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Abstract. Fluid flow related seafloor structures and gas seeps
were detected in the North Sea in the 1970s and 1980s by
acoustic sub-bottom profiling and oil rig surveys. A vari-
ety of features like pockmarks, gas vents and authigenic car-
bonate cements were found to be associated with sites of
oil and gas exploration, indicating a link between these sur-
face structures and the underlying, deep hydrocarbon reser-
voirs. In this study we performed acoustic surveys and
videographic observation at Gullfaks, Holene Trench, Tom-
meliten, Witch’s Hole and the giant pockmarks of the UK
Block 15/25, to investigate the occurrence and distribution of
cold seep ecosystems in the Northern North Sea. The most
active gas seep sites, i.e. Gullfaks and Tommeliten, were in-
vestigated in detail. At both sites, gas bubbles escaped con-
tinuously from small holes in the seabed to the water col-
umn, reaching the upper mixed surface layer. At Gullfaks a
gas emitting, flat area of 0.1 km2 of sandy seabed covered
by filamentous sulfur-oxidizing bacteria was detected. At
Tommeliten, we found a patchy distribution of small bacte-
rial mats indicating sites of gas seepage. Below the patches
the seafloor consisted of sand from which gas emissions were
observed. At both sites, the anaerobic oxidation of methane
(AOM) coupled to sulfate reduction (SR) was the major
source of sulfide. Molecular analyses targeting specific lipid
biomarkers and 16S rRNA gene sequences identified an ac-
tive microbial community dominated by sulfur-oxidizing and
sulfate-reducing bacteria (SRB) as well as methanotrophic
bacteria and archaea. Stable carbon isotope values of spe-
cific, microbial fatty acids and alcohols from both sites were
highly depleted in the heavy isotope13C, indicating that the
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microbial community incorporates methane or its metabo-
lites. The microbial community composition of both shallow
seeps shows high similarities to the deep water seeps asso-
ciated with gas hydrates such as Hydrate Ridge or the Eel
River basin.

1 Introduction

The North Sea is a marginal sea of the Atlantic on the Eu-
ropean continental shelf. Its sedimentary basin, especially
the western and northern areas, hosts large gas and oil fields
which are exploited since the 1970s. Leaking methane reser-
voirs are a major source for shallow gas accumulations and
emissions into the water column and atmosphere (Hovland
and Judd, 1988; Rehder et al., 1998; Judd and Hovland,
2007). In the North Sea, eruptive gas ebullition through
impermeable seabed layers consisting of stiff glacial clays
lead to the formation of craters, also known as pockmarks
(Hovland and Judd, 1988). These pockmarks have diame-
ters in the range of a few to several hundred meters and are
widespread in gas and oil fields of the central and northern
North Sea. Intensive bathymetric and videographic surveys
by the British Geological Survey and the oil industry have
led to a good understanding of the distribution of pockmarks
and other gas escape structures in the North Sea (Judd and
Hovland, 2007). As part of the 5th EU framework project
METROL “Methane fluxes in ocean margin sediments: mi-
crobiological and geochemical control” we studied the distri-
bution, biogeochemistry and microbiology of gas seepage in
the North Sea, to identify potential sites of methane emission
to the atmosphere, and to better understand the functioning
of shallow water seep ecosystems.
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Fig. 1. Fig. 1. Tommeliten, Gullfaks and other potential gas escape struc-
tures investigated for current gas emission during the METROL re-
search expeditions HE 169, HE 180, HE 208 and Alkor 267.

Although methane is an abundant hydrocarbon in marine
sediments, the oceans only account for 2 to 5% of the global
methane flux to the atmosphere (Judd et al., 2002; Reeburgh,
2007). Aerobic and anaerobic microbial methane consump-
tion almost completely controls the gas flux into the water
column and atmosphere, except at sites of high fluid flow
and free gas ebullition (Valentine and Reeburgh, 2000). The
anaerobic oxidation of methane (AOM) with sulfate as the
terminal electron acceptor is the dominant biogeochemical
process in gassy sediments (Hinrichs and Boetius, 2002). Its
net reaction can be described according to R1, but the under-
lying biochemistry of this process remains unknown (Widdel
et al., 2007).

CH4+SO2−

4 −→HCO−

3 +HS−
+H2O (R1)

In marine environments, 3 clades of archaea related to the
order Methanosarcinales(ANME-1, -2, -3) were identi-
fied as anaerobic methanotrophs by analyses of 16S rRNA
gene sequences as well as by stable isotope compositions
of specific biomarkers (Hinrichs et al., 1999; Boetius et
al., 2000; Orphan et al., 2001b; Niemann et al., 2006).
In most seep habitats, methanotrophic archaea form con-
sortia with sulfate-reducing bacteria (SRB) of theDesul-
fosarcina/Desulfococcusor Desulfobulbusgroups (Boetius
et al., 2000; Knittel et al., 2003; Niemann et al., 2006;
Lösekann et al., 2007). These associations are commonly

attributed to obligate syntrophy, in which the archaeal part-
ner activates and metabolizes methane, providing a so far
unidentified intermediate which is scavenged by the sulfate-
reducing partner (Nauhaus et al., 2002, 2007). Analyses of
carbon isotopes in seep ecosystems have shown a tight link
between methane, the microbial consortia, authigenic car-
bonate precipitates and higher trophic levels in the food web
(Hovland and Sommerville, 1985; Ritger et al., 1987; Hin-
richs and Boetius, 2002; Hovland et al., 2002; Levin, 2005).
Deep water gas seeps often support an enormous biomass of
free-living and symbiotic microbial life that is nourished by
the oxidation of methane and the AOM product sulfide. A
prominent feature of such seeps are mat-forming chemoau-
totrophic bacteria using sulfide as energy source, including
Beggiatoa(Treude et al., 2003; Joye et al., 2004), andAr-
cobacter(Omoregie et al., 2008). Authigenic carbonates are
often found associated with cold seeps, since AOM increases
the pore water alkalinity (Luff and Wallmann, 2003). Car-
bonate outcrops were found to attract a variety of hardground
fauna like corals, ophiurids, sponges and bivalves (Hovland
and Risk, 2003; Niemann et al., 2005). Ultimately, the car-
bonate precipitation associated with AOM may fill and seal
gas escape conduits (Hovland, 2002).

During the last decade biogeochemical research efforts on
cold seeps mainly focused on deep water systems, especially
those associated with gas hydrates. As a consequence, much
more is known about these systems than about shallow wa-
ter seeps in estuaries and shelf seas, despite their potential
relevance for gas emission to the atmosphere. Specifically
in the Northern North Sea where the water column is fre-
quently mixed by storms, methane emission from the seabed
is likely to result in an export of this greenhouse gas to the
atmosphere.

Here we investigated several pockmarks and potential sites
of gas seepage of the Northern North Sea. Sediments were
sampled from sulfur-oxidizing bacterial mats which were as-
sociated with gas ebullition. Based on the concentration and
stable carbon isotope values of specific lipid biomarkers, as
well as by 16S rRNA sequence analysis, we describe the mi-
crobial communities of two active shallow water seeps in the
North Sea (Gullfaks and Tommeliten). Furthermore, their
phylogenetic and biogeochemical characteristics are com-
pared with those of known deep water cold seep communi-
ties to investigate whether shallow and deep water seeps are
populated by different types of methanotrophs.
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2 Material and methods

2.1 Sampling sites

Figure 1 gives an overview on the cold seep sites in the
North Sea visited during the METROL cruises (R/V Heincke
cruises HE 169, HE 180, HE 208 and R/V Alkor cruise
AL 267; see also Table 1). For all investigated sites, de-
tailed background information were obtained previously dur-
ing extensive geological surveys including seismic and sonar
monitoring of seabed and water column features, as well as
by videographic exploration using towed cameras and ROVs
(Hovland and Judd, 1988). Gas emissions at Tommeliten and
Gullfaks have been documented for a period over 25 years
(Niemann et al., 2005; Judd and Hovland, 2007).

Gullfaks is one of the four major Norwegian oil and gas
fields, located in the northeastern edge of the North Sea
Plateau. Hovland (2007) named the area of acoustically
detectable methane emission on the plateau ‘Heincke seep-
age area’. The water depth in this area is ca. 150 m and
deepens northeastwards towards the Norwegian trench. Dur-
ing the last glacial maximum the plateau was exposed and
coastal sands were deposited. Younger sediments of the
Holocene have not been found in this area because tidal cur-
rents prevent deposition (Eisma and Kalf, 1987). The Gull-
faks hydrocarbon reservoir is situated in a depth of almost
3 km (Hovland and Judd, 1988). Shallow gas accumulations
formed above the leaky reservoir at depths between 230 and
450 meters below the seafloor (mbsf). The stable carbon
isotope composition of methane is−44.3 at reservoir level
(2890 mbsf) and−73.9‰ at 10 mbsf (Hovland, 2007).

Tommeliten lies in the greater Ekofisk area in the central
North Sea at a water depth of 75 m (Hovland and Judd, 1988;
Hovland, 2002; Judd and Hovland, 2007). This gas field is
associated with salt diapirs at about 1000 mbsf, and has al-
ready been fully exploited (Hovland, 2002). Seismic profiles
indicate extensive gas escape pathways in the seabed above
the deposit. The sediments consist of sands, silt and marl
(Niemann et al., 2005). Associated with gas leakage path-
ways are calcareous cements, some of which extend above
the seafloor and form small reefs populated by anthozoa and
other hardground fauna (Hovland and Judd, 1988; Niemann
et al., 2005). Acoustic turbidity indicated the presence of
free gas in the seabed in an area of about 0.12 km2. Sonar
surveys revealed gas escape to the water column, and accord-
ingly, numerous gas seeps associated with whitish bacterial
mats were observed during prior surveys (Hovland and Som-
merville, 1985; Hovland and Judd, 1988; Trasher et al., 1996;
Niemann et al., 2005). Gas seepage was confined to about
120 individual bubble streams in an area of 6500 m2 lead-
ing to an estimated emission of 47 g CH4 m−2 in this area
(Hovland et al., 1993). In the vicinity of the gas vents, el-
evated methane concentrations and gas bubbles were found
in the seabed, at a sediment depth of 1–5 mbsf, associated
with layers of carbonate precipitates and cements (Niemann

et al., 2005). These observations and biogeochemical rate
measurements indicate that most methane may be consumed
in the seafloor, but that considerable gas escape to the wa-
ter column occurs through cracks and fissures (Niemann et
al., 2005). The carbon isotope composition of methane in-
dicates its thermogenic origin (Hovland and Sommerville,
1985; Hovland and Judd, 1988). Biomarker analyses sug-
gested that AOM in subsurface sediments was mediated by
ANME-1, and it was speculated that an ANME-2 community
may dominate gas consumption in vented surface sediments
as indicated by the biomarker signature preserved in the au-
thigenic carbonate outcrops in the seep area (Niemann et al.,
2005).

2.2 Seafloor observations

During the cruises HE 169, HE 180, HE 208 and AL 267 (Ta-
ble 1), several seep locations of the North Sea were visited
(Fig. 1). Gas flares were detected using the sediment echo
sounder system SES-2000 provided by INNOMAR (Ros-
tock, Germany). The emitter induces two primary frequen-
cies near 100 kHz to generate secondary bandwidths of 4 and
15 kHz. Water depth and gas flares were recorded with the 15
kHz spectrum, while sediment features were observed with
a 4 kHz spectrum. Several acoustic transects were evaluated
to quantify the gas flares and their extensions, and to localize
flare sources at the seafloor. Video observations were per-
formed with the remotely operated vehicle (ROV) Sprint (Al-
fred Wegener Institute for Polar and Marine Research, Bre-
merhaven; HE 169) or Cherokee (MARUM, Bremen; AL
267) and a towed camera system of the AWI (HE 180) or
the MPI (HE 208; Spy, Mariscope, Kiel).

2.3 Sediment sampling

At the Heincke seep at Gullfaks, sediments were sampled
in May 2004 (HE 208) using a video-guided multiple corer
system (MUC; Octopus, Kiel). The samples were recovered
from an area densely covered with bacterial mats where gas
ebullition was observed. The coarse sands limited MUC pen-
etration depth to max 30 centimeters and the highly perme-
able sands did not allow for a high-resolution, vertical sub-
sampling because of pore water loss.

The gas flare mapping and videographic observation at
Tommeliten indicated an area of gas emission with a few
small patches of bacterial mats with diameters<50 cm from
most of which a single stream of gas bubbles emerged. The
patches were spaced apart by 10–100 m. Sampling of sed-
iments covered by bacterial mats was only possible with 3
small push cores (3.8 cm diameter) mounted to ROV Chero-
kee. These cores were sampled in 3 cm intervals.

Sediment porosity, sulfate and methane concentrations
were determined according to standard methods (see
METROL protocols at: http://www.metrol.org/index.php?
bereich=1). In situ methane concentrations were calculated
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Table 1. Visited gas escape structures and the presence of gas flares and methane-derived carbonates. The cruises took place in June 2002
(HE 169), October 2002 (HE 180), May 2004 (HE 208), and September 2005 (AL 267).

Structure Latitude Longitude Water depth Cruise Gas escape Authigenic carbonates

Gullfaks seep 61◦10.40′ 02◦14.50′ 150 m HE 169, HE 180, AL 267 HE 208 yes no
Holene Trench 59◦19.60′ 01◦57.60′ 130–145 m HE 169 no yes∗

UK 15/25 pockmarks 58◦17.00′ 00◦58.50′ 155–170 m HE 180, HE 208 yes yes
Witch’s Hole 57◦56.50′ 00◦23.30′ 135 m HE 208 no yes∗

Snow White’s Hole 57◦58.81′ 00◦23.30′ 145 m HE 208 yes n.a.
Tommeliten 56◦29.90′ 02◦59.80′ 75 m HE 169, HE 180, AL 267 yes yes
Skagerrak pockmarks 58◦00.00′ 09◦40.00′ 120–150 m HE 208 no no∗

n.a.: bottom observations were not available
∗ described in Judd and Hovland (2007)

using PHREEQC, Version 2, US Geological Survey, 2007.
Samples for molecular, microbiological and biomarker anal-
yses were processed as described below.

Radiotracer based in vitro measurements of AOM and SR
were performed in the home laboratory. Sediment samples
stored anaerobically in wide mouth bottles with artificial,
anaerobic seawater medium (Widdel and Bak, 1992) were
transferred into Hungate tubes, refilled with medium and
brought into equilibrium with one atmosphere of methane
(Krüger et al., 2005). Controls without methane addition
were prepared to determine methane-independent SR. AOM
and SR rates were determined from replicate incubations
(n≥3). After one day of equilibration,35SO4 (50 kBq dis-
solved in 10µl water) for SR and14CH4 (10 kBq dissolved
in 50µl water) for AOM were injected into the Hungate tubes
through a butyl rubber septum. Samples were incubated for 7
days at 8◦C. The reactions were stopped by transferring the
samples into zinc acetate and NaOH solution, respectively
(Treude et al., 2003). Further processing of AOM and SR
samples was carried out as described previously (Treude et
al., 2003; Kallmeyer et al., 2004). Concentrations and activi-
ties of the reactants (methane or sulfate) and the activities of
the products (sulfide or carbonate) were measured to deter-
mine AOM and SR rates according to the following formulas:

AOM rate=
[CH4] ·a14Ccarbonate

t ·a14Cmethane
(1)

SRR=
[SO4]·aTRIS

t ·aTOT
·1.06 (2)

In Eq. (1) [CH4] is the concentration of methane,a14C

methane anda14C carbonate the activity of the reactant and
the product of AOM (Treude et al., 2003). In Eq. (2), [SO4]
is the concentration of sulfate,aTRIS the activity of the to-
tal reduced inorganic sulfur,aTOT is the total activity of sul-
fide and sulfate andt is the reaction time. The factor 1.06
accounts for the discrimination against the heavier radio nu-
cleotide35S (Jørgensen and Fenchel, 1974).

Total organic carbon content (TOC) and carbon nitro-
gen ratios (C/N) were analyzed from freeze-dried samples.

Briefly, inorganic carbon (carbonate) was removed via HCl
acidification. Subsequently, 20 to 30 mg of homogenized
samples were filled in zinc cartridges and organic carbon and
nitrogen was measured in a CNS analyzer (Carlo Erba NA
1500 CNS analyzer).

2.4 Biomarker analysis

Lipid biomarker extraction from 10–17 g wet sediment was
carried out as described in detail elsewhere (Elvert et al.,
2003). Briefly, defined concentrations of cholestane, nonade-
canol and nonadecanolic acid with knownδ13C-values were
added to the sediments prior to extraction as internal stan-
dards for the hydrocarbon, alcohol and fatty acid fraction,
respectively. Total lipid extracts were obtained from the sed-
iment by ultrasonification with organic solvents of decreas-
ing polarity. Esterified fatty acids (FAs) were cleaved from
the glycerol head group by saponification with methanolic
KOH solution. From this mixture, the neutral fraction was
extracted with hexane. After subsequent acidification, FAs
were extracted with hexane. For analysis, FAs were methy-
lated using BF3 in methanol yielding fatty acid methyl esters
(FAMES).

The neutral fraction was further separated into hydrocar-
bons, ketones and alcohols on SPE cartridges with solvents
of increasing polarity (Niemann et al., 2005). The ketone
fraction was not further analyzed. Shortly before analysis,
alcohols were methylated to trimethylsilyl (TMS) ethers us-
ing bis(trimethylsilyl)triflouracetamid (BSTFA). Concentra-
tion and identity of single lipid compounds was determined
by gas chromatography (GC) and gas chromatography-mass
spectrometry (GC-MS) analysis, respectively (Elvert et al.,
2003, 2005; Niemann et al., 2005). Double bound posi-
tions of monounsaturated FAs were determined analyzing
their dimethyl disulfide (DMDS) adducts according to Moss
and Labert-Faeir (1989).δ13C-values of single lipid com-
pounds were determined by GC-IRMS analyses according to
Elvert et al. (2003). Concentration and carbon stable isotopic
compositions of FAs and alcohols were corrected for the ad-
ditional carbon atoms added during derivatisation.
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2.5 DNA extraction, PCR amplification and clone library
construction

DNA was extracted from 2 g of wet sediment (1–3 cm depth)
using the Bio101 soil kit (Bio101, La Jolla, California).
Domain-specific primers, i.e, GM3F (Muyzer et al., 1995)
and EUB1492 (Kane et al., 1993) for Bacteria and ARCH20F
(Massana et al., 1997) and Uni1392 (Lane et al., 1985) for
Archaea, were used to amplify almost full-length 16S rRNA
genes from the extracted chromosomal DNA by PCR (30 cy-
cles). PCR products were purified as described previously
(Ravenschlag et al., 1999). DNA was ligated in the pGEM-
T-Easy vector (Promega, Madison, WI) and transformed into
E. coliTOP10 cells (Invitrogen, Carlsbad, CA, USA) follow-
ing manufacturer’s recommendation.

2.6 Sequencing and phylogenetic analysis

Sequencing was performed by Taq cycle sequencing with a
model ABI377 sequencer (Applied Biosystems). The pres-
ence of chimeric sequences in the clone libraries was de-
termined with the CHIMERACHECK program of the Ri-
bosomal Database Project II (Center for Microbial Ecol-
ogy, Michigan State University,http://rdp8.cme.msu.edu/
cgis/chimera.cgi?su=SSU). Sequence data were analyzed
with the ARB software package (Ludwig et al., 2004). Phy-
logenetic trees were calculated with the sequences from
this project together with reference sequences, which were
available in the EMBL, GenBank and DDJB databases by
maximum-likelihood and neighbor-joining analysis with dif-
ferent sets of filters. The sequence data reported here will ap-
pear in the EMBL, GenBank, and DDBJ nucleotide sequence
databases under the accession no. FM179815–179920.

2.7 Cell counts and CARD-FISH (Catalyzed reporter de-
position – fluorescence in situ hybridization)

The fixation for total cell counts and CARD-FISH were per-
formed on-board directly after sampling. For both meth-
ods, sediments were fixed in formaldehyde solution. After
two hours, aliquots for CARD-FISH staining were washed
with 1×PBS (10 mM sodium phosphate solution, 130 mM
NaCl, adjusted to a pH of 7.2) and finally stored in a
1:1 PBS:ethanol solution at−20◦C until further processing.
Samples for total cell counts were stored in formalin at 4◦C
until analysis.

For sandy samples, the total cell count/CARD-FISH pro-
tocol was optimized to separate sand particles from the cells.
Cells were dislodged from sediment grains and brought into
solution with the supernatant by sonicating each sample on
ice for 2 min at 50 W. This procedure was repeated four times
and supernatants were combined. Total cell numbers were
determined from the supernatant by fluorescence microscopy
subsequently to acridine orange staining (Meyer-Reil, 1983).

CARD-FISH was performed following the protocol of
Pernthaler et al. (2002). The sediment samples were
brought to a final dilution of 1:2000 to 1:4000 and fil-
tered onto 0.2µm GTTP filters (Millipore, Eschbonn, Ger-
many). The probes used in this study (purchased from
biomers.net GmbH, Ulm, Germany) were EUB 338 specific
for most Bacteria (Amann et al., 1990; Daims et al., 1999),
DSS658 specific forDesulfosarcinaspp.,Desulfococcusspp.
and closely related clone sequences (Manz et al., 1998),
Arch915 specific for mostArchaea(Stahl and Amann, 1991),
and probes ANME1-350 (Boetius et al., 2000), ANME2a-
647, ANME2c-622 (Knittel et al., 2005) and ANME3-1249
(Niemann et al., 2006) specific for ANME-1, -2a, -2c,
and -3 Archaea, respectively. Cell permeabilization and
probe hybridization were performed according to the au-
thor’s instructions. For reference cell numbers, samples were
also stained with 4’6’-diamidino-2-phenlyindole (DAPI) for
15 min (1µg/ml) and washed with sterile filtered water and
ethanol for 60 and 30 s, respectively. Air-dried filters were
imbedded in Citifluor (Citifluor Ltd., Leicester, UK). Cells
were counted using an epifluorescence microscope (Axio-
plan, Zeiss, Germany). At least 1000 cells in randomly cho-
sen fields were counted per sample. To quantify aggregates
of ANME-2a, -2c and -3, up to 250 grids were counted un-
der 400-fold magnification. Dual hybridizations for sulfate
reducers (DSS) and archaea (ANME-2a and -2c) were per-
formed using different fluorescence dyes (Cy3 and Cy5) and
images were taken with a confocal laser scanning microscope
(LSM510; Carl Zeiss, Jena, Germany). The relatively low
detection ratio of<60% of total cells in sediments from the
Heincke Seep may be a result of the harsh sonication proce-
dures necessary to obtain cells attached to sand grains.

3 Results and discussion

3.1 Distribution of active seeps in the Northern North Sea

Active methane seepage from the seabed was detected at dif-
ferent fluid flow-related seafloor structures visited during the
METROL cruises (Fig. 1, Table 1). Large and abundant gas
flares were found at Gullfaks (Fig. 2a), the giant pockmarks
of UK block 15/25 (Fig. 2c); Snow White’s Hole (Fig. 2d),
and Tommeliten (Fig. 2e).

The pockmarks of UK Block 15/25, Snow White’s Hole
and Witch’s Hole are part of the Witch Ground formation,
northwest of the Tommeliten seep area (Fig. 1, Hovland and
Judd, 1988). During our observation at UK Block 15/25 (HE
180 and HE 208), most of the 5 giant pockmarks (charac-
terized by a depression of more than 10 m below ambient
seafloor; Scanner, Scotia and Challenger) and two medium
sized pockmarks (∼5 m depressions) showed active seep-
age of methane from the deepest part of each depression
(Fig. 2c). The highest gas flares were observed to reach
up to 80 m below sea surface. The pockmark centers were
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Fig. 2. Survey tracks and exemplary SES-2000 echo images showing gas flares and sea floor structures of Heincke seep area at Gullfaks
(A), Holene Trench(B), Scanner pockmark (UK 15/25 field)(C), Snow White’s Hole(D), Tommeliten(E).and Skagerrak(F). Note that the
structure visualized in the water column of Holene Trench is a reflection of the seafloor.

paved with carbonate outcrops, which were populated with
benthic organisms, mostly sea anemones. As neither MUC
nor gravity corer were able to penetrate the cements, no sed-
iment samples could be recovered for biogeochemical anal-
yses. Methane venting at the pockmarks in the UK Block
15/25 has already been observed previously by Hovland and
Judd (1988) as well as during the METROL expeditions over
the last 5 years. This indicates that the pockmarks may have
been continuously emitting methane to the hydrosphere for
at least two decades.

In contrast to earlier observations (Hovland and Judd,
1998), the Witch’s Hole structure was dormant during our

observations. However, we found an active pockmark
(15 km) to the southwest, which we named Snow White’s
Hole (Fig. 2d). This structure emits a large gas flare extend-
ing to about 80 m above the seafloor. Unfortunately sedi-
ment sampling directly at the flare was not possible, proba-
bly because of carbonate cements and coring at the edge of
the pockmark recovered only non-seep sediments.

The Holene Trench is an open channel of ca. 1 km width
on the Norwegian Plateau at∼120 m water depth. Previous
surveys showed an acoustic turbidity in the topmost 30 m
of the surface sediments indicating gas charged sediments
(Hovland and Judd, 1988). During our survey, two areas
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Fig. 3. Upper half: Mats of giant sulfur-oxidizing bacteria covering coarse sands and pebbles at the Heincke seep area at Gullfaks (left
panel). The mats coincide with the area of gas ebullition and cover an area of about 0.1 km2 (right panel). Lower half: Bacterial mats of the
Tommeliten gas seep. Sampling of a mat patch with a diameter of about 30 cm (left panel). Gas ebullition was observed during sampling.
Map showing the distribution of mats, gas flares and carbonates (right panel; after Niemann et al. 2005).

were found where the turbidity extends to the surface of
the sea floor. However, during HE169 we could not find
any traces for active seepage (Fig. 2b) with hydro-acoustic
methods and only oxidized beige-colored, clayish sediments
were retrieved by multiple corer sampling. The western slope
of the Norwegian Trench hosts several pockmark-like struc-
tures, which do not bear carbonate outcrops (Hovland and
Judd, 1988). Similar to the Holene Trench our survey during
cruise HE 169 did not reveal any traces of seepage in this
area. In Skagerrak, several pockmarks with active gas es-
capes and seepage related fauna were discovered in the 1990s
(Dando et al., 1994; Rise et al., 1999). However, during HE
208 we did not observe gas seepage from the positions re-
ported by Dando et al. (1994) (Fig. 2f).

To further investigate the biogeochemistry and microbiol-
ogy of shallow water cold seeps in the North Sea, we cen-
tered our efforts on the most active and accessible seep sites,
i.e. the Heincke Seep at Gullfaks and the Tommeliten seep.

The results from subsurface sampling by vibrocoring at the
Tommeliten seeps have already been reported by Niemann
and colleagues (2005). In the present paper, we focus on sur-
face sediments of gas vents associated with bacterial mats.

3.2 Heincke seep area (Gullfaks)

3.2.1 Seafloor observations

At the Heincke Seep area gas flares were found in an area
of about 0.5 km2.which extended up to 120 m above the
seafloor, reaching the mixed water layer (Fig. 2a). Consid-
ering the observation of free gas at a water depth of 150 m
dissolved methane concentrations at the gas vents should be
saturated and hence exceed 26 mM. Visual observations of
the seafloor showed 1–2 bubble streams escaping from the
sands every 5 m2 within a smaller area of 0.1 km2 covered
by microbial mats (Fig. 3a). No megafauna was observed to
populate the seep site or to graze upon the bacterial mats. The
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Table 2. Biomarker concentrations and their isotopic signatures in sediments from bacterial mat covered sands (Gullfaks Station 766), and
sediments (Tommeliten Station 1274-K3) as well as from the subsurface SMTZ of Tommeliten (155 cm data by Niemann et al., 2005).

Gullfaks Station 766 Tommeliten 1274-K3 Tommeliten Core 1904
(0–10 cm) (0–10 cm) 155 cm SMTZ

Compound µg gdw−1 δ13C VPDB (‰) µg gdw−1 δ13C VPDB (‰) µg gdw−1 δ13C VPDB (‰)

C14:0 1.27 −60 0.64 −30 0.15 −28
i-C15:0 0.61 −41 0.30 −35 0.06 −43
ai-C15:0 0.64 −42 0.43 −34 0.14 −43
C15:0 0.40 −48 0.22 −38 0.07 −37
C16:1ω7c 24.04 −59 2.54 −38 0.02 −38
C16:1ω5c 3.79 −77 0.39 −51 0.01 n.a.
C16:0 6.17 −46 1.93 −32 0.60 −31
10Me-C16:0 0.45 −39 0.21 −33 0.02 n.a.
i-C17:0 0.12 n.d. 0.06 −39 0.04 n.a.
ai-C17:0 0.09 n.d. 0.07 −37 0.04 n.a.
cy-C17:0ω5.6 0.24 −40 0.27 −59 n.a. n.a.
C17:0 0.16 −36 0.08 −29 0.04 n.a.
isoprenFA-C19:0 0.38 −34 0.13 −27 n.a. n.a.
C18:1ω9c 0.91 −37 0.65 −26 0.27 n.a.
C18:1ω7c 6.65 −41 1.60 −45 0.06 −32
C18:0 0.35 −37 0.32 −30 0.35 −34

Diplopterol 0.43 −84 n.d. n.d. n.a. n.a.
archaeol 0.05 −115 0.05 −86 0.47 −61
sn2-hydro.arch. 0.16 −117 0.31 −90 0.08 −80

n.d.: not detected
n.a.: not available

top 30 cm of sediment recovered by MUC-coring from the
bacterial mat site was coarse to medium grained sands with
an average sediment porosity of 33%. During our ROV dives
we observed ripple structures on the sandy seafloor which
indicate at least episodically high water currents.

Upon recovery, of sediment samples from the bacterial mat
field (Fig. 3a) the sediment cores degassed strongly, releas-
ing methane bubbles into the overlaying water. Only the top
surface layer of 1 to 5 cm was of beige color mixed with
black particles, while deeper sediment layers were blackish.
The color shift from beige to blackish sediments indicates the
depth of the redox transition zone between oxidized surface
sediments and reduced conditions below including the pres-
ence of free sulfide (also indicated by a strong smell of sul-
fide) and iron sulfide precipitations. Ferromagnetic minerals,
probably magnetite or greigite, were found in reduced sed-
iment layers, pointing to a possible connection of methane
and iron geochemistry. The total organic carbon content was
very low with only 0.17%, indicating that sulfate reduction
is rather coupled to methane oxidation than to deposited or-
ganic matter.

3.2.2 Microbial methane oxidation and sulfate reduction

Six multicorer samples were retrieved from the bacterial mat
covered area. Methane oxidation and sulfate reduction rate
(SRR) measurements were performed in all cores using repli-
cate subsamples of bulk sediments (top 25 cm). Methane ox-
idation rates ranged from 0.01µmol g−1 to 0.18µmol g−1

dry weight d−1 (mean: 0.12µmol g−1 dry weight d−1) and
sulfate reduction rates from 0.05µmol g−1 to 0.30µmol g−1

dry sediment d−1 (mean: 0.19µmol g−1 dry weight d−1).
In control measurements without methane, SRR was neg-
ligible, indicating that methane was the dominant electron
donor for sulfate reduction. The integrated methane oxida-
tion rates averaged 12.5 mmol m−2 d−1 and the integrated
SRR 18.5 mmol m−2 d−1. These rates are comparable to
other measurements from bacterial mat covered seep sites
like Hydrate Ridge (5 to 99 mmol m−2 d−1; Treude et al.,
2003) or Haakon Mosby Mud Volcano (4.5 mmol m−2 d−1;
Niemann et al., 2006). According to our results, methane ox-
idation rates roughly amount to 15 t yr−1 for the area covered
by bacterial mats (0.1 km2). Based on quantifications of sin-
gle gas bubble streams (Hovland et al., 1993), we estimated
a gas flux of 76 t yr−1 to the water column for this area. Con-
sequently, the microbial filter consumes at least 16% of the
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total gas flux. However, the gas flux may vary strongly in
intensity and methane content with time.

3.2.3 Biomarker and stable carbon isotope compositions.

Monounsaturated fatty acids (FAs) were strongly dominant
in surface sediments of Gullfaks (Table 2). Although these
FAs are produced by a wide range of gram-negative bacte-
ria (Fang et al., 2005), their relative abundance can be used
to trace specific microbial groups. The measured ratio for
C16:1ω7c, C18:1ω7c and C16:0 of 68:18:14 approximates the
ratio of 73:18:9 previously reported forBeggiatoafilaments
covering cold seep sediments in the Gulf of Mexico (Zhang et
al., 2005). Theδ13C-values of the FA C16:1ω7c and C18:1ω7c

(−59 and−41‰, respectively) indicate a substantial contri-
bution of autotrophic carbon fixation as previously found for
several species of giant filamentous sulfide oxidizers (Nelson
and Jannasch, 1983; Nelson et al., 1986, 1989). Substantial
amounts of the hopanoid diplopterol and its highly depleted
carbon isotopic composition (δ13C−84‰) indicates an ori-
gin from aerobic methanotrophic bacteria (Ourisson et al.,
1979; Rohmer et al., 1984; Elvert and Niemann, 2008).

The δ13C-depleted FAs C16:1ω5c, cy(cyclopropane)
C17:0ω5,6 as well as the iso- and anteiso-branched C15:0
isomers were found in the Gullfaks samples. Those com-
pounds have shown to be characteristic lipids for seep
associated, sulfate-reducing proteobacteria (Elvert et al.,
2003; Blumenberg et al., 2004; Niemann et al., 2005). The
ratio of C16:1ω5c relative to i-C15:0 (6.2) is within the typical
range (2–8) reported from populations of sulfate reducers
associated to ANME-2 (Seep-SRB1) and−3 (Desulfobul-
bus) (Niemann and Elvert, 2008). From the difference in the
carbon isotope composition of the seep specific FAs (e.g.
δ13C C16:1ω5c=−77‰,δ13C aiC15:0=−40‰), it appears that
a diverse community of sulfate reducers is present in the
Gullfaks sediments, of which only some are coupled directly
to anaerobic methanotrophy.

All known groups of marine ANME produce sig-
inificant amounts of13C-depleted archaeol and/or sn2-
hydroxyarchaeol, which are used as biomarkers for AOM
(Hinrichs et al., 1999; Orphan et al., 2001a; Michaelis et
al., 2002; Blumenberg et al., 2004; Niemann et al., 2006).
At Gullfaks, sn2-hydroxyarchaeol was 3-fold more abun-
dant than archaeol, indicating the dominance of ANME-2
populations (Blumenberg et al., 2004; Niemann and Elvert,
2008). Both compounds were highly depleted in13C, with
δ13C-values of−115‰ and−117‰. Assuming that methane
was the sole carbon source (δ13C-methane∼−70‰, Judd
and Hovland, 2007) for the synthesis of archaeol and sn2-
hydroxyarchaeol, this is equivalent to a13C-fractionation of
−45 to−47‰. This is in the range of stable carbon isotope
fractionation factors previously reported for ANME from dif-
ferent marine settings (Hinrichs and Boetius, 2002; Niemann
and Elvert, 2008).

3.2.4 Microbial diversity and community composition
based on 16S rRNA gene analyses

The bacterial 16S rRNA gene sequence library from sur-
face sediments of the microbial mat habitat at Gullfaks com-
prised 70 sequences and was clearly dominated by microor-
ganisms associated with seep ecosystems. We found dif-
ferent groups of sulfate-reducing bacteria and thiotrophic
as well as methylotrophic bacteria (Table 3, Fig. 4). 15
sequences belonged to relatives of sulfur-oxidizing symbi-
otic Gammaproteobacteriausually hosted by different ma-
rine worms or bivalves. No sequences of filamentous sulfide
oxidizers were found, although these bacteria were visually
present in the sample from which DNA was extracted. Se-
quences related to methylotrophic bacteria (Methylomonas
and Methylophagarelatives) were also abundant (6 se-
quences) matching our results from the biomarker stud-
ies. In accordance with the biomarker survey, we found
10 sequences ofDeltaproteobacteriarelated to theDesul-
fosarcina/Desulfococcusgroup (Seep-SRB-1), which is the
sulfate-reducing partner of ANME-1 and -2 (Boetius et al.,
2000; Orphan et al., 2001a, b; Knittel et al., 2003). Nineteen
clones were related to the cluster ofCytophaga – Flavobac-
terium – Bacteriodetes(CFB) which is a diverse group of
bacteria commonly found in the plankton and sediment in-
volved in the degradation of complex organic matter, but
which also occur at cold seep ecosystems (Knittel et al.,
2003).

The archaeal 16S rRNA gene sequence library was
strongly dominated byEuryarchaeotasequences. Sixty-
three out of 69 clones were affiliated with ANME-2a (Ta-
ble 3, Fig. 5), the most common group of anaerobic methane
oxidizers in gas hydrate bearing environments (Knittel et al.,
2005). The ANME-2a clones were highly similar to se-
quences from other seep sites (Fig. 5), e.g. the Santa Bar-
bara Basin Orphan et al., 2001a), Hydrate Ridge (Knittel
et al., 2005), the Gulf of Mexico seeps (Mills et al., 2003),
and a Pacific carbon dioxide seep (Inagaki et al., 2006). Se-
quences related to other groups performing AOM, such as
ANME-1, -2c, -3, were not found at Gullfaks. One archaeal
sequence belonged to the Marine Benthic Group D. Of the
6 crenarchaeotal sequences found in the library, three be-
longed to the Marine Benthic Group B. Both marine ben-
thic groups are regularly found at seeps but their function re-
mains unknown (Knittel et al., 2005; Teske et al., 2002; Nie-
mann et al., 2006). Total cell numbers in surface sediments
at the Heincke Seep, Gullfaks, were high with 6.7×109

and 7.9×109 single cells ml−1 sediment in the uppermost
10 cm at station 771 and 766, respectively (Table 4). These
cell numbers are higher than previously reported for non-
seep sandy sediments in the North Sea (0.2–3.0×109 cells;
Llobet-Brossa et al., 1998; Wieringa et al., 2000; Rusch
et al., 2001, 2003) and underline the stimulating effect of
methane seepage on the density of the microbial community
inhabiting sands. The only other published cell counts from
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Gullfaks oil field sediment clone b126, FM179902
Tommeliten seep sediment clone Tomm05_1274_3_Bac118, FM179872

Eel River Basin sediment clone Eel-36e1G12, AF354163
Wadden Sea sediment clone Sylt40, AM040136
Gulf of Mexico sediment clone GoM_SMBush4593_Bac113, AM404370

Pacific Ocean deep sediment clone ODP1230B3.29, AB177195
Hypersaline Gulf of Mexico sediment clone SMI1-GC205-Bac2d, DQ521790
Haakon Mosby mud volcano sediment clone HMMVPog-66, AJ704677

Desulfosarcina variabilis, M34407
Olavius crassitunicatus endosymbiont, AJ620510

Tommeliten seep sediment clone Tomm05_1274_3_Bac54, FM179884
Desulfococcus multivorans, AF418173

Desulfobacter postgatei, AF418180
Desulfobacterium autotrophicum, AF418177

Desulfofaba gelida, AF099063
Gulf of Mexico sediment clone GoM_SMBush4593_Bac121, AM404375
Tommeliten seep sediment clone Tomm05_1274_3_Bac133, FM179877

Gullfaks oil field sediment clone b16, FM179899
Tommeliten seep sediment clone Tomm05_1274_3_Bac79, FM179888
Gulf of Mexico gas hydrate associated clone GoM HDB-20, AY542205

Hydrocarbon seep sediment clone GCA017, AF154102
strain NaphS2 (naphthalene degrader), AJ132804
strain mXyS (m-xylene, toluene degrader), AJ006853

Desulfobacterium anilini, AJ237601
Tommeliten oil fields sediment clone Bac62FL, DQ007536

Eel River Basin sediment clone Eel-36e1D7, AF354166
Nankai Trough sediment clone NKB13, AB013265

Gullfaks oil field sediment clone b131, FM179901
Hydrate Ridge sediment clone Hyd89-40, AJ535251
Gulf of Mexico mud volcano clone GoM GB425 68B-27, AY542555

Desulfobulbus propionicus, AY548789
Desulfobulbus rhabdoformis, U12253

ANME-3 sulfate-reducing partner 
Gullfaks oil field sediment clone b67, FM179912

uncultured bacterium, AB250577
Eel River Basin sediment clone Eel-TE1B5, AF354148

Hydrate Ridge sediment clone Hyd01-07, AJ535230
Gulf of Mexico sediment clone GoM_SMBush4593_Bac142, AM404379

Gullfaks oil field sediment clone b20, FM179898
Svalbard sediment clone Sva1036, AJ240990

Desulforhopalus singaporensis, AF118453
Desulfocapsa sulfexigens, Y13672

Desulfotalea arctica, AF099061
Tommeliten seep sediment clone Tomm05_1274_3_Bac72, FM179887

Salt marsh clone SIMO-1753, AY711119
Wadden Sea sediment clone SL26, AY771956

Tommeliten seep sediment clone Tomm05_1274_3_Bac113, FM179871
Tommeliten seep sediment clone Tomm05_1274_3_Bac12, FM179873

Tommeliten oil fields sediment clone Bac13FL, DQ007535
Hydrate Ridge sediment clone Hyd89-52, AJ535254
Gulf of Mexico hydrocarbon seep clone GoM_SMBush4593_Bac026, AM404378
Tommeliten seep sediment clone Tomm05_1274_3_Bac112, FM179870
Mediterranean Mud Volcano sediment clone Amsterdam-2B-45, AY592403

CO2 seep sediment clone OT-B08.16, AB252432
Guaymas Basin sediment clone a1b003, AF420337

Tommeliten seep sediment clone Tomm05_1274_3_Bac95, FM179847
Gulf of Mexico gas hydrate associated sediment clone GoM GC234 621E, AY211680

Desulfomonile tiedjei, M26635
Desulfoarculus baarsii, AF418174

Desulfacinum hydrothermale, AF170417
Syntrophobacter pfennigii, X82875

Gullfaks oil field sediment clone b45, FM179908
clone 131619, AY922193

Guaymas Basin sediment clone C1_B041, AF420369
Desulfuromusa

Desulfuromonas
Japan Trench cold seep sediment clone JTB38, AB015243

Tommeliten seep sediment clone Tomm05_1274_3_Bac109, FM179869
Japan Trench cold seep sediment clone NB1-i, AB013830

Tommeliten seep sediment clone Tomm05_1274_3_Bac121, FM179874
Ridge flank crustal fluid clone FS142-22B-02, DQ513027

Desulfovibrio
Desulfurella multipotens, Y16943
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Fig. 4. Phylogenetic tree showing the affiliations of bacterial 16S rRNA clone sequences from Gullfaks and Tommeliten to selected refer-
ences of theDeltaproteobacteria. The tree was calculated on a subset of nearly full-length sequences by maximum-likelihood analysis in
combination with filters, which considered only 50% conserved regions of the 16S rRNA ofδ-proteobacteria to exclude the influence of
highly variable positions. Partial sequences were inserted into the reconstructed tree by using parsimony criteria with global-local optimiza-
tion, without allowing changes in the overall tree topology. Probe specificity is indicated by brackets. The bar represents 10% estimated
sequence divergence. Sequences from this study are written in bold.

methane percolated sands showed numbers similar to those
found at the Heincke Seep (Ishii et al., 2004). Here, at a
depth of 20–30 cm, cell numbers decreased considerably to
0.9×109 and 1.3×109 cells ml−1, indicating that the highest
biomass may be associated with the peak of microbial activ-

ity in the upper 10 cm. The relative abundance of bacterial
and archaeal cells was quantified by CARD-FISH. Bacteria
comprised up to 50% and single cell archaea between 6 and
16% of the DAPI-stained cells at Gullfaks, station 771 (Ta-
ble 4). Aggregate numbers of ANME-2a and ANME-2c were

Biogeosciences, 5, 1127–1144, 2008 www.biogeosciences.net/5/1127/2008/



G. Wegener et al.: Methane seepage at Gullfaks and Tommeliten 1137

Tommeliten oil fields sediment clone Arch1FL, DQ007532
Tommeliten seep sediment clone Tomm05_1274_3_Arch89, FM179815
Tommeliten seep sediment clone Tomm05_1274_3_Arch12, FM179891
Gulf of Mexico hypersaline sediment clone SMI1-GC205-Arc9b, DQ521779

Gulf of Mexico sediment clone GoM_SMBush4593_Arch139, AM404405
Eel River Basin sediment fosmid GZfos1C11, AY714832
Tommeliten seep sediment clone Tomm05_1274_3_Arch128, FM179886
Eel River Basin sediment fosmid GZfos34G5, AY714860
Hydrate Ridge sediment clone HydCal61, AJ578089
Black Sea microbial mat clone BS-S-H1, AJ578138
Black Sea microbial mat clone BS-SR-C1-Arch, AJ578140

Gulf of Mexico hypersaline sediment clone SMI1-GC205-Arc92, DQ521777
Tommeliten seep sediment clone Tomm05_1274_3_Arch42, FM179893
Eel River Basin sediment clone BA2F4fin, AF134392

Gullfaks oil field sediment clone a149, FM179915
CO2 sediment clone OT-A17.11, AB252424
Hydrate Ridge sediment clone HydBeg134, AJ578116

Gullfaks oil field sediment clone a34, FM179917
Gullfaks oil field sediment clone a59, FM179918

Santa Barbara Basin sediment clone SB-24a1F10, AF354134
Gulf of Mexico hsediment clone GoM_SMBush4593_Arch006, AM404402

ANME-2b

ANME-3
Methanococcoides methylutens, M59127

Tommeliten seep sediment clone Tomm05_1274_3_Arch90, FM179838
Methanosarcina
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Hydrate Ridge sediment clone HydBeg05  , AJ578098
Tommeliten seep sediment clone Tomm05_1274_3_Arch82, FM179835
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Gulf of Mexico gas hydrate associated sediment clone GoM IRA-01, AY542175

CO2 seep sediment clone OT-A14.07, AB252423
Guaymas Basin sediment clone C1_R048, AF419644
Methanomicrobiales

Gullfaks oil field sediment clone a196, FM179916
Guaymas Basin sediment clone 4H11, AY835422

Gulf of Mexico sediment clone SMI1-GC205-Arc38, DQ521781
Tommeliten oil fields sediment clone Arch69FL, DQ007533

CO2 seep clone OT-A17.18 , AB252425
Ferromonas metallovorans, AJ224936

Thermoplasma acidophilum, M20822 M
Archaeoglobus

Methanobacteriales

Halobacteriales
Black Sea microbial mat clone BS-SR-E3, AJ578143
Hydrate Ridge sediment clone Hyd24-Arch07b, AJ578114
Tommeliten seep sediment clone Tomm05_1274_3_Arch66,
                                                                                    FM179848uncultured archaeon, AB177286
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Guaymas Basin sediment clone 4A10, AY835407

Gullfaks field sediment clone a83, FM179920
Marine Group 1
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Fig. 5. Phylogenetic tree showing the affiliations of archaeal 16S rRNA gene sequences retrieved from sediments underlying the microbial
mats of Gullfaks and Tommeliten to selected references of the domainArchaea. Besides cultivated organisms, at least one representative per
phylogenetic group of all previously published clone sequences from methane-rich sites is included as reference. The tree was constructed by
using maximum-likelihood analysis in combination with filters excluding highly variable positions. Partial sequences were inserted into the
reconstructed tree by using parsimony criteria with global-local optimization, without allowing changes in the overall tree topology. Probe
specificity is indicated by brackets. The bar represents 10% estimated sequence divergence. Sequences from this study are written in bold.

highest in the upper ten centimeters (up to 6.6×106 ANME-
2a and 8.4×106 ANME-2c). However, their total number
was about 20-fold lower in comparison to deep water seep
sites such as Hydrate Ridge (Knittel et al., 2005). ANME-
2a cells were clustering in dense, typically spherical aggre-
gates associated with sulfate-reducing bacteria in diameters
of up to 10µm, while ANME-2c aggregates were less dense
and smaller (Fig. 6). The highest counts of ANME aggre-
gates and single ANME cells were in the top 10 cm, match-
ing the distribution of total cell numbers. This may indicate
that the highest availability of both methane and sulfate as
main source to the community is found at the surface of the
seabed.

The Heincke Seep at Gullfaks is the first site at which
abundant single cells of ANME-2a and ANME-2c were de-
tected. Previously, only ANME-1 (Orphan et al., 2002; Nie-
mann et al., 2005) and ANME-3 (Lösekann et al., 2007) were
found as single cells. Monospecific ANME-2a or ANME-2c
aggregates have been previously reported from Eckernförder
Bay (Treude et al., 2005b) and Eel River Basin (Orphan et
al., 2002). ANME-2 cell aggregates without bacterial partner
were also found to dominate specific regions of a microbial
mat from the Black Sea (Treude et al., 2007).
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Table 3. Overview of bacterial and archaeal 16S rRNA gene libraries and number of clones retrieved for the individual phylogenetic groups.
Gullfaks (HE 208, MUC 766, 0–10 cm); Tommeliten (bacterial patch 4–6 cm, AL 267 1274 K3-2) and Tommeliten deep SMTZ sulfate
methane transition zone (HE 180 1904, 160 cm, Niemann et al., 2005).

Gullfaks Tommeliten (bact. patch) Tommeliten (deep SMTZ)
Bacteria

Alphaproteobacteria 1 1
Gammaproteobacteria Methylomonas 4

Methylophaga 2
Rel. of sulfur-oxidizing symbionts 15
Thioalkalivibrio, Thioplocarel. 18
Oceanospirillales 1

Deltaproteobacteria Seep-SRB1 1 3 51
Seep-SRB2 3
Seep-SRB3 3
Seep-SRB4 1
Desulfobacterium anilinerel. 4 3 4
Desulfobacterrel. 1 2
Desulfobulbusrel. 1 28
Myxobacterialesrel. 11
Desulfuromonasrel. 1

Epsilonproteobacteria 3 2
Spirochaeta 1
Cytophaga/Flavobacterium/Bacteriodetes 19 4 3
Planctomycetales 3 4
Verrucomicrobia Victivalliaceae 3 1 36
Nitrospira 1 6
Holophaga/Acidobacterium 4 10
Nitrospina 2
OP11 1
Actinobacteria 2 6
Firmicutes Desulfotomaculumrel. 3 1
Thermomicrobia 3
Cyanobacteria 1
unaffiliated 3 3

Total bacterial clones analyzed 70 102 117

Archaea

Euryarchaeota ANME-1 17 16
ANME-2a 63
ANME-2c 81
Marine Benthic Group D 1 1
Methanococcoides 1

Crenarchaeota Marine Benthic Group B 3 1
Marine Group 1 2

Total archaeal clones analyzed 69 100 17

3.3 Tommeliten seeps

3.3.1 Seafloor observations

At Tommeliten, several gas flares extending from the seafloor
to the sea surface were found in an area of roughly 0.5 km2

(Fig. 2f). Many of these flares were concentrated in a smaller
area of about 0.06 km2, which could be the center of the sub-
surface gas escape pathway. The distribution of gas flares in
2005 (AL 267) was similar to the observations made in 2002
(HE 180; Niemann et al., 2005).

Our observations by ROV in 2005 confirmed that most gas
flares originated from small holes (1–5 cm diameter) in the
seafloor emitting single streams of bubbles. The gas seeps
were associated with small patches of bacterial mats (30–
50 cm in diameter, Fig. 3b). The presence of free gas in these
areas indicated dissolved methane saturation concentrations
of >12 mM in sediments surrounding the spots of gas emis-
sion. As a consequence of the high gas content, the three
sediment cores sampled from bacterial mats at Tommeliten
strongly degassed upon recovery. Surface sediments at these
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Table 4. In situ quantification of different microbial groups using CARD-FISH. The specific probes used for CARD-FISH are listed in
Materials and Methods.

Total single cells Bacteria (single cells) Archaea (single cells) Archaea (aggregates)
Depth (cm) (109 cm−1) Bacteria % DSS % Archaea % ANME-1 % ANME-2a % ANME-2c % ANME-3 % ANME-2a ANME-2c ANME-3

+std.-deviation of TCC of TCC of TCC of TCC of TCC of TCC of TCC (106 cm−3) (106 cm−3) (106 cm−3)

Gullfaks 766
0–10 7.9 (2.8) 46 8 12 <0.1 2 2 0 5.6 8.4 n.a.
10–20 3.0 (0.8) 37 12 10 <0.1 1 2 0 4.8 4.8 n.a.
20–30 0.9 (0.3) 39 7 n.a. 0.5 0 <1 0 0 0 n.a.
Gullfaks 771
0–10 6.7 (1.5) 50 18 8 <0.1 <1 < 1 0 6.6 0.4 n.a.
10–20 3.6 (0.7) 26 29 8 <0.1 0.9 <0.5 0 0.8 0.4 n.a.
20–30 1.3 (0.3) 29 31 16 <0.1 0 0 0 0.6 0 n.a.

Tommeliten
1274-K1
0–3 4.0 (0.7) 69 25 10 <1 <1 2 <0.5 1 0 0
Tommeliten
1274-K2
0–3 5.0 (1.0) 74 20 4 1 2 2 1 1.1 0 0
Tommeliten
1274-K3
0–3 5.7 (1.0) 71 28 13 2 1 0 1 1.6 0 ∗

3–6 3.5 (1.0) 80 28 7 n.a. <0.1 0 5 2.7 0 ∗

6–10 2.9 (0.6) 91 34 4 4 <0.1 0 2 0.9 0 ∗

n.a.: not analyzed
∗ present, but not countable

spots consisted of fine-grained sand which contained little
TOC of 0.22 to 0.32% w/w.

3.3.2 Methane and sulfate turnover

Due to the small amount of sediment recovered, we could
not measure AOM and SR rates of the bacterial mat cov-
ered sediments. In the subsurface sulfate methane tran-
sition zones (SMTZ), Niemann et al. (2005) showed low
AOM and SR rates of a few nmol cm−3 d−1, resulting in ca.
50 g CH4 m−2 yr−1 (0.3 t yr−1 for the whole seep area of ca.
6500 m2). In comparison, the methane leakage from Tom-
meliten was estimated with 47 g CH4 m−2 yr−1 (Hovland et
al., 1993) suggesting a 50% efficiency of the microbial fil-
ter against methane. The higher methane consumption effi-
ciency compared to Gullfaks could be due to the imperme-
able nature of the Tommeliten sediments allowing free gas
migration to the water column from only a few small gas
vents (Fig. 3b).

3.3.3 Biomarker and carbon isotope composition

Similar to surface sediments of the Heincke Seep at Gullfaks,
monounsaturated FAs were the dominant biomarker fraction
in the surface sediments from the Tommeliten gas vents (Ta-
ble 2). However, concentrations of these and other bacteria
lipids were lower in comparison. The fatty acid distribution
suggests the presence of sulfur-oxidizing bacteria, but the ra-
tio of C16:1ω7c to C18:1ω7c to C16:0 (42: 32: 26) indicated a
lower contribution to total bacterial biomass than in the Gull-
faks sands. Also, the ratio of C16:1ω5c rel. to i-C15:0 and the
presence of substantial amounts of cy-C17:ω5.6 in combina-

tion with low δ13C-values of these compounds indicates an
origin from Seep-SRB1 associated with ANME-2 (Elvert et
al., 2003; Niemann and Elvert 2008). However, similar to
Gullfaks, the inconsistent distribution ofδ13C-values of FAs
putatively specific for SRB, indicates a mixed community of
SRB, of which a substantial fraction may not be involved
in AOM. In contrast to Gullfaks, no indication for aerobic
methanotrophs was found. This may be due to the reduced
permeability for oxygenated bottom water in the silty, mat-
covered sand patches around the gas vents.

In comparison to the Heincke Seeps, the sediments from
the Tommeliten gas vents contained similar amounts of ar-
chaeol but even more sn2-hydroxyarchaeol, indicating the
dominance of ANME-2 populations (Blumenberg et al.,
2004; Elvert et al., 2005; Niemann and Elvert, 2008). Both
archaeol and sn2-hydroxyarchaeol were less depleted in13C
than at Gullfaks withδ13C-values of−86‰ and−90‰.
However, considering the heavier isotope composition of the
source methane at Tommeliten (δ13C CH4 −46‰; Hovland,
2002), the stable carbon isotope fractionation of the archaeal
lipid biomass relative to source methane is>40‰ which is
typical for ANME-2 populations (Niemann and Elvert, 2008)
and comparable to the fractionation factor observed at Gull-
faks.

Interestingly, the surface seep sediments at Tommeliten
resembled the biomarker patterns in the authigenic carbon-
ate outcrops, but differed substantially from subsurface sed-
iments (Niemann et al., 2005). In the deep SMTZ Nie-
mann et al. (2005) found a dominance of ANME-1 commu-
nities as indicated by the dominance of archaeol over sn2-
hydroxyarchaeol and a typical fatty acid pattern typical for
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Fig. 6: 
Fig. 6. Dual hybridizations with fluorescently labeled rRNA target-
ing oligonucleotide probes.(A) Consortia of ANME-2a/DSS from
Gullfaks (probes ANME2a-647 [red] and DSS658 [green]);(B)
Consortia of ANME-2c/DSS from Tommeliten (probes ANME2c-
622 [red] and DSS-658 [green]).

sulfate-reducing partners of ANME-1 (Niemann et al., 2005;
Niemann and Elvert, 2008). These results correlated with
16S rRNA and FISH analyses (Niemann et al., 2005). From
these and our results we conclude that ANME-1 could be
adapted to the low energy conditions characteristic for deep
sulfate methane transition zones, whereas ANME-2 domi-
nate advection driven, highly active surface zones of gas
vents as already observed in some deep water seeps (Knit-
tel et al., 2005).

3.3.4 Microbial diversity and community composition
based on 16S rRNA gene analyses

Similar to the Heincke Seep at Gullfaks, the bacterial 16S
rRNA gene sequence library (Table 3) and the selected se-
quences in the phylogenetic tree (Fig. 4) obtained from sed-

iments of Tommeliten showed a relatively high diversity
of sulfate-reducing bacteria. We found three sequences of
the uncultured Seep-SRB1 (ANME-2 partners) and 29 se-
quences ofDesulfobulbus, which is known as the bacterial
partner of ANME-3 (Haakon Mosby mud volcano, Barents
Sea; Niemann et al., 2006; Lösekann et al., 2007). Single
ANME-3 cells and a few aggregates occurred in the Tom-
meliten cold seep sediments, but their abundance was too
low to analyze the potential bacterial partners. Three se-
quences of relatives ofDesulfobacterium aniliniwere re-
trieved. These bacteria have been shown to oxidize differ-
ent aromatic hydrocarbons such as naphthalene or xylene
and could also have a function in hydrocarbon degradation at
this site (for an overview see Widdel et al., 2007). Eighteen
sequences related toThioalkalivibrio and Thioploca were
found which are mostly sulfide oxidizers.

As predicted by the biomarker patterns, the archaeal gene
sequence library of Tommeliten contained mainly relatives
of ANME-2c (83 sequences) and to a lower degree ANME-
1 (17 sequences, Table 3, Fig. 5). These were most closely
related to sequences retrieved from gas hydrate bearing sed-
iments such as the Eel River Basin, Hydrate Ridge, and the
Gulf of Mexico. ANME-2a sequences were not represented
in the clone library, although ANME-2a aggregates were de-
tected by CARD-FISH (see below).

Cell counts in the cores 1274 K1 to K3 ranged from 4.1
to 5.8×109 cells ml−1 in the top layer of sediment and are
hence comparable to the cell numbers at Gullfaks. With
depth, cell numbers decreased to 2.9×109 cells ml−1 (6–
10 cm). Quantification with CARD-FISH indicated the pres-
ence of ANME-2a, ANME-2c and low numbers of ANME-3
single cells and aggregates (Table 4). Sulfate reducing bacte-
ria were highly abundant comprising up to one third of total
single cells.

Hence, the microbial communities in mat-covered gassy
surface sediments of both North Sea seeps were dominated
by the ANME-2 cluster and their partner SRB. At Tom-
meliten, the AOM community in surface sediments of the
gas vents was different from the community of the subsur-
face SMTZ (Niemann et al., 2005), but similar to those from
active zones of gas emission, such as the one preserved in
the authigenic carbonates, and the one from the Heincke
Seep. The microbial communities also comprised sequences
from other microorganisms typically occurring in methane
rich deep-water seep ecosystems such as the crenarchaeotal
Marine Benthic Group B. Gene libraries and CARD-FISH
counts indicated also differences between Gullfaks and Tom-
meliten AOM communities – such as the dominance of the
ANME-2a cluster in Gullfaks cold seep sediments and the
dominance of ANME-2c at Tommeliten, which may be a re-
sult of the different geological and hydrological features of
both sites.
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4 The North Sea seeps in comparison to deep water cold
seeps

In the interstitial pore waters of the Tommeliten and Gull-
faks seeps, dissolved methane can reach concentrations of
12 mM and 25 mM, respectively. Since the hydrostatic pres-
sure is too low to allow gas hydrate formation, emission of
gaseous methane is favored. Due to their shallow depth, the
North Sea seeps may be responsible for a substantial export
of methane to the atmosphere. It would be an important fu-
ture task to attempt quantification of gas emission to the at-
mosphere by monitoring flares, methane concentrations and
consumption in the flares and the surrounding water column
and the gas flux from the overlying surface waters to the
atmosphere. Especially highly permeable sands such as at
Gullfaks facilitate the migration of gas bubbles through the
seabed. The high upward advection of gas may even restrict
the downward diffusion of oxygenated bottom waters be-
low a few cm, protecting the anaerobic methanotrophic com-
munities from oxygenation. In contrast, the compact silty
sands of Tommeliten allow gas migration only through small
cracks in the seafloor sediments, restricting the distribution
of methanotrophs and thiotrophs to small patches around the
gas vents. Phylogenetic analysis ofDeltaproteobacteriaand
Euryarchaeotaat Gullfaks and Tommeliten indicate a high
similarity of these to sequences from deep water seep sites,
such as Hydrate Ridge (Boetius et al., 2000; Knittel et al.,
2003, 2005), Eel River Basin (Orphan et al., 2001a, b) or
Guyamas Basin (Teske et al., 2002).

Although the signature of the AOM specific biomarker
were similar to those of deep water seep ecosystems, the
biomarker concentrations at the North Sea seeps were
about one order of magnitude lower (e.g. C16:1ω5c up to
26.5µg gdw−1 at Hydrate Ridge; Elvert et al., 2003 com-
pared to 3.8 and 0.4µg gdw−1 at Gullfaks and Tommeliten).
This finding was reflected in the low number of ANME
aggregates of around 106 cm−3. In deep water cold seeps
such as Hydrate Ridge, Haakon Mosby and Eel River Basin,
ANME aggregate numbers reach 108, comprising a large
fraction of the total microbial biomass (>90%; Knittel et
al., 2005). A reason for this difference in ANME biomass
could be the higher availability of dissolved methane in deep
water seeps due to the increased solubility of methane at
high hydrostatic pressures. Previous experiments indicate
that AOM rates and the energy yield available for growth
could be higher at elevated methane concentrations (Nauhaus
et al., 2002, 2007). A second explanation for lower aggregate
abundances at the North Sea seeps may be the high bottom
water currents causing relocation of particles and sporadic
oxygen influx into the sediments, and higher grazing rates.
The only shallow water seeps known with higher biomass of
ANME compared to deep seeps are the conspicuous methan-
otrophic microbial reefs of the Black Sea (Blumenberg et al.,
2004; Treude et al., 2005a). However, these lie in perma-
nently anoxic waters and are hence protected from such en-

vironmental disturbances.
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