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Abstract. Fluid flow related seafloor structures and gas seepsnicrobial community incorporates methane or its metabo-
were detected in the North Sea in the 1970s and 1980s biites. The microbial community composition of both shallow
acoustic sub-bottom profiling and oil rig surveys. A vari- seeps shows high similarities to the deep water seeps asso-
ety of features like pockmarks, gas vents and authigenic careiated with gas hydrates such as Hydrate Ridge or the Eel
bonate cements were found to be associated with sites dRiver basin.

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-1 Introduction

meliten, Witch’s Hole and the giant pockmarks of the UK ) . .

Block 15/25, to investigate the occurrence and distribution of 1 '€ North Sea is a marginal sea of the Atlantic on the Eu-
cold seep ecosystems in the Northern North Sea. The modppean continental shelf. Its sedimentary basin, especially

active gas seep sites, i.e. Gullfaks and Tommeliten, were inthe western and northern areas, hosts large gas and oil fields

vestigated in detail. At both sites, gas bubbles escaped con?hich are exploited since the 1970s. Leaking methane reser-
tinuously from small holes in the seabed to the water col-YOIrS &ré a major source for shallow gas accumulations and

umn, reaching the upper mixed surface layer. At Gullfaks g€missions into the water column and atmosphere (Hovland
gas emitting, flat area of 0.1 Kof sandy seabed covered and Judd, 1988; Rehder et al., 1998; Judd and Hovland,
by filamentous sulfur-oxidizing bacteria was detected. At2007). In the North Sea, eruptive gas ebullition through
Tommeliten, we found a patchy distribution of small bacte- mPermeable seabed layers consisting of stiff glacial clays
rial mats indicating sites of gas seepage. Below the patchel§@d 0 the formation of craters, also known as pockmarks
the seafloor consisted of sand from which gas emissions wer10Viand and Judd, 1988). These pockmarks have diame-
observed. At both sites, the anaerobic oxidation of methand€'S in the range of a few to several hundred meters and are
(AOM) coupled to sulfate reduction (SR) was the major widespread in gas and oll ﬂelds. of the qentral anq northern
source of sulfide. Molecular analyses targeting specific lipidNOrth Séa. Intensive bathymetric and videographic surveys
biomarkers and 16S rRNA gene sequences identified an a2y the British Geological Survey and the oil industry have
tive microbial community dominated by sulfur-oxidizing and led to a good understanding of the_ distribution of pockmarks
sulfate-reducing bacteria (SRB) as well as methanotrophi@nd other gas escape structures in the North Sea (Judd and
bacteria and archaea. Stable carbon isotope values of sp&ioviand, %007)' As part of the 5th EU framework project
cific, microbial fatty acids and alcohols from both sites were METROL “Methane fluxes in ocean margin sediments: mi-

highly depleted in the heavy isotopC, indicating that the 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

Correspondence td5. Wegener to the atmosphere, and to better understand the functioning
BY (gwegener@mpi-bremen.de) of shallow water seep ecosystems.
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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
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f/ 9¢ Tommeliten S onmant prominent feature of such seeps are mat-forming chemoau-
56° [mLn : totrophic bacteria using sulfide as energy source, including

Beggiatoa(Treude et al., 2003; Joye et al., 2004), &k
cobacter(Omoregie et al., 2008). Authigenic carbonates are
,Z; North Sea often found associated with cold seeps, since AOM increases
England ¢ i !sf\ e the pore water alkalinity (Luff and Wallmann, 2003). Car-
Val7an =,

540
,Vi W}/j /,}/(I\thf\ﬁ\é bonate outcrops were found to attract a variety of hardground
gtner- Germany

lands fauna like corals, ophiurids, sponges and bivalves (Hovland
and Risk, 2003; Niemann et al., 2005). Ultimately, the car-
4 2 0° 2° 4° 6° 8 10° bonate precipitation associated with AOM may fill and seal
Lon. E gas escape conduits (Hovland, 2002).
During the last decade biogeochemical research efforts on
Fig. 1. Tommeliten, Gulifaks and other potential gas escape struccold seeps mainly focused on deep water systems, especially
tures investigated for current gas emission during the METROL re-thgse associated with gas hydrates. As a consequence, much
search expeditions HE 169, HE 180, HE 208 and Alkor 267. more is known about these systems than about shallow wa-
ter seeps in estuaries and shelf seas, despite their potential
Although methane is an abundant hydrocarbon in marin rr? Ii\]’: ”ﬁsrfﬁ;rﬂaﬁ,:rﬂ'sg'eog \}v%(ta?: ?r;[(rgn szggfrcec;lu?np: (i:;ﬁ?rael-ly

sediments, the oceans only account for 2 to 5% of the globa uently mixed by storms, methane emission from the seabed
methane flux o the atmosphere (Juad et al., 2002; Reeburgrﬂs likely to result in an export of this greenhouse gas to the

2007). Aerobic and anaerobic microbial methane Consumpétmosphere

tion almost completely controls the gas flux into the water Here we investigated several pockmarks and potential sites

COI(;’T” and atl;nclnlipher\e/, lexiz_ept atdsges k?f h;]ghz(f)lgé)d ﬂ_?r\:vof gas seepage of the Northern North Sea. Sediments were
and free gas ebuliition (Valentine and Reeburgh, )- ampled from sulfur-oxidizing bacterial mats which were as-

?nae_rok?lclox;datlon of Tetha?ﬁ (ﬁOM) W|'Ehb_sulfatehas t_he ociated with gas ebullition. Based on the concentration and
erminal electron acceptor is the dominant bIOGEOCheMICAL )0 carhon isotope values of specific lipid biomarkers, as
process in gassy sediments (Hinrichs and Boetius, 2002). Ita/ell as by 16S rRNA sequence analysis, we describe the mi-

Ingt re;ctlﬁn cgnt be ?tehgcrlbed accordmg to Ri’ but th\?v%r;delrérobial communities of two active shallow water seeps in the
ying biochemistry of this process remains unknown (Widde North Sea (Gullfaks and Tommeliten). Furthermore, their

etal., 2007). phylogenetic and biogeochemical characteristics are com-

CH4+SO§*—>HCO§+HS_+H20 (R1) pared with those of known deep water cold seep communi-
ties to investigate whether shallow and deep water seeps are

In marine environments, 3 clades of archaea related to th@opulated by different types of methanotrophs.

order MethanosarcinaleYANME-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 tBesul-

fosarcina/Desulfococcusr Desulfobulbusgroups (Boetius

et al., 2000; Knittel et al., 2003; Niemann et al., 2006;

Losekann et al.,, 2007). These associations are commonly
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2 Material and methods et al., 2005). These observations and biogeochemical rate
measurements indicate that most methane may be consumed
2.1 Sampling sites in the seafloor, but that considerable gas escape to the wa-

ter column occurs through cracks and fissures (Niemann et
Figure 1 gives an overview on the cold seep sites in theal., 2005). The carbon isotope composition of methane in-
North Sea visited during the METROL cruises (R/V Heincke dicates its thermogenic origin (Hovland and Sommerville,
cruises HE 169, HE 180, HE 208 and R/V Alkor cruise 1985; Hovland and Judd, 1988). Biomarker analyses sug-
AL 267; see also Table 1). For all investigated sites, de-gested that AOM in subsurface sediments was mediated by
tailed background information were obtained previously dur- ANME-1, and it was speculated that an ANME-2 community
ing extensive geological surveys including seismic and sonamay dominate gas consumption in vented surface sediments
monitoring of seabed and water column features, as well ags indicated by the biomarker signature preserved in the au-

by videographic exploration using towed cameras and ROVshigenic carbonate outcrops in the seep area (Niemann et al.,
(Hovland and Judd, 1988). Gas emissions at Tommeliten ang005).

Gullfaks have been documented for a period over 25 years
(Niemann et al., 2005; Judd and Hovland, 2007). 2.2 Seafloor observations
Gullfaks is one of the four major Norwegian oil and gas
fields, located in the northeastern edge of the North Seduring the cruises HE 169, HE 180, HE 208 and AL 267 (Ta-
Plateau. Hovland (2007) named the area of acousticallyble 1), several seep locations of the North Sea were visited
detectable methane emission on the plateau ‘Heincke seeffFig. 1). Gas flares were detected using the sediment echo
age area’. The water depth in this area is ca. 150 m andgounder system SES-2000 provided by INNOMAR (Ros-
deepens northeastwards towards the Norwegian trench. Duteck, Germany). The emitter induces two primary frequen-
ing the last glacial maximum the plateau was exposed andies near 100 kHz to generate secondary bandwidths of 4 and
coastal sands were deposited. Younger sediments of th&5kHz. Water depth and gas flares were recorded with the 15
Holocene have not been found in this area because tidal cukHz spectrum, while sediment features were observed with
rents prevent deposition (Eisma and Kalf, 1987). The Gull-a 4 kHz spectrum. Several acoustic transects were evaluated
faks hydrocarbon reservoir is situated in a depth of almostio quantify the gas flares and their extensions, and to localize
3 km (Hovland and Judd, 1988). Shallow gas accumulationdlare sources at the seafloor. Video observations were per-
formed above the leaky reservoir at depths between 230 antbrmed with the remotely operated vehicle (ROV) Sprint (Al-
450 meters below the seafloor (mbsf). The stable carborired Wegener Institute for Polar and Marine Research, Bre-
isotope composition of methane is44.3 at reservoir level merhaven; HE 169) or Cherokee (MARUM, Bremen; AL
(2890 mbsf) and-73.9%. at 10 mbsf (Hovland, 2007). 267) and a towed camera system of the AWI (HE 180) or
Tommeliten lies in the greater Ekofisk area in the centralthe MPI (HE 208; Spy, Mariscope, Kiel).
North Sea at a water depth of 75 m (Hovland and Judd, 1988;
Hovland, 2002; Judd and Hovland, 2007). This gas field is2.3 Sediment sampling
associated with salt diapirs at about 1000 mbsf, and has al-
ready been fully exploited (Hovland, 2002). Seismic profiles At the Heincke seep at Gullfaks, sediments were sampled
indicate extensive gas escape pathways in the seabed aboWeMay 2004 (HE 208) using a video-guided multiple corer
the deposit. The sediments consist of sands, silt and magystem (MUC; Octopus, Kiel). The samples were recovered
(Niemann et al., 2005). Associated with gas leakage pathfrom an area densely covered with bacterial mats where gas
ways are calcareous cements, some of which extend abowebullition was observed. The coarse sands limited MUC pen-
the seafloor and form small reefs populated by anthozoa an@tration depth to max 30 centimeters and the highly perme-
other hardground fauna (Hovland and Judd, 1988; Niemani@ble sands did not allow for a high-resolution, vertical sub-
et al., 2005). Acoustic turbidity indicated the presence ofsampling because of pore water loss.
free gas in the seabed in an area of about 0.12 k8onar The gas flare mapping and videographic observation at
surveys revealed gas escape to the water column, and accorflemmeliten indicated an area of gas emission with a few
ingly, numerous gas seeps associated with whitish bacterisggmall patches of bacterial mats with diamete&0 cm from
mats were observed during prior surveys (Hovland and Sommost of which a single stream of gas bubbles emerged. The
merville, 1985; Hovland and Judd, 1988; Trasher et al., 1996patches were spaced apart by 10-100 m. Sampling of sed-
Niemann et al., 2005). Gas seepage was confined to aboiments covered by bacterial mats was only possible with 3
120 individual bubble streams in an area of 65G0lead- small push cores (3.8 cm diameter) mounted to ROV Chero-
ing to an estimated emission of 47 g ¢ 2 in this area  kee. These cores were sampled in 3cm intervals.
(Hovland et al., 1993). In the vicinity of the gas vents, el- Sediment porosity, sulfate and methane concentrations
evated methane concentrations and gas bubbles were fourvdere determined according to standard methods (see
in the seabed, at a sediment depth of 1-5 mbsf, associateddETROL protocols at: http://www.metrol.org/index.php?
with layers of carbonate precipitates and cements (Niemanmtereich=). 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 20

(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 6110.40 0201450 150m HE 169, HE 180, AL 267 HE 208 yes no

Holene Trench 5919.60 01°57.60 130-145m  HE 169 no yés

UK 15/25 pockmarks 58.7.00 00°58.50 155-170m  HE 180, HE 208 yes yes

Witch’s Hole 5756.50 00°23.30 135m HE 208 no yes

Snow White’s Hole 5758.87 00°23.30 145m HE 208 yes n.a.

Tommeliten 5629.90 02°59.80 75m HE 169, HE 180, AL 267 yes yes

Skagerrak pockmarks  560.00 09°40.00 120-150m  HE 208 no rfo

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

using PHREEQC, Version 2, US Geological Survey, 2007.Briefly, inorganic carbon (carbonate) was removed via HCI
Samples for molecular, microbiological and biomarker anal-acidification. Subsequently, 20 to 30 mg of homogenized
yses were processed as described below. samples were filled in zinc cartridges and organic carbon and
Radiotracer based in vitro measurements of AOM and SRnitrogen was measured in a CNS analyzer (Carlo Erba NA
were performed in the home laboratory. Sediment sample4500 CNS analyzer).
stored anaerobically in wide mouth bottles with artificial,
anaerobic seawater medium (Widdel and Bak, 1992) were2.4 Biomarker analysis
transferred into Hungate tubes, refilled with medium and
brought into equilibrium with one atmosphere of methaneLipid biomarker extraction from 10-17 g wet sediment was
(Krliger et al., 2005). Controls without methane addition carried out as described in detail elsewhere (Elvert et al.,
were prepared to determine methane-independent SR. AOM003). Briefly, defined concentrations of cholestane, nonade-
and SR rates were determined from replicate incubationsanol and nonadecanolic acid with knowA¥C-values were
(n>3). After one day of equilibration®SQy (50 kBq dis-  added to the sediments prior to extraction as internal stan-
solved in 1Qul water) for SR and“CH, (10kBq dissolved  dards for the hydrocarbon, alcohol and fatty acid fraction,
in 50l water) for AOM were injected into the Hungate tubes respectively. Total lipid extracts were obtained from the sed-
through a butyl rubber septum. Samples were incubated for Tment by ultrasonification with organic solvents of decreas-
days at 8C. The reactions were stopped by transferring theing polarity. Esterified fatty acids (FAs) were cleaved from
samples into zinc acetate and NaOH solution, respectivelyhe glycerol head group by saponification with methanolic
(Treude et al., 2003). Further processing of AOM and SRKOH solution. From this mixture, the neutral fraction was
samples was carried out as described previously (Treude etxtracted with hexane. After subsequent acidification, FAs
al., 2003; Kallmeyer et al., 2004). Concentrations and activi-were extracted with hexane. For analysis, FAs were methy-
ties of the reactants (methane or sulfate) and the activities ofated using Bk in methanol yielding fatty acid methyl esters
the products (sulfide or carbonate) were measured to dete(FAMES).
mine AOM and SR rates according to the following formulas:  The neutral fraction was further separated into hydrocar-

bons, ketones and alcohols on SPE cartridges with solvents
[CH4] -at*Ccarbonate 9

AOM rate= (1) of increasing polarity (Niemann et al., 2005). The ketone

t-at4Cmethane fraction was not further analyzed. Shortly before analysis,

[SOu]-atriS alcohols were methylated to trimethylsilyl (TMS) ethers us-
SRR= t-atoT 1.06 (2) ing bis(trimethylsilyl)triflouracetamid (BSTFA). Concentra-

tion and identity of single lipid compounds was determined

In Eq. (1) [CHi] is the concentration of methane! by gas chromatography (GC) and gas chromatography-mass
methane and!“C carbonate the activity of the reactant and spectrometry (GC-MS) analysis, respectively (Elvert et al.,
the product of AOM (Treude et al., 2003). In Eq. (2), [SO4] 2003, 2005; Niemann et al., 2005). Double bound posi-
is the concentration of sulfate;yris the activity of the to-  tions of monounsaturated FAs were determined analyzing
tal reduced inorganic sulfugror is the total activity of sul-  their dimethyl disulfide (DMDS) adducts according to Moss
fide and sulfate and is the reaction time. The factor 1.06 and Labert-Faeir (1989)s13C-values of single lipid com-
accounts for the discrimination against the heavier radio nupounds were determined by GC-IRMS analyses according to
cleotide®®S (Jgrgensen and Fenchel, 1974). Elvert et al. (2003). Concentration and carbon stable isotopic

Total organic carbon content (TOC) and carbon nitro- compositions of FAs and alcohols were corrected for the ad-
gen ratios (C/N) were analyzed from freeze-dried samplesditional carbon atoms added during derivatisation.

Biogeosciences, 5, 1127344 2008 www.biogeosciences.net/5/1127/2008/
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2.5 DNA extraction, PCR amplification and clone library = CARD-FISH was performed following the protocol of
construction Pernthaler et al. (2002). The sediment samples were
brought to a final dilution of 1:2000 to 1:4000 and fil-

DNA was extracted from 2 g of wet sediment (1-3 cm depth)tered onto 0.2m GTTP filters (Millipore, Eschbonn, Ger-
using the Bio101 soil kit (Bio101, La Jolla, California). many). The probes used in this study (purchased from
Domain-specific primers, i.e, GM3F (Muyzer et al., 1995) biomers.net GmbH, Ulm, Germany) were EUB 338 specific
and EUB1492 (Kane et al., 1993) for Bacteria and ARCH20Ffor most Bacteria (Amann et al., 1990; Daims et al., 1999),
(Massana et al., 1997) and Uni1392 (Lane et al., 1985) for2SS658 specific foDesulfosarcinapp.,Desulfococcuspp.
Archaea, were used to amplify almost full-length 16S rRNA and closely related clone sequences (Manz et al., 1998),
genes from the extracted chromosomal DNA by PCR (30 cy-Arch915 specific for mosarchaea(Stahl and Amann, 1991),
cles). PCR products were purified as described previouslyand probes ANME1-350 (Boetius et al., 2000), ANME2a-
(Ravenschlag et al., 1999). DNA was ligated in the pGEM- 647, ANME2¢c-622 (Knittel et al., 2005) and ANME3-1249
T-Easy vector (Promega, Madison, W) and transformed into(Niemann et al., 2006) specific for ANME-1, -2a, -2c,
E. coli TOP10 cells (Invitrogen, Carlsbad, CA, USA) follow- and -3 Archaea respectively. Cell permeabilization and
ing manufacturer's recommendation. 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
15min (1xg/ml) and washed with sterile filtered water and

Sequencing was performed by Tag cycle sequencing with aethanol for 60 and 30s, respectively. Air-dried filters were

model ABI377 sequencer (Applied Biosystems). The pres_|mbedded in CItIf!UOI’ (Cltlflt_Jor Ltd., Lelcest_er, UK). Cells_
were counted using an epifluorescence microscope (Axio-

ence of chimeric sequences in the clone libraries was deblan, Zeiss, Germany). At least 1000 cells in randomly cho-

termined with the CHIMERACHECK program of the Ri- sen fields were counted per sample. To quantify aggregates
bosomal Database Project Il (Center for Microbial Ecol- P ple. 104 goreg
ogy, Michigan State Universityhttp://rdp8.cme.msu.edu/ of ANME-2a, -2¢ a.n.d 3 up to 250 g”.d$ were counted un-

' ' der 400-fold magnification. Dual hybridizations for sulfate

cgis/chimera.cgi?su=S3U Sequence data were analyzed
? . “ reducers (DSS) and archaea (ANME-2a and -2c) were per-
with the ARB software package (Ludwig etal., 2004). Phy formed using different fluorescence dyes (Cy3 and Cy5) and

logenetic trees were calculated with the sequences from . . )
. images were taken with a confocal laser scanning microscope

available in the EMBL, GenBank and DDJB databases bye(‘LSMS.lo; Qarl Zeiss, Jena, Germa!"y)- The relatively low
. o : - ... ~detection ratio 0f<60% of total cells in sediments from the
maximume-likelihood and neighbor-joining analysis with dif-

ferent sets of filters. The sequence data reported here will a Heincke Seep may be a result of the harsh sonication proce-

p- . .
pear in the EMBL, GenBank, and DDBJ nucleotide Sequencedures necessary to obtain cells attached to sand grains.

databases under the accession no. FM179815-179920.

2.6 Sequencing and phylogenetic analysis

3 Results and discussion
2.7 Cell counts and CARD-FISH (Catalyzed reporter de-

position — fluorescence in situ hybridization) 3.1 Distribution of active seeps in the Northern North Sea

The fixation for total cell counts and CARD-FISH were per- Active methane seepage from the seabed was detected at dif-
formed on-board directly after sampling. For both meth- ferent fluid flow-related seafloor structures visited during the
ods, sediments were fixed in formaldehyde solution. AfterMETROL cruises (Fig. 1, Table 1). Large and abundant gas
two hours, aliquots for CARD-FISH staining were washed flares were found at Gullfaks (Fig. 2a), the giant pockmarks
with 1xPBS (10mM sodium phosphate solution, 130 mM of UK block 15/25 (Fig. 2c); Snow White’s Hole (Fig. 2d),
NaCl, adjusted to a pH of 7.2) and finally stored in a and Tommeliten (Fig. 2e).
1:1 PBS:ethanol solution at20°C until further processing. The pockmarks of UK Block 15/25, Snow White’s Hole
Samples for total cell counts were stored in formalin@ 4  and Witch’s Hole are part of the Witch Ground formation,
until analysis. northwest of the Tommeliten seep area (Fig. 1, Hovland and
For sandy samples, the total cell count/CARD-FISH pro- Judd, 1988). During our observation at UK Block 15/25 (HE
tocol was optimized to separate sand particles from the cells180 and HE 208), most of the 5 giant pockmarks (charac-
Cells were dislodged from sediment grains and brought intaterized by a depression of more than 10 m below ambient
solution with the supernatant by sonicating each sample orseafloor; Scanner, Scotia and Challenger) and two medium
ice for 2min at 50 W. This procedure was repeated four timessized pockmarks~5m depressions) showed active seep-
and supernatants were combined. Total cell numbers werage of methane from the deepest part of each depression
determined from the supernatant by fluorescence microscopgFig. 2c). The highest gas flares were observed to reach
subsequently to acridine orange staining (Meyer-Reil, 1983)up to 80 m below sea surface. The pockmark centers were

www.biogeosciences.net/5/1127/2008/ Biogeosciences, 5, 11242008
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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 Gullfak:
(A), Holene Trenck{B), Scanner pockmark (UK 15/25 fiel@), Snow White’s HolgD), Tommeliten(E).and SkagerralF). 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 withobservations. However, we found an active pockmark
benthic organisms, mostly sea anemones. As neither MUG15 km) to the southwest, which we named Snow White’s
nor gravity corer were able to penetrate the cements, no seddole (Fig. 2d). This structure emits a large gas flare extend-
iment samples could be recovered for biogeochemical analing to about 80 m above the seafloor. Unfortunately sedi-
yses. Methane venting at the pockmarks in the UK Blockment sampling directly at the flare was not possible, proba-
15/25 has already been observed previously by Hovland andlly because of carbonate cements and coring at the edge of
Judd (1988) as well as during the METROL expeditions overthe pockmark recovered only non-seep sediments.
the last 5 years. This indicates that the pockmarks may have The Holene Trench is an open channel of ca. 1 km width
been continuously emitting methane to the hydrosphere fobn the Norwegian Plateau at120 m water depth. Previous
at least two decades. surveys showed an acoustic turbidity in the topmost 30 m
In contrast to earlier observations (Hovland and Judd,of the surface sediments indicating gas charged sediments
1998), the Witch’s Hole structure was dormant during our (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 aboulZ((rlghhpaneI). 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 ofThe results from subsurface sampling by vibrocoring at the
the sea floor. However, during HE169 we could not find Tommeliten seeps have already been reported by Niemann
any traces for active seepage (Fig. 2b) with hydro-acoustiand colleagues (2005). In the present paper, we focus on sur-
methods and only oxidized beige-colored, clayish sedimentdace sediments of gas vents associated with bacterial mats.
were retrieved by multiple corer sampling. The western slope

of the Norwegian Trench hosts several pockmark-like struc-3.2 Heincke seep area (Gullfaks)

tures, which do not bear carbonate outcrops (Hovland and

Judd, 1988). Similar to the Holene Trench our survey during3.2.1  Seafloor observations

cruise HE 169 did not reveal any traces of seepage in this

area. In Skagerrak, several pockmarks with active gas esAt the Heincke Seep area gas flares were found in an area
capes and seepage related fauna were discovered in the 199%% about 0.5kmi.which extended up to 120m above the
(Dando et al., 1994; Rise et al., 1999). However, during HEseafloor, reaching the mixed water layer (Fig. 2a). Consid-

208 we did not observe gas seepage from the positions reering the observation of free gas at a water depth of 150m
ported by Dando et al. (1994) (Fig. 2f). dissolved methane concentrations at the gas vents should be

saturated and hence exceed 26 mM. Visual observations of
To further investigate the biogeochemistry and microbiol- the seafloor showed 1-2 bubble streams escaping from the
ogy of shallow water cold seeps in the North Sea, we censands every 5/fwithin a smaller area of 0.1 kfncovered
tered our efforts on the most active and accessible seep siteby microbial mats (Fig. 3a). No megafauna was observed to
i.e. the Heincke Seep at Gullfaks and the Tommeliten seeppopulate 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
(0-10cm) (0-10cm) 155cm SMTZ

Compound pggdwl  §13CVPDB (%) pggdwl §13C VPDB (%) pggdw !  §13C VPDB (%)
C140 1.27 —60 0.64 -30 0.15 —28
i-C15.0 0.61 —41 0.30 -35 0.06 —43
ai-Ci5,0 0.64 —42 0.43 -34 0.14 —43
Cis0 0.40 —48 0.22 —38 0.07 -37
Ci6:107c 24.04 -59 2.54 —38 0.02 —38
C16:105¢ 3.79 —77 0.39 -51 0.01 n.a.
C160 6.17 —46 1.93 -32 0.60 =31
10Me-Ggo 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-C17:005.6 0.24 —40 0.27 —59 n.a. n.a.
C170 0.16 —36 0.08 —-29 0.04 n.a.
isoprenFA-Gg.o 0.38 -34 0.13 —-27 n.a. n.a.
C18109c 0.91 -37 0.65 —26 0.27 n.a.
Ci8107c 6.65 —41 1.60 —45 0.06 -32
C1s0 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 3.2.2 Microbial methane oxidation and sulfate reduction
bacterial mat site was coarse to medium grained sands with

an average sediment porosity of 33%. During our ROV dIVeSS|x multicorer samples were retrieved from the bacterial mat

we observed ripple structures on the sandy seafloor Wh'd?:overed area. Methane oxidation and sulfate reduction rate

indicate at least episodically high water currents. SRR) measurements were performed in all cores using repli-

. Upon recovery, ofsgdiment samples from the bacterial ma ate subsamples of bulk sediments (top 25 cm). Methane ox-
field (Fig. 3a) the sediment cores degassed strongly, relea?dation rates ranged from 0.Qamol g2 to 0.18umol g

ing methane bubbles into the overlaying water. Only the topdry weightd (mean: 0.1:molg-* dry weightd 1) and
surface layer of 1 to 5cm was of beige color mixed with sulfate reduction rates from 0.9nol g1 to 0.30.mol g
black particles, while deeper sediment layers were blackishdry sedimentd! (mean: 0.19%molg! dry weightd™).

The color shift from beige to blackish sediments indicates theln control measurements without methane, SRR was neg-
depth of the redox transition zone between oxidized sun‘acq'igilole indicating that methane was the do,minant electron
sediments and reduced conditions below including the pres('jonor’for sulfate reduction. The integrated methane oxida-
ence of free sulfide (also indicated by a strong smell of sul—tion rates averaged 12.5 mmof#d—1 and the integrated

fide) and iron sulfide precipitations. Ferromagnetic minerals,SRR 18.5mmolm2d-1. These rates are comparable to

probably magnetite or greigite, were found in reduced Sed'other measurements from bacterial mat covered seep sites

iment layers, pointing to a possible connection of methanqike Hydrate Ridge (5 to 99 mmoln?d-1; Treude et al.

and iron geochemistry. The total organic carbon content wa 003) or Haakon Mosby Mud Volcano (A:.SmmoTFnj—l' '

very low with only 0.17%, indicating that sulfate reduction Niemann et al., 2006). According to our results methan,e ox-

is re}ther coupled to methane oxidation than to deposited Ofi4ation rates ro’ughly amount to 15 tyrfor the aréa covered

ganic matter. by bacterial mats (0.1 kf). Based on quantifications of sin-
gle gas bubble streams (Hovland et al., 1993), we estimated
agas flux of 76 tyr? 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 3.2.4 Microbial diversity and community composition
intensity and methane content with time. 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-

d id v domi prised 70 sequences and was clearly dominated by microor-
Monounsaturated fatty acids (FAs) were strongly Om"""’mtganisms associated with seep ecosystems. We found dif-

in surface sediments of Gulifaks (Table 2). Although thesego ot oroups of sulfate-reducing bacteria and thiotrophic
FAs are produced by a wide range of gram-negative bacte;

. | heir relati bund b as well as methylotrophic bacteria (Table 3, Fig. 4). 15
ria (Fang et a. 2095)' their refative abundance can be use equences belonged to relatives of sulfur-oxidizing symbi-
to trace specific microbial groups. The measured ratio for

: otic Gammaproteobacteriasually hosted by different ma-
C16107¢, Cig1w7c and Ggo of 68:18:14 approximates the

; : . , rine worms or bivalves. No sequences of filamentous sulfide
ratio of 73:18:9 previously reported f@&eggiatoafilaments

. ! : X oxidizers were found, although these bacteria were visually
covering cold seep sediments in the Gulf of Mexico (Zhang etpresent in the sample from which DNA was extracted. Se-
al., 2005). Thes13C-values of the FA €5 1.,7. and Gg1,7c

uences related to methylotrophic bactetiéethylomonas
(—59 and—41%., respectively) indicate a substantial contri- d y P thy

. . T ) and Methylophagarelatives) were also abundant (6 se-
bution of autotrophic carbon fixation as previously found for quences) matching our results from the biomarker stud-
several species of giant filamentous sulfide oxidizers (NelsoR,s |, accordance with the biomarker survey, we found
and Jannasch, 1983, N_e's‘?” etal, 1986, 1939)' Substanti ?0 sequences dDeltaproteobacteriarelated to theDesul-
amounts of the hopanoid diplopterol and its highly depletedfosarcina/Desquococcugroup (Seep-SRB-1), which is the

. . . 3 . . B
carbon isotopic compositiors{°C—84%) indicates an ori- sulfate-reducing partner of ANME-1 and -2 (Boetius et al.,

gin from aerobic methanotrophic bacte.ria (Ourisson et al"2000; Orphan et al., 20014, b; Knittel et al., 2003). Nineteen
1979; Rohmer et al.,, 1984; Elvert and Niemann, 2008). ¢ ,ne5 were related to the cluster@jtophaga — Flavobac-
The §'3C-depleted FAs @15, Cy(cyclopropane) terium — Bacteriodete¢CFB) which is a diverse group of
Ci70056 as well as the iso- and anteiso-branchegkdC  bacteria commonly found in the plankton and sediment in-
isomers were found in the Gullfaks samples. Those comypolved in the degradation of complex organic matter, but
pounds have shown to be characteristic lipids for seepyhich also occur at cold seep ecosystems (Knittel et al.,
associated, sulfate-reducing proteobacteria (Elvert et al.2003).
2003, B|umenbel’g et al., 2004, Niemann et al., 2005) The The archaeal 16S rRNA gene Sequence |ibrary was
ratio of Gie.1.5. relative to i-Gsgo (6.2) is within the typical  strongly dominated byEuryarchaeotasequences. —Sixty-
range (2-8) reported from populations of sulfate reducershree out of 69 clones were affiliated with ANME-2a (Ta-
associated to ANME-2 (Seep-SRB1) an@ (Desulfobul-  pje 3, Fig. 5), the most common group of anaerobic methane
bus (Niemann and Elvert, 2008). From the difference in the oxjdizers in gas hydrate bearing environments (Knittel et al.,
carbon isotope composition of the seep specific FAs (e.92005). The ANME-2a clones were highly similar to se-
§13C Cre:105c=—T77%0,8"°C aiCi50=—40%o), it appears that  quences from other seep sites (Fig. 5), e.g. the Santa Bar-
a diverse community of sulfate reducers is present in theyzra Basin Orphan et al., 2001a), Hydrate Ridge (Knittel
Gullfaks sediments, of which only some are coupled directlygt g]., 2005), the Gulf of Mexico seeps (Mills et al., 2003),
to anaerobic methanotrophy. and a Pacific carbon dioxide seep (Inagaki et al., 2006). Se-
All known groups of marine ANME produce sig- quences related to other groups performing AOM, such as
inificant amounts of13C-depleted archaeol and/or sn2- ANME-1, -2c, -3, were not found at Gullfaks. One archaeal
hydroxyarchaeol, which are used as biomarkers for AOMsequence belonged to the Marine Benthic Group D. Of the
(Hinrichs et al., 1999; Orphan et al., 2001a; Michaelis et6 crenarchaeotal sequences found in the library, three be-
al., 2002; Blumenberg et al., 2004; Niemann et al., 2006).longed to the Marine Benthic Group B. Both marine ben-
At Gullfaks, sn2-hydroxyarchaeol was 3-fold more abun- thic groups are regularly found at seeps but their function re-
dant than archaeol, indicating the dominance of ANME-2 mains unknown (Knittel et al., 2005; Teske et al., 2002; Nie-
populations (Blumenberg et al., 2004; Niemann and Elvert,mann et al., 2006). Total cell numbers in surface sediments
2008). Both compounds were highly depleted¥€, with at the Heincke Seep, Gullfaks, were high with $10°
813C-values of-115%0 and—117%o.. Assuming that methane and 7.9<10° single cells mt sediment in 