspended in 500 ml n-hexane. The carboxylic
acids were methylated by heating them at 60 �C for 1 h in a boron
trifluourideemethanol complex. The hydrocarbons, alcohols, and
polar fractions of the samples were stored at �20 �C until they
underwent gas chromatography (GC), gas chromatography-mass



Figure 1. Geographic locations of the sediment cores collected from the Sea of Okhotsk.
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spectrometry (GCeMS), and gas chromatography-isotope ratio
mass spectrometry (GC-IRMS), respectively.

2.3. Preparation of dimethyl disulphide (DMDS) adducts

The double bond positions of the monoenoic fatty acids in the
polar fractions were determined using DMDS adducts, according to
the previously reported methods (Moss and Lambert-Fair, 1989;
Nichols et al., 1986).

2.4. Gas chromatography (GC)

The analyses of the separated neutral and polar lipids were
conducted using a Hewlett Packard 6890 N (Agilent Technology)
Table 1
The geophysical and geological settings and location of the cores on the continental slop

Station Latitute Longitute Water depth (m)

LV39-15H 54�29.9090 144�06.6140 715
LV39-18H 54�29.9190 144�06.5260 715
LV39-25H 54�37.7190 144�14.1980 880
LV39-29H 54�38.6480 144�12.2180 935
LV39-30H 54�37.7430 144�14.2230 880
LV39-36H 54�30.2650 144�18.5930 980
LV39-39H 54�30.3210 144�03.6910 670
LV39-40H 54�30.1620 144�03.9220 670
LV39-48H 54�22.0290 143�59.1630 385

a GH, gas hydrates; CC, carbonate concretions; þ, occurrence of gas hydrates or carbo
gas chromatography fitted with an apolar HP-5 fused silica, capil-
lary column (30 m in length, 0.32 mm in internal diameter, and
0.25 mm in film thickness; J&W Scientific) and a flame ionization
detector with helium as the carrier gas. The samples of the neutral
lipids were injected at 60 �C with a 1-min hold time, and then the
oven temperature was raised to 150 �C at a rate of 10 �C/min, then
to 310 �C at a rate of 4 �C/min, and finally kept at 310 �C for 50 min.
The samples of polar lipids were injected at 60 �Cwith a 1-min hold
time and then the oven temperaturewas raised to 150 �C at a rate of
10 �C/min, then to 230 �C at a rate of 2 �C/min, then to 310 �C at
a rate of 5 �C/min and finally kept at 310 �C for 20 min. Quantifi-
cation of each compound was performed by comparing peak areas
with the internal standard (5a(H)-cholestane, n-nonadecanol and
n-heneicosanoic acid).
e offshore of NE Sakhalin during the LV39 cruise.

Core length (cm) Comments GHa CCa

365 KOPRI site þ
407 KOPRI site
270 Soloviev Structure site þ þ
60 Canyon on the north site

320 Soloviev Structure site
237 New Structure
390 POI
260 POI þ þ
55 GIZELLA

nate concretions.



Figure 2. Gas hydrate-containing sediments recovered in the LV39-40H core.

J.-Y. Yang et al. / Marine and Petroleum Geology 28 (2011) 1884e1898 1887
2.5. Gas chromatography-mass spectrometry (GCeMS)

The hydrocarbons, alcohols, and carboxylic acids were identified
using GCeMS (Shimadzu; GCMS-QP2010) in electron impact (EI)
mode at 70 eV (cycle time 0.9 s, resolution 1000). The full scanmass
spectrawere recorded fromm/z 40 to 800 for the alcohols,m/z 40 to
600 for the hydrocarbons, andm/z 40 to 500 for the fatty acids. The
gas chromatograph was equipped with an apolar DB-5MS fused
silica, capillary column (30 m in length, 0.25 mm in internal
diameter, 0.25 mm in film thickness, and 10 m DRGRD; J&W
Scientific) and was subjected to the same temperature program
noted above for the GC measurements. The identities of the
acquired mass spectra were compared to the known standards and
published data.

The crocetane fraction (FCr) of the phytane/crocetane peak was
calculated using the mass spectra of the C20 isoprenoid peaks, as
described by Bian et al. (2001).
2.6. Gas chromatography-combustion-isotope ratio mass
spectrometry (GC-IR-MS)

The carbon stable isotope compositions of the hydrocarbons,
alcohols, and carboxylic acids were determined using a coupled gas
chromatography-combustion-isotope ratio mass spectrometry
(GC-IR-MS). A combustion interface (containing a copper oxide/
platinum catalyst, 850 �C) of the isotope ratio mass spectrometer
(Isoprime, GV Instruments) was connected to a Hewlett Packard
6890 N (Agilent Technology) gas chromatograph equipped with an
apolar HP-5 fused silica, capillary column (30 m in length, 0.32 mm
in internal diameter and 0.25 mm in film thickness; J&W Scientific).
The samples were subjected to the same conditions noted above for
the GC measurement. Reference gas CO2 with a known d13C value
Figure 3. Crossplots of C/N ratios versus d13Corg (A) and H/L ratios versus the CPI values (B) o
in Figure 3B on account of no detection of short chain n-alkanes (nC17, nC19).
was introduced at the beginning and end of each sample
measurement, and the performance of the isotope ratio mass
spectrometry was compared to the n-alkane standards of known
d13C values. The isotopic ratios were reported in the conventional
delta (d) notation in units of parts per thousands (&) relative to the
Vienna-Pee Dee Belemnite (V-PDB) standard with a precision of
less than�1.0& for duplicate runs. The d13C values reported for the
alcohols and carboxylic acids were corrected as described by Huang
et al. (1995).

2.7. Bulk Elements (TOC, TN) and d13Corg analyses

The total organic carbon and total nitrogen contents (C/N), as
well as the carbon isotopic compositions of the bulk organic matter
(d13Corg), were measured after the dissolution of the carbonates
with 1M HCl, subsequent washing with distilled water, and
centrifugation three times. Then, the residues were dried and
ground. For the d13Corg analysis, approximately 15e20mg sediment
was sealed inside a small tin capsule and analyzed using a contin-
uous-flow PDZ Europa 20/20 isotope ratio mass spectrometer
combined with a PDZ Europa ANCA-GSL elemental analyzer at the
Stable Isotope Facility located at the University of California, Davis.
As noted above, the d13Corg was reported in the delta (d) notation
relative to the Pee Dee Belemnite (PDB) standard, with a precision
of less than �0.2& for duplicate runs.

3. Results

Figure 3 presents the spatial distributions of the C/N ratios and
the d13Corg, H/L and CPI values of the sediment in the Derugin Basin
within a core depth of 10 cmbsf. The C/N ratios and d13Corg values of
the majority of the surface sediment samples indicate that the
f sediments up to 10 cmbsf core depth in the Sea of Okhotsk. The LV39-36H is not noted



Table 2
Concentrations (mg g�1 sediment dry weight) and d13C values (&) of individual neutral lipids including n-alkanes and archaeal biomarkers within the surface sediments of the
other stations.

LV39-15H LV39-18H LV39-25H LV39-29H LV39-36H LV39-39H LV39-48H

cmbsf

0e10 0e10 0e10 0e10 0e10 0e10 0e10

Hydrocarbons
nC12 0.13 ( �f) 0.26 (�) 0.18 (�) 0.14 (�) 0.13 (�) 0.19 (�26.0) 0.08 (�)
nC13 0.10 (�) 0.17 (�31.8) 0.13 (�) 0.12 (�) 0.15 (�) 0.13 (�32.8) 0.05 (�)
nC14 0.16 (�) 0.39 (�) 0.21 (�) 0.23 (�) e (�) 0.27 (�27.2) 0.10 (�)
nC15 0.18 (�) 0.33 (�) 0.18 (�) 0.20 (�) 0.12 (�) 0.58 (�34.3) 0.10 (�)
nC16 0.17 (�) 0.25 (�) 0.19 (�) 0.18 (�) e (�) 0.30 (�20.6) 0.09 (�)
nC17 0.22 (�) 0.23 (�) 0.20 (�) 0.24 (�) e (�) 0.64 (�29.9) 0.12 (�)
nC18 0.15 (�) 0.26 (�) 0.17 (�) 0.22 (�) e (�) 0.35 (�) 0.08 (�)
nC19 0.16 (�) 0.14 (�) 0.17 (�) 0.32 (�26.5) e (�) 0.18 (�) 0.11 (�)
nC20 0.20 (�) 0.22 (�) 0.19 (�) 0.34 (�32.9) 0.13 (�) 0.33 (�) 0.09 (�)
nC21 0.23 (�) 0.19 (�) 0.19 (�) 0.66 (�32.4) 0.23 (�) 0.20 (�) e (�)
nC22 0.27 (�) 0.31 (�) 0.35 (�) 0.65 (�32.4) 0.41 (�28.7) 0.30 (�) 0.14 (�)
nC23 0.31 (�) 0.43 (�29.1) 0.44 (�26.8) 1.49 (�30.6) 0.94 (�30.0) 0.35 (�) 0.14 (�)
nC24 0.31 (�) 0.34 (�) 0.40 (�31.0) 0.77 (�32.8) 0.58 (�31.6) 0.38 (�) 0.15 (�)
nC25 0.46 (�31.5) 0.50 (�28.9) 0.50 (�28.0) 1.43 (�31.7) 0.89 (�32.1) 0.38 (�) 0.17 (�)
nC26 0.47 (�29.6) 0.39 (�31.1) 0.48 (�29.1) 0.71 (�32.1) 1.14 (�31.6) 0.35 (�) 0.17 (�)
nC27 0.83 (�30.5) 0.61 (�30.6) 0.56 (�28.3) 2.45 (�31.6) 1.77 (�30.6) 0.56 (�32.2) 0.26 (�31.4)
nC28 0.83 (�29.5) 0.42 (�29.0) 0.40 (�30.8) 0.65 (�31.8) 1.98 (�30.2) 0.39 (�32.9) 0.22 (�30.1)
nC29 1.21 (�30.1) 0.69 (�31.8) 0.49 (�28.5) 2.00 (�31.9) 2.47 (�30.1) 0.67 (�31.1) 0.28 (�26.8)
nC30 0.98 (�30.7) 0.45 (�24.8) 0.34 (�) 0.55 (�30.4) 0.29 (�29.6) 0.43 (�29.5) 0.23 (�31.2)
nC31 1.21 (�29.7) 0.69 (�29.0) 0.46 (�26.3) 1.87 (�31.5) 3.82 (�20.9) 0.66 (�29.7) 0.23 (�31.8)
nC32 0.64 (�31.3) 0.39 (�) 0.27 (�) 0.48 (�29.9) 1.35 (�29.8) 0.37 (�) 0.17 (�)
nC33 0.55 (�30.3) 0.40 (�) 0.30 (�) 0.70 (�31.9) 1.05 (�32.4) 0.40 (�) 0.15 (�)
nC34 0.39 (�) 0.32 (�) 0.23 (�) 0.25 (�) 0.79 (�31.9) 0.31 (�) 0.12 (�)
nC35 0.28 (�) 0.27 (�) 0.35 (�) 0.27 (�) 0.63 (�30.6) 0.33 (�) 0.16 (�)
nC36 e (�) e (�) e (�) e (�) e (�) e (�) e (�)
nC37 e (�) e (�) e (�) e (�) 0.32 (�) e (�) e (�)
nC38 e (�) e (�) e (�) e (�) 0.31 (�) e (�) e (�)
nC39 e (�) e (�) e (�) e (�) 0.28 (�) e (�) e (�)
nC40 e (�) e (�) e (�) e (�) 0.29 (�) e (�) e (�)
Crocetane e (�) e (�) e (�) e (�) e (�) e (�) e (�)
PMIb e (�) e (�) e (�) e (�) e (�) e (�) e (�)
P

n-alkanes
(C12eC40)

10.44 8.66 7.36 16.93 20.05 9.05 3.43

CPIc 1.32 1.50 1.27 2.84 2.04 1.39 1.18
H/Ld 5.80 2.82 2.79 8.36 NC 1.35 2.30
Alcohols
archaeol 1.31 (�117.5) e (�) 0.88 (�) 1.06 (�130.6) 0.79 (�) 0.90 (�) e (�)
sn�2�hydroxyarchaeol 2.22 (�123.3) e (�) 0.96 (�) 0.99 (�) 0.87 (�) 1.00 (�) e (�)
OH-Ar-indexe 1.70 NCa 1.10 0.94 1.11 1.11 NC

a NC, not calculated.
b PMI ¼ 2,6,10,15,19-pentamethylicosane.
c CPI ¼ 2(

P
Odd nC23 to nC31)/[(

P
Even nC22 to nC30) þ (

P
Even nC24 to nC32)] (Saito and Suzuki, 2007).

d H/L ¼ (nC27 þ nC29 þ nC31)/(nC15 þ nC17 þ nC19) (Bourbonniere and Meyers, 1996).
e OH-Ar-index ¼ sn-2-hydroxyarchaeol/archaeol (Blumenberg et al., 2004).
f not detected.
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sedimentary organic matter is composed of marine algal-derived
organic matter typically. However, the sediment sample from the
LV39-29H station had a particularly high C/N ratio and 13C-depleted
values compared to the other stations, indicating terrigenous,
vascular land plant-derived organic matter input (Fig. 3A). This
result is also coinciding with the higher CPI (2.84) and H/L (8.36)
values in the sediment at the LV39-29H station than in sediments
from other stations (Fig. 3B).

The sum of individual n-alkanes (nC12 e nC40) concentrations
ranged from 3.43 to 20.05 mg gdw�1 demonstrating approximately
similar composition among the stations (Table 2). However, no cro-
cetane and PMI as the typical biomarker compounds of methano-
trophic archaeawere detectedwithin the 10 cm core sediments at all
stations, and only archaeal biomarkers such as archaeol and sn-2-
hydroxyarchaeol were found in the surface sediment at six stations
except LV39-18H,LV39-30HandLV39-48H(Table2andTable4).Also,
some biomarker compounds (iso- and anteiso- C15:0 and C16:1u5)
sulphate reduction bacteria among the individual carboxylic acids
were detected at all stations except LV39-40H (Table 3 and Table 6).
The d13C values of individual n-alkanes (nC12 e nC40) and
carboxylic acids ranged from�21.0 to�36.6& in the 10 cmdepth of
surface sediment at all stations, but quite low value (�88.5&) of
C16:1u5 was found at a station (LV39-15H), providing a strong
indication of sulphate reduction biomarker (Tables 2, 3 and 7). In
addition, archaeol and sn-2-hydroxyarchaeol showed extremely
lighter values (�117.5 to�130.6&) as the obvious AOM biomarkers
at LV39-15H and LV39-29H (Table 2).

The depth profiles of the C/N ratios and contents, d13Corg values
of TOC, H/L ratios, and CPI values of two selected sediment cores
were also compared in order to identify the origin of the vertically
distributed organic matter (Fig. 4). The average TOC concentrations
of the samples in the LV39-30H and LV39-40H cores were 1.19% and
1.34%, respectively. Although the C/N and H/L ratios within the
range of 110e130 cmbsf in the LV39-30H cores exhibited a small
negative shift, the general range of the C/N and H/L ratios indicated
that the input of terrestrial organic matter was insignificant. The
CPI and d13Corg ranges were within the typical range for marine
organic matter (Fig. 4A). In contrast to the results for the LV39-30H



Table 3
Concentrations (mg g�1 sediment dry weight) and d13C values (&) of individual carboxylic acids, including bacterial biomarkers, within the surface sediments of the other
stations.

LV39-15H LV39-18H LV39-25H LV39-29H LV39-36H LV39-39H LV39-48H

cmbsf

0e10 0e10 0e10 0e10 0e10 0e10 0e10

C11:0 ee (�) e (�) e (�) e (�) 0.95 (�) e (�) e (�)
C12:0 1.09 (�) 1.04 (�) 0.97 (�) 1.06 (�) 1.06 (�) 1.05 (�) 0.62 (�)
C13:0 0.98 (�) 0.98 (�) e (�) 1.00 (�) 0.97 (�) 0.97 (�) e (�)
C14:0 1.09 (�36.6) 1.83 (�25.3) 1.28 (�26.9) 1.78 (�25.0) 1.36 (�24.7) 1.14 (�25.4) 0.65 (�)
i-C15:0 1.14 (�) 1.22 (�23.9) 1.07 (�) 1.06 (�) 1.25 (�22.3) 1.19 (�) 0.65 (�)
a-C15:0 0.28 (�) 0.32 (�29.5) 0.41 (�) 0.32 (�) 0.28 (�25.6) 0.25 (�) 0.15 (�)
C15:0 0.80 (�) 1.00 (�24.4) 0.79 (�) 0.95 (�26.9) 0.82 (�) 0.95 (�) 0.46 (�)
i-C16:0 0.70 (�) 0.73 (�) 0.72 (�) 0.72 (�) 0.71 (�) 0.70 (�) 0.42 (�)
C16:1u5 1.00 (�88.5) 0.99 (�) 0.89 (�) 0.67 (�) 0.82 (�) 0.92 (�) 0.41 (�)
C16:1u7 0.79 (�) 2.36 (�25.4) 1.21 (�32.0) 0.73 (�) 1.48 (�24.9) 1.08 (�) 0.44 (e)
C16:0 2.52 (�27.3) 4.76 (�25.2) 2.57 (�26.9) 4.05 (�29.5) 3.70 (�26.2) 5.94 (�27.7) 0.85 (�24.4)
ieC17:0 0.77 (e) 0.81 (e) 0.72 (e) 0.65 (e) 0.75 (e) 0.67 (e) 0.43 (e)
C17:0 0.74 (e) 0.74 (e) 0.63 (e) 0.74 (e) 0.65 (e) 0.74 (e) 0.36 (e)
C18:2u6 e (e) 0.09 (e) 0.04 (e) 0.03 (e) 0.18 (e) 0.03 (e) e (�)
C18:1u9c 2.14 (�) 2.53 (�24.6) 2.22 (�29.3) 2.27 (�27.3) 2.80 (�21.2) 2.32 (�) 1.28 (�)
C18:1u9t 0.86 (�) 1.23 (�25.7) 0.95 (�) 0.82 (�) 1.30 (�21.0) 1.18 (�) 0.44 (�)
C18:0 1.46 (�27.3) 1.68 (�27.1) 1.28 (�27.4) 3.25 (�30.0) 1.58 (�24.2) 21.82 (�29.7) 0.60 (�26.6)
C20:0 0.85 (�) 1.14 (�33.9) 0.93 (�) 4.47 (�32.8) 0.94 (�29.7) 1.07 (�) 0.46 (�)
P

NSatsa 9.53 13.17 8.44 17.30 12.02 33.68 3.99
P

Monosb 4.80 7.12 5.27 4.50 6.40 5.50 2.57
P

BrSatc 2.89 3.08 2.92 2.75 2.99 2.82 1.66
P

SRBd 2.41 2.53 2.37 2.05 2.35 2.36 1.22
a-C15:0/i-C15:0 0.24 0.26 0.38 0.30 0.23 0.21 0.23
C16:1u5/i-C15:0 0.88 0.82 0.83 0.63 0.66 0.77 0.63
C18:1u9t/C18:1u9c 0.40 0.49 0.43 0.36 0.47 0.51 0.34

a NSats, saturated straight chain fatty acids.
b Monos, monounsaturated fatty acids.
c BrSat, branched fatty acids.
d SRB, i-C15:0 þ a-C15:0 þ C16:1u5.
e not detected.
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cores, the C/N ratios increased with depth until approximately 110
cmbsf in the LV39-40H cores (Fig. 4B). The change of C/N ratios in
the LV39-40H cores was a result of the preferential degradation of
buried organic nitrogen during early diagenesis in a stable sedi-
mentation environment (Aiken et al., 1985). The H/L values in the
core were ranged from 1.90 to 8.28 with relatively low CPI values
(close to 1.0).

Archaeal-specific lipid biomarkers, including sn-2-hydrox-
yarchaeol and archaeol for Archaea, were only detected in the
LV39-40H core and with extremely low d13C values ranging
from �122.7& to �47.7& (Table 5 and Fig. 6). The stable carbon
isotope ratios of most of sulphate reduction bacterial biomarkers
(iso- and anteiso- C15:0 and C16:1u5) were not detected due to their
low concentrations, except at the 10 cm depth of surface sediment
of LV39-30H). Saturated fatty acids, including C16:0 and C18:0 in the
LV39-40H and LV39-30H cores, were found in distinctively high
concentrations in accordance with a slight concomitant decrease in
the d13C signals at sediment depths of 150e160 cmbsf (Fig. 5).

Interestingly, the d13Corg of the sediment at 90 to100 cmbsf in
the LV39-40H cores showed a negative anomaly with a different
carbon isotopic value (Δd13Corg ¼ 2.5&) than the background trend
(Fig. 4B).

4. Discussion

4.1. Characteristics and origin of organic matter in surface
sediments

The atomic C/N ratios and d13Corg values have been broadly
utilized in order to determine the origin of sedimentary organic
matter derived frommarine algae versus terrestrial, vascular plants
(Prahl et al., 1980; Premuzic et al., 1982; Ishiwatari and Uzaki, 1987;
Jasper and Gagosian, 1990; Meyers et al., 1996). Marine-algal
derived organic matter typically has C/N ratios of 4e9, while
terrigenous, vascular land plant-derived organic matter has higher
values than 20 (Krishnamurthy et al., 1986; Emerson and Hedges,
1988; Mayer, 1994). Similarly, the organic matter produced from
atmospheric CO2 (d13C ¼ �8&; Keeling et al., 1995) through the C3
pathway by terrestrial plants, including most trees and shrubs,
generally has a d13C range of �32& to �21& (average ¼ ca. �27&;
Deines, 1980). In contrast, marine organic matter produced by
marine algae from dissolved bicarbonate (d13C ¼ 0&; Jasper and
Gagosian, 1990; Mayer, 1994) has a typical d13C range of �23
to �16& (average ¼ ca. �19&; Deines, 1980). In addition, the
organic matter produced by plants, such as tropical savannah
grasses and sedges, through the C4 pathway has a d13C range
of �17& to �9& (average ¼ ca. �14&; Deines, 1980).

Similarly, the terrigenous to aquatic ratio (H/L) and the carbon
preference index (CPI) based on the odd/even ratio of the individual
n-alkanes have also been widely used to identify sedimentary
organic matter (Bray and Evans, 1961; Eglinton and Hamilton, 1967;
McCaffrey et al., 1991; Jasper and Gagosian,1993; Bourbonniere and
Meyers, 1996). The odd-numbered long-chain hydrocarbons within
the range of nC21 to nC35, which are synthesized by higher terres-
trial plants, such as Sphagnum sp. which is characterized by
a specific n-alkane maximum value of nC23, are major components
in terrestrial organicmatter (Eglinton and Hamilton,1963; Corrigan
et al., 1973; Nott et al., 2000). Bourbonniere and Meyers (1996)
suggested that the H/L ratio reflects the change in the terrige-
nous/aquatic mixing of the hydrocarbons due to the short chain
n-alkanes (nC15enC20) that are primarily derived from algae and
planktonic bacteria (Han and Calvin, 1969). The CPI values of the
organic matter derived from vascular plant waxes are generally in
the approximate range of 4e10 (Tulloch, 1976; Rieley et al., 1991),



Table 4
Concentrations (mg g�1 sediment dry weight) of individual neutral lipids including n-alkanes and archaeal biomarkers within LV39-30H and LV39-40H sediments.

LV39-30H LV39-40H

cmbsf

0e10 50e60 100e110 150e160 200e210 250e260 0e10 50e60 90e100 100e110 120e130 150e160 170e180 200e210 230e240

Hydrocarbons
nC12 0.19 0.16 0.39 0.13 0.25 0.15 0.31 0.22 0.23 0.50 0.14 0.18 0.15 0.15 0.16
nC13 0.12 0.17 0.23 0.08 0.20 0.12 0.16 0.14 0.21 0.20 0.10 0.17 0.10 0.11 0.18
nC14 0.17 0.21 0.35 0.17 0.37 0.17 0.39 0.24 0.29 0.62 0.17 0.25 0.23 0.16 0.24
nC15 0.32 0.17 0.29 0.17 0.23 0.24 0.18 0.16 0.40 0.18 0.16 0.46 0.16 0.16 0.27
nC16 0.12 0.24 0.25 0.18 0.25 0.16 0.23 0.20 0.26 0.31 0.17 0.26 0.18 0.15 0.18
nC17 0.18 0.24 0.22 0.17 0.25 0.29 0.17 0.16 0.29 0.20 0.18 0.56 0.16 0.16 0.27
nC18 0.18 0.20 0.28 0.20 0.23 0.28 0.23 0.15 0.18 0.18 0.13 0.19 0.16 0.19 0.13
nC19 0.12 0.13 0.19 0.15 0.22 0.19 0.17 0.14 0.13 0.14 0.15 0.16 0.15 0.17 0.13
nC20 0.31 0.20 0.35 0.17 0.24 0.20 0.19 0.19 0.23 0.23 0.17 0.28 0.18 0.17 0.20
nC21 0.19 0.18 0.52 0.17 0.23 0.24 0.22 0.18 0.19 0.30 0.17 0.19 0.17 0.17 0.20
nC22 0.31 0.27 0.79 0.26 0.37 0.30 0.38 0.28 0.24 0.30 0.21 0.41 0.20 0.29 0.33
nC23 0.34 0.30 1.60 0.39 0.85 0.42 0.51 0.38 0.32 0.29 0.25 0.37 0.30 0.31 0.51
nC24 0.35 0.34 0.62 0.26 0.43 0.32 0.44 0.38 0.32 0.32 0.19 0.41 0.19 0.27 0.37
nC25 0.52 0.49 0.91 0.35 0.50 0.41 0.54 0.54 0.47 0.46 0.32 0.39 0.63 0.39 0.51
nC26 0.52 0.46 0.74 0.28 0.43 0.36 0.37 0.50 0.34 0.38 0.26 0.38 0.89 0.31 0.52
nC27 0.80 0.71 1.08 0.45 0.66 0.54 0.57 0.81 0.54 0.65 0.45 0.55 1.30 0.54 0.82
nC28 0.73 0.89 1.06 0.36 0.52 0.39 0.37 0.69 0.38 0.63 0.28 0.42 1.20 0.32 0.83
nC29 1.04 1.10 1.58 0.46 0.72 0.47 0.42 0.92 0.50 0.17 0.43 0.71 1.11 0.45 1.19
nC30 0.85 1.10 1.41 0.44 0.60 0.37 0.32 0.20 0.33 0.18 0.18 0.51 1.40 0.29 0.99
nC31 1.07 1.34 1.91 0.68 0.71 0.46 0.52 1.38 0.51 0.88 0.41 0.80 1.48 0.47 1.41
nC32 0.56 0.63 0.80 0.35 0.44 0.32 0.26 0.44 0.27 0.51 0.26 0.39 0.85 0.23 0.67
nC33 0.52 0.50 0.67 0.29 0.39 0.34 0.26 0.40 0.26 0.38 0.27 0.43 0.83 0.26 0.57
nC34 0.35 0.33 0.48 0.22 0.30 0.28 0.20 0.28 0.20 0.26 0.19 0.25 0.61 0.20 0.43
nC35 0.27 0.26 0.40 0.20 0.30 0.28 0.21 0.25 0.21 0.23 0.20 0.41 0.47 0.21 0.29
nC36 ef e e e e e e e e e e e e e 0.24
nC37 0.21 e 0.23 e e e e 0.23 0.27 e e e 0.22 e 0.23
nC38 e e e e e e e e e e e e e e 0.25
nC39 e e 0.25 e e e e e e e e e e e e

nC40 0.28 e 0.38 0.38 e e e e e e e e 0.29 e e

Crocetane e e e e e e e 0.17 e 0.19 0.16 0.29 0.18 0.21 0.14
PMIb e e e e e e e e e e e e e e e
P

n-alkanes (C12eC40) 10.63 10.62 17.97 6.95 9.68 7.29 7.61 9.46 7.59 8.49 5.44 9.10 13.61 6.12 12.14
CPIc 1.30 1.22 1.53 1.40 1.44 1.30 1.40 1.90 1.44 1.28 1.61 1.32 1.15 1.48 1.38
H/Ld 4.65 5.89 6.50 3.25 3.01 2.04 2.96 6.75 1.90 3.28 2.63 1.75 8.28 2.99 5.12
Alcohols
archaeol e e e e e e e 0.86 1.42 0.96 NAa 0.87 0.89 1.14 0.83
sn�2�hydroxyarchaeol e e e e e e 0.77 1.10 1.73 1.04 NA 0.99 0.99 1.45 0.94
OH-Ar-indexe NC NC NC NC NC NC NC 1.27 1.21 1.08 NC 1.14 1.10 1.27 1.13

a NA, not analysed; NC, not calculated.
b PMI ¼ 2,6,10,15,19-pentamethylicosane.
c CPI ¼ 2(

P
Odd nC23 to nC31)/[(

P
Even nC22 to nC30)þ(

P
Even nC24 to nC32)] (Saito and Suzuki, 2007).

d H/L ¼ (nC27 þ nC29 þ nC31)/( nC15 þ nC17 þ nC19) (Bourbonniere and Meyers, 1996).
e OH-Ar-index ¼ sn-2-hydroxyarchaeol/archaeol (Blumenberg et al., 2004).
f not detected.
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whereas the CPI values of the organic matter in marine bacteria and
algae range from approximately 1.0e1.5 (Volkman et al., 1980;
Nichols et al., 1988).

Seki et al. (2006) reported fluctuations in the d13Corg values
(from ca.�27& to�20&) and low C/N ratios (from ca. 4 to 9) in the
settling particles in the western region of the Sea of Okhotsk and
suggested that the seasonal changes in the d13Corg values might be
influenced more by the algal growth rate and phytoplankton
species than by the varying contributions of the marine versus
terrestrial organic matter (Rau et al., 1992; Francois et al., 1993).
However, the lowest d13Corg value (�25.87&) and highest C/N ratio
(12.33) among the studied sampling sites were observed at the
LV39-29H station, and these high levels were probably caused by
the contribution of terrigenous organic matter. The major trans-
portation pathways for terrigenous organic matter to the Sea of
Okhotsk might include ice-rafted debris (IRD) via sea ice transport
or freshwater inflow from the discharge of the Amur River (Biebow
and Huetten, 1999; Lembke et al., 2003).

In addition, archaeol and sn-2-hydroyarchaeol were shown at
the surface 10 cm sediment of three stations (LV39-15H, LV39-29H,
LV39-40H), with their extremely light carbon stable isotope ratios
(Table 2). These 13C-depleted archaeol and sn-2-hydroyarchaeol
strongly suggest that these should be archaeal biomarkers related
to methane in the seafloor sediments. Fingerprinting of the diag-
nostic 13C-depleted compounds typically associated with a strong
carbon isotopic fractionation during methane uptake in methano-
trophic communities has been used extensively to examine the
anaerobic methanotrophic organisms in the sediment samples
from various, modern cold-seep environments (Hinrichs et al.,
1999; Elvert et al., 2000, 2001; Thiel et al., 2001). These environ-
ments include eastern Mediterranean mud volcanoes (Pancost
et al., 2000, 2001; Werne et al., 2002; Aloisi et al., 2002), ancient
methane seeps (Thiel et al., 1999), and non-methane seep envi-
ronments characterized by AOM, such as the water columns of the
Black Sea (Schouten et al., 2001b) and the Kattegatt Strait (Bian
et al., 2001). The biological, carbon isotopic fractionations during
the methanotrophic and methanogenic processes occurred due to
theweaker coherence of the lighter isotope (e.g., 12C), relative to the
heavier isotope (e.g., 13C) (Hoefs, 1980; Whiticar, 1999; Elvert et al.,
1999; Orphan et al., 2001).



Table 5
d13C values (&) of individual neutral lipids including n-alkanes and archaeal biomarkers within LV39-30H and LV39-40H sediments.

LV39-30H LV39-40H

cmbsf

0e10 50e60 100e110 150e160 200e210 250e260 0e10 50e60 90e100 100e110 120e130 150e160 170e180 200e210 230e240

Hydrocarbons
nC12 �27.9 �21.6 �25.6 ec e e �23.4 �27.0 �28.5 �26.8 e �23.0 e e e

nC13 �30.4 �29.2 �30.3 e e e �30.7 �30.7 �29.9 �31.4 e �29.0 e e �28.8
nC14 �25.6 �26.5 �28.3 e e e �28.3 �25.9 �28.1 �27.9 e �27.9 �28.3 e �27.6
nC15 �33.8 �30.3 �34.0 e e e e e �33.7 e e �34.0 e e �29.0
nC16 e e �27.8 e e e �25.0 �25.9 �30.0 �28.0 e �26.2 e e e

nC17 e e e e e e e e �33.3 e e �31.7 e e �25.6
nC18 e e e e e e e e e e e e e e e

nC19 e e e e e e e e e e e e e e e

nC20 e e e e e e e e e e e e e e e

nC21 e e e e e e e e e e e e e e e

nC22 e e �32.1 e e e e e e e e e e e e

nC23 �31.2 e �29.9 �29.8 �30.2 �32.5 �46.8 �32.6 e e e �25.3 �29.8 e �28.7
nC24 �31.1 e �30.5 e e e �34.0 �31.8 e e e e �29.6 e �33.4
nC25 �27.8 �33.7 �31.6 e e e �31.5 �34.1 e �33.0 e e �28.4 �31.3 �32.1
nC26 �26.9 �29.3 �29.2 e e e �30.6 �29.0 �26.5 �28.3 e �27.6 �27.2 e �31.7
nC27 �28.7 �29.5 �30.3 �28.6 �31.1 �30.5 �30.9 �28.7 �29.6 �31.4 �29.9 �30.5 �29.2 �31.1 �31.7
nC28 �27.8 �30.0 �30.2 �28.6 �34.4 �30.0 �29.5 �29.3 �31.1 �30.4 e �28.6 �28.0 e �30.7
nC29 �29.2 �30.3 �30.2 �27.7 �30.2 e �32.6 �29.8 �28.3 �31.1 �29.8 �29.0 �28.3 �30.5 �30.3
nC30 �29.1 �28.1 �28.1 �26.7 �30.1 e e �32.0 �27.3 �30.8 e �29.7 �26.2 e �29.2
nC31 �26.5 �25.0 �26.3 �25.5 �25.9 �27.2 �31.3 �21.2 e �28.2 �31.2 �29.0 �25.0 �31.0 �27.8
nC32 �28.1 �29.3 �30.2 �31.8 e e e �27.3 e �30.6 e �30.8 �28.3 e �29.3
nC33 �29.5 �27.2 �28.4 e e e �30.2 e �32.3 e �28.0 �30.7 e �28.1
nC34 e e e e e e e e e e e e e e �30.1
nC35 e e e e e e e e e e e e e e e

nC36 e e e e e e e e e e e e e e e

nC37 e e e e e e e e e e e e e e e

nC38 e e e e e e e e e e e e e e e

nC39 e e e e e e e e e e e e e e e

nC40 e e e e e e e e e e e e e e e

Crocetane e e e e e e e e e e e e e e e

PMIb e e e e e e e e e e e e e e e

Alcohols
archaeol e e e e e e e e �115.6 �101.5 NAa e e �93.2 �47.7
sn�2�hydroxyarchaeol e e e e e e e �121.6 �122.7 �104.8 NA e �93.5 �116.2 �87.3

a NA, not analysed.
b PMI ¼ 2,6,10,15,19-pentamethylicosane.
c not detected.
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In the present study, the 13C- depleted archaeol and sn-2-hydro-
yarchaeol are consistant with extraordinary low d13C value of C16:1u5
at LV39-15H as a biomarker of sulphate reduction bacteria. Termi-
nally branched iso- and anteiso- C15:0 fatty acids are abundant
compounds in sulphate-reducing bacteria, including the common
Desulfovibrio (Boon et al., 1977; Edlund et al., 1985; Kaneda, 1991;
Vainshtein et al., 1992; Dzierzewicz et al., 1996; Feio et al., 1998).
The anteiso- C15:0 fatty acid is a prominentmembrane constituent of
DesulfosarcinavariabilisandDesulfococcusmultivorans (Kohringet al.,
1994). AhighC16:1u5 contentwas also observed in theDesulfosarcina/
Desulfococcus (DSS) cluster (Elvert et al., 2003; Orcutt et al., 2005).

In our study sites, the overall composition of the surficial sedi-
mentary organic matter was found as derivatives of planktonic
organisms (planktonic eukaryotes as well as bacteria), whereas
only one core was found to contain signiciant amounts of terrige-
nous organic matter. Also, both lipid biomarkers of methanotrophic
archaea (archaeol/sn-2-hydroxyarchaeol) and sulphate reducing
bacteria fatty acid (C16:1u5) were found in the surface sediment of
the only station (LV39-15H) with strong 13C depletions, indicating
the presence of AOM in the uppermost sediment layers.

4.2. Anaerobic oxidation of methane in the methane
hydrate-bearing sediments

The highest concentration of interstitial methane in the
LV39-40H core is about 100 times higher than the concentration in
the LV39-30H core (Fig. 4). This large methane flux in LV39-40H
might be due to dissociation of methane hydrate in the sediment.
The gaseous methane that continuously ascends along the faults
generated by accretionary tectonics with stratified deposits most
likely plays a decisive role in the occurrence of the gas hydrate in
this region (Luan et al., 2008). Moreover, in three stations, authi-
genic carbonate precipitates were present (LV39-15H, �25H
and �40H), which are further indicating that either AOM or
sulphate reduction played a significant role in these sites. In cores
LV39-25 and LV39-40H, apparent gas hydrate layers were identi-
fied. In the following, LV39-40H (including hydrate) and LV39-40H
(no hydrate) were choosed for comparing their lipid biomarker
inventory and the discussion of probable methanogenetic and
methanotrophic processes.

In the present study, the concentrations and d13C values of
potential lipid biomarkers for the AOM community in carboxylic
acids and neutral lipids (including alcohol and hydrocarbon frac-
tions) in two selected sediment cores were compared in order to
understand the influence that gas hydrates have on the microor-
ganism species’ composition and biomass (Figs. 5 and 6). Results of
archaeal-specific lipid biomarkers in the LV39-40H core with
extremely low d13C values indicated that the AOM-performing
archaea assimilated the methane that dissociated from the
hydrate as a carbon source. Although, saturated fatty acids gener-
ally represent universal or non-specific lipids, their anomalously
high concentrations and the negative excursion of the carbon



Table 6
Concentrations (mg g�1 sediment dry weight) of individual carboxylic acids including bacterial biomarkers within LV39-30H and LV39-40H sediments.

LV39-30H LV39-40H

cmbsf

0e10 50e60 100e110 150e160 200e210 250e260 0e10 50e60 90e100 100e110 120e130 150e160 200e210 230e240

C11:0 ee e e e e e e e e e e e e

C12:0 0.90 0.97 0.90 0.93 1.41 1.34 1.19 0.92 0.96 0.92 0.99 0.95 0.94 0.93
C13:0 0.88 0.96 e e e e e 0.91 e e e e 0.93 e

C14:0 1.42 1.45 1.20 1.31 1.39 1.44 e 1.13 1.15 1.14 1.06 1.22 1.24 1.14
i-C15:0 1.04 1.09 0.93 0.98 1.54 1.49 e 0.99 1.02 1.00 1.03 1.04 1.00 0.96
a-C15:0 0.73 0.25 0.32 0.33 0.53 0.41 e 0.21 0.22 0.30 0.20 0.24 0.32 0.28
C15:0 0.76 0.79 0.72 0.75 1.13 1.13 e 0.73 0.76 0.76 0.75 0.75 0.86 0.79
i-C16:0 0.65 0.67 0.62 0.67 0.96 0.92 e 0.64 0.65 0.65 0.67 0.65 0.66 0.66
C16:1u5 0.82 0.65 0.58 0.62 1.00 0.96 e 0.64 0.68 0.64 0.71 0.63 0.69 0.67
C16:1u7 1.58 0.73 0.64 0.67 1.08 1.01 1.18 0.70 0.71 0.68 0.73 0.65 0.69 0.72
C16:0 2.80 2.72 2.32 1.93 2.44 2.33 1.72 2.04 1.98 2.27 2.13 3.76 2.40 2.19
i-C17:0 0.64 0.68 0.59 0.64 0.95 0.93 e 0.63 0.69 0.60 0.73 0.64 0.68 0.65
C17:0 0.54 0.59 0.53 0.55 0.86 0.84 e 0.57 0.64 0.60 0.69 0.64 0.67 0.57
C18:2u6 0.13 0.04 0.04 e 0.16 0.02 e 0.01 e e e e e 0.05
C18:1u9c 2.20 2.27 2.03 2.13 3.00 2.74 2.04 2.00 1.99 1.94 1.98 2.02 1.96 2.03
C18:1u9t 1.24 0.88 0.84 0.80 1.04 0.93 1.21 0.73 0.74 0.75 0.72 0.86 0.71 0.77
C18:0 1.50 2.05 1.57 1.52 1.71 1.27 0.87 1.01 0.98 1.10 1.37 15.83 1.13 1.17
C20:0 0.96 0.92 0.82 0.77 1.09 1.05 1.31 0.89 0.83 0.94 0.87 0.89 1.00 0.92
P

NSatsa 9.77 10.46 8.06 7.76 10.03 9.40 5.09 8.20 7.30 7.74 7.87 24.03 9.17 7.70
P

Monosb 5.84 4.53 4.09 4.23 6.13 5.64 4.42 4.07 4.12 4.01 4.14 4.16 4.04 4.19
P

BrSatc 3.06 2.70 2.46 2.62 3.99 3.76 e 2.47 2.58 2.55 2.63 2.57 2.67 2.55
P

SRBd 2.59 2.00 1.84 1.94 3.07 2.86 e 1.84 1.92 1.94 1.94 1.91 2.02 1.91
a-C15:0/i-C15:0 0.70 0.23 0.35 0.34 0.34 0.28 NC 0.21 0.21 0.30 0.20 0.23 0.32 0.29
C16:1u5/i-C15:0 0.79 0.60 0.62 0.63 0.65 0.64 NC 0.65 0.67 0.63 0.70 0.61 0.69 0.69
C18:1u9t/C18:1u9c 0.57 0.39 0.42 0.38 0.35 0.34 NC 0.36 0.37 0.39 0.36 0.42 0.36 0.38

a NSats, saturated straight chain fatty acids.
b Monos, monounsaturated fatty acids.
c BrSat, branched fatty acids.
d SRB, i-C15:0 þ a-C15:0 þ C16:1u5.
e not detected; NC, not calculated.
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isotopic values (Δd13C ¼ 3& and 7&, for C16:0 and C18:0, respec-
tively) from the background trend in this study could indicate the
existence of bacterial communities and the indirect assimilation of
methane-derived carbon intermediate in the deep subsurface. In
general, biologically produced methane has lower d13C values, in
the range from �110& to �60& (for autotrophic methanogenesis)
and from �60& to �50& (for acetotrophic methanogenesis), than
those of thermogenic methane, which range from �50& to �30&
(Sackett, 1978; Whiticar et al., 1986; Whiticar, 1999; Conrad, 2005).
Therefore, the assimilation of methane produced through CO2
Table 7
d13C values (&) of individual carboxylic acids including bacterial biomarkers within LV3

LV39-30H LV39-4

cmbsf

0e10 50e60 100e110 150e160 200e210 250e260 0e10

C11:0 ea e e e e e e

C12:0 e e e e e e e

C13:0 e e e e e e e

C14:0 �25.7 �25.5 �21.6 �23.9 �23.6 e e

i-C15:0 �23.1 e e e e e e

a-C15:0 �29.6 e e e e e e

C15:0 e e e e e e e

i-C16:0 e e e e e e e

C16:1u5 e e e e e e e

C16:1u7 �31.0 e e e e e �20.6
C16:0 �27.1 �24.6 �24.5 �25.2 �24.8 �24.9 �24.7
i-C17:0 e e e e e e e

C17:0 e e e e e e e

C18:2u6 e e e e e e e

C18:1u9c �29.1 �25.6 �23.4 �21.7 e e e

C18:1u9t �28.2 e e e e e e

C18:0 �27.4 �24.7 �22.9 �24.8 �27.8 �26.4 e

C20:0 �30.8 �27.7 �28.3 e e e e

a not detected.
reduction during AOM in marine sediments creates extremely light
d13C signatures of specific lipid biomarkers (Hinrichs et al., 1999;
Elvert et al., 2001; Blumenberg et al., 2004).

The anomalously negative excursion of the d13Corg value at 90
to100 cmbsf in the LV39-40H cores could be a result of the incor-
poration of 13C-depleted carbon by, for example, methane through
AOM activity rather than from the contribution of terrestrial
organic matter, because the other molecular characteristics (C/N,
H/L, CPI ratios) are still within ranges that are typical for marine
organic matter. The low carbon isotope values that were observed
9-30H and LV39-40H sediments.

0H

50e60 90e100 100e110 120e130 150e160 200e210 230e240

e e e e e e e

e e e e e e e

e e e e e e e

�21.5 �27.5 �22.3 �23.5 e �24.1 �21.2
e e e e e e e

e e e e e e e

e e e e e �21.6 e

e e e e e e e

e e e e e e e

e e e e e e e

�24.6 �23.2 �25.7 �24.9 �28.7 �24.2 �24.2
e e e e e e e

e e e e e e e

e e e e e e e

e e e e e e e

e e e e e e e

�26.4 �24.2 �23.2 �26.9 �30.1 �26.7 �25.3
�26.8 �30.4 �31.9 �31.2 e �28.6 �23.8



Figure 4. Depth profiles of the C/N ratios, contents, and d13C values of the TOC, H/L, CPI values and interstitial methane concentrations in the sediment core containing distinctive
layers of gas hydrates (grey-shaded areas; B) and those sediment cores not containing these layers (A). The methane concentrations were obtained from Jin et al. (2007).
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in the bulk organic matter have also been observed in various cold
seep and mud volcano environments, which indicates that these
low levels could be an indication of potential AOM consortia (Haese
et al., 2003;Werne et al., 2004; Elvert et al., 2005). That assumption
can bemade due to the fact that the methane-derived carbon in the
AOM biomass has extremely low d13Corg values, as compared to
those of marine planktonic organic matter.

The concentrations of the two archaeal compounds, sn-2-
hydroxyarchaeol and archaeol, peaked at a depth of 90e100 cmbsf
in the LV39-40H cores, which was in good agreement with the
negative d13Corg values at the same depth. The amount of AOM-
derived biomass carbon was calculated by using a stable isotope
mass balance equation between the bulk organic carbon and
alcohol lipid biomarkers. The isotope mass balance equation is as
follows.
d13CAOMx þ (1-x)d13CBG ¼ d13Cobs (Haese et al., 2003)
Where d13CAOM, d13CBG, and d13Cobs represent the isotopic

compositions of the AOM consortium, bulk organic carbon back-
ground and bulk organic carbon at the depth of AOM. The �means
contribution of AOM consortium to bulk organic carbon pool.
Because the somewhat lower (by about �10 to �20&) d13C values
of the archaeal lipids compared with the total cell carbon deter-
mined in previous observations of isotopic compositions of indi-
vidual lipids versus biomass of Methanosarcina barkeri grown on
trimethylamine (Summons et al., 1998; Orphan et al., 2001), it is
possible to infer that the range of d13Cmethane is from �95.6&
to �112.7& with the d13C values of archaeal lipids at the depth. As
a result, the isotopic mass balance calculation provided that
approximately 2.77e3.41% of the total organic carbon (or
0.036e0.044% dry weight sediment) was additionally bound to the



Figure 5. Depth profiles of the concentrations and d13C values of individual carboxylic acids, ratios, and sums of different types of carboxylic acids in the sediment core containing
distinctive layers of gas hydrates (grey-shaded areas; B) and those sediment cores not containing these layers (A).
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biomass of the microbial consortium that was responsible for the
AOM within the sediment depth of 90e100 cmbsf in the LV39-40H
core (Haese et al., 2003; Werne et al., 2004; Elvert et al., 2005).

On the other hand, pressure incubation using Hydrate Ridge
sediments yielded 23 mg biomass carbon for the consortia, which
corresponded to 0.7mg C16:1u5 fatty acid (Nauhaus et al., 2007). This
quantitative relationship (C16:1u5 fatty acid/biomass carbon; 3.04%)
indicates that the concentration of the methanotrophic consortia
biomass can be 22.3 mg C gdw�1 at the sediment depth of 90e100
cmbsf in the LV39-40H cores, using the C16:1u5 fatty acid concen-
tration (0.68 mg gdw�1)whichwasmeasured at the same depth. The
quantity of lipid biomarkers for the AOM-performing archaea at this
depth does not appear to be inadequate in order to explain the
extraordinarily low d13Corg value. Therefore, it can be deduced from
the contributions of considerable quantities of 13C-depleted lipids
that other high molecular weight compounds, such as proteins and
carbohydrates containing methane-derived carbon, are compo-
nents of the viable AOM consortia in the bulk organic carbon pool at
the same depth. Considering that only 0.25e1.3% of the consumed
methane was directly incorporated into the biomass of the AOM
consortia, while approximately 98% of the consumed methane was
oxidized to CO2 in different cold seep sites, (Nauhaus et al., 2007;
Wegener et al., 2008), it can also be assumed that the assimilation
of this 13C-depleted CO2 produced by the methane-oxidizing
archaea could represent negative values of the organic carbon
isotope. As a result, the negative carbon isotopic change in the bulk
organic matter in the LV39-40H cores may be imprinted on the
organic matter through the AOM process over long periods of time.
Previous studies have used the positive correlations between
specific biomarkers and AOM-consortia calculations (Elvert et al.,
2003, 2005; Nauhaus et al., 2007) to overcome the estimation
problems for the integrated biomass carbon of the consortia and
the number of archaeal or bacterial cells related to the extremely
slow growth rate due to the environmental and physiological
conditions (Girguis et al., 2003; Nauhaus et al., 2005). The esti-
mated amounts of specific biomarkers in previous studies ranged
from 0.62 to 0.90 � 10�15 g for sn-2-hydroxyarchaeol, 0.22 to
0.30 � 10�15 g for archaeol per ANME-2 cell, from 0.46 to
0.58 � 10�15 g for C16:1u5, and 0.10 to 0.14 � 10�15 g for cyC17:1u5,6
per DSS cell (Elvert et al., 2003, 2005). Using the reported ratios of
specific lipid contents per AOM cell, the presumed cell numbers
within the depth range of 90e100 cmbsf in the LV39-40H cores
were estimated to be in the range of 1.92e6.45 � 109 and 1.17 to
1.48 � 109 for the ANME archaea (sn-2-hydroxyarchaeol, archaeol)
and DSS cluster (C16:1u5, cyC17:1u5,6), respectively. However, these
estimates are only rough approximations, because the relative
amounts of biomass carbon and lipids per microbial cell may vary
among different populations and environmental conditions.
4.3. Methanogenesis and classification of specific AOM consortia
in methane hydrates-bearing sediments

In general, autotrophic methanogenesis is an important
pathway in marine sediments underlying the zone of sulphate
reduction, while acetate fermentation generates the majority of the
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methane in freshwater sediments (Woltemate et al., 1984; Whiticar
et al., 1986; Whiticar, 1999).

In this study, similarily, the heavy d13C values of the archaeol
(�47.7&) at a depth of 230e240 cmbsf in the hydrate zone of the
LV39-40H cores were close to the isotopic values of the archaeol
from methanogenic sources obtained from other environmental
deposits (between �17& and �34&) (Bolle et al., 2000; Schouten
et al., 2001a). Therefore, the archaeol detected at this depth was
most likely derived from both methanogenic and methanotrophic
archaea. The question is if AOM is working in the deeper zone of
core LV39-40H today, or if the former AOM signature is overprinted
by a younger activity of methanogenic archaea. The actual AOM is
around 100 cm depth in LV39-40H core, whereas the zone of
methanogenesis is identified at 170e230 cm depth. The “old AOM”

signature is consequently isotopically heavier than those in the
“modern AOM” zone, where so far methanogenesis did not occur.
The contributions of the methane produced in the hydrate zone
to the formation of hydrates and to supporting methane-oxidizing
populations have been also observed in previous studies
(Wellsbury et al., 1997; Suess et al., 1999; Fehn et al., 2000;
Valentine, 2002; Haeckel et al., 2004). In addition, the methane
oxidation rates peaked in the hydrate zone sediments from the
CascadiaMargin in the eastern Pacific, and themethanogenesis rates
increased dramatically just below the gas hydrate stability zone
(Cragg et al., 1996). These findings supported the hypothesis that the
methane in deep submarine hydrates can originate in the sediments
below the hydrates and support methane-oxidizing populations.

On the other hand, previous publications revealed that the ratios
of specific lipid biomarkers can be used to verify the predominance
of phylogenetically different clades of ANME -1, -2, and -3, as well
as sulphate reducing bacterial groups (DSS, DBB) (Elvert et al.,
2003; Blumenberg et al., 2004; Niemann, 2005; Niemann et al.,
2006a; Nauhaus et al., 2007; Niemann and Elvert, 2008). ANME-1
archaea are characterized by a sn-2-hydroxyarchaeol to archaeol
range ratio between 0 and 0.8, while those environments domi-
nated by ANME-2 archaea and ANME-3 (2.4) are characterized by
ratios between 1.1 and 5.5 (Niemann, 2005; Niemann et al., 2006a;
Nauhaus et al., 2007). The presence of crocetane was also an
obvious biomarker for ANME-2 (Elvert et al., 1999; Boetius et al.,
2000; Blumenberg et al., 2004; Niemann and Elvert, 2008). The
Figure 6. Depth profiles of the concentrations and d13C values of individual neutral lipid
(LV39-40H) containing distinctive layers of gas hydrates (grey-shaded areas). Specific neut
found, because their concentrations were below the detection limit.
magnitude of the stable carbon isotope fractionation of archaeol
relative to the source methane was different for the ANME-1
dominated systems (Δd13C ¼ from �53& to �12&) and the
ANME-2 and -3 dominated systems (Δd13C¼ from�62& to�34&)
(Hinrichs et al., 1999; Boetius et al., 2000; Elvert et al., 2001; Orphan
et al., 2002; Teske et al., 2002; Blumenberg et al., 2004; Niemann
et al., 2005; Niemann and Elvert, 2008). Similar to the use of the
sn-2-hydroxyarchaeol/archaeol ratio as an archaeal fingerprint, the
DSS associated with ANME-1 was also characterized by higher
values of ai-C15:0/i-C15:0 (ca. 3.0) and lower values of C16:1u5/i-C15:0
(ca. 0.5) than the values of ai-C15:0/i-C15:0 (ca. 1.6) and C16:1u5/i-C15:0
(ca. 4.8) in the DSS associated with ANME-2 (Elvert et al., 2003,
2005; Blumenberg et al., 2004; Niemann and Elvert, 2008). High
amounts of C17:1u6c were also observed in the DBB systems asso-
ciated with ANME-3 from other SRB dominated environments
(Parkes and Calder, 1985; Niemann et al., 2006a).

The stable hydrogen and carbon isotope compositions of the
methane encaged in the hydrate molecules in the LV39-40H cores
exhibited the typical range of microbial carbonate reduction
(A. Hachikubo, personal communication). It is possible to infer that
the d13C of the interstitial methane is about �64&, because there
is no kinetic carbon isotopic fractionation during the formation
and dissociation of gas hydrates (Hachikubo et al., 2007). The stable
carbon isotope fractionations of the archaeol relative to the source
methane in the LV39-40H cores, which were calculated with the
presumed d13C values of the interstitial methane, were different in
the above layer (Δd13C ¼ from �58& to �37&) than in the hydrate
layers (Δd13C ¼ from �29& to 16&). The ratios of sn-2-hydroxy-
archaeol/archaeol (1.08e1.27), ai-C15:0/i-C15:0 (0.20e0.32) and
C16:1u5/i-C15:0 (0.61e0.70) showed insignificant variation throughout
the core depth, indicating that the compositions of the AOM
communities remained constant with depth (Figs. 5 and 6).

Although the ratios of sn-2-hydroxyarchaeol/archaeol over-
lapped between the range of two ANME-1 and -2 ecotypes, as
a more useful index for discriminating between SRB species
(Niemann and Elvert, 2008), the C16:1u5/i-C15:0 values were close to
the range of the SRB which was physiologically related to the
ANME-1/DSS aggregates. The results of this study indicated that the
marked discrepancy in the isotopic fractionations of the archaeol
throughout the sediment depth was caused by the contributions of
s and the ratios of sn-2-hydroxyarchaeol relative to archaeol in the sediment core
ral lipids (sn-2-hydroxyarchaeol, archaeol, crocetane) in the LV39-30H core were not
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the methanogenic archaea in the deep sediment layers and not the
changes in the AOM ecotype (Fig. 6). This inference is in agreement
with the heavier d13C values of the archaeol in the hydrate zone that
were discussed above. On the other contrary, the peak concentra-
tions of crocetane at a depth of 150e160 cmbsf in the LV39-40H
cores were the robust biomarker for ANME-2 and were consid-
ered as results of the long-term preservation derived from the AOM
activity of the ANME-2 (Thiel et al., 1999; Peckmann et al., 1999;
Barber et al., 2001). It was recently proven that changes in the
methane fluxes could influence the AOM community structure and
the ANME-2 groups have a preferential niche in the habitats of
elevated methane partial pressures (Nauhaus et al., 2002, 2005;
Treude et al., 2003; Blumenberg et al., 2004). Therefore, a change
in the ANME ecotypes from ANME-2 to ANME-1 species based on
the crocetane concentration change in the sediment core
(LV39-40H) can be explained by the adaptation of ANME-1 archaea
to low methane partial pressure (Blumenberg et al., 2005).
5. Conclusions

This study focused on the characterization of the bulk organic
matter, aswell as theoriginand specific lipidbiomarkers related to the
archaeal and bacterial aggregates involved in the anaerobic oxidation
of methane (AOM) in awell-known cold seep environment in the Sea
of Okhotsk. The origin of sedimentary organic matter is mostly the
pelagic bacteria and algae. Specific archaeal lipid biomarkers were
verticallydetected in theLV39-40Hcores,demonstratingconsiderable
contribution of AOM-performing biomass to the bulk organic carbon
correspondedwith thenegative excursionof the d13Corg at coredepths
of90e100cmbsf. Theheavycarbon isotopevalueof thearchaeol in the
sediment from the hydrate zone supported the hypothesis that the
microbially generated methane in the deep hydrate layers could
support the hydrate formation and AOM populations.
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