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ABSTRACT: Subm arine m ud volcanism represents an im portant pathw ay for m ethane from deeper 
reservoirs to the surface, w here it enters the benthic carbon cycle. To quantify overall m ethane 
release from the Captain Arutyunov m ud volcano (CAMV) and to assess the contribution of mac- 
robenthic seep organism s to the regulation of the benthic m ethane flux, w e linked w ater column 
m ethane concentrations, seabed m ethane emission and pore w ater geochem istry to the spatial distri­
bution of seep biota. Prominent organism s of the CAMV seep biota w ere 3 different species of frenu­
late tubeworms. Seabed m ethane emission ranged from 0.001 to 0.66 mmol n r 2 d_1. Dense patches of 
tubeworm s w ere associated w ith the lowest seabed m ethane emission. Elevated m ethane emission 
was associated w ith a sporadic distribution of tubeworm s and the occurrence of num erous m ud 
clasts. Despite the presence of a large subsurface m ethane reservoir, the estim ated total m ethane 
release from CAMV was low (0.006 x 10® mol yr_1). In addition to direct m ethane consum ption by 
Siboglinum poseidoni, the tubeworm s likely contribute to the retention of m ethane carbon in the sed­
iment by affecting bacterial communities in the proximity of the tubes. The siboglinids create new  
meso-scale habitats on the sedim ent surface, increasing habitat heterogeneity  and introducing 
niches for bacterial communities.
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INTRODUCTION

The estim ated num ber of known and inferred sub­
marine m ud volcanoes is in the range IO3 to IO5 
(Milkov 2000, Milkov et al. 2003). In the Gulf of Cadiz 
m ud volcanism is a prom inent feature, extending from 
the Iberian-M oroccan shelf to the deeper regions. In 
addition to the m ud flow activity of m ud volcanoes, 
pockm ark-like structures on the continental shelf 
b reak  and authigenic carbonate crusts w ere reported 
to be related  to intense hydrocarbon seepage (Gardner 
2001, Pinheiro et al. 2003, Somoza et al. 2003, León et 
al. 2006, H ensen et al. 2007), release of free gas (Sauter 
et al. 2006) and the presence of gas hydrates (Milkov 
2000, Pinheiro et al. 2003, Judd  & Hovland 2007, and 
references therein). Hence, subm arine m ud volcanoes 
are considered to represent an important, yet hardly

quantified carbon source to the benthic boundary layer 
and the hydrosphere.

M icrobial m ethanotrophy was early recognized as an 
im portant control m echanism  for m ethane flux in sedi­
m entary environm ents dom inated by slow pore w ater 
fluid flow and diffusion as well as in freshw ater systems 
and soils (cf. Reeburgh2007, and references therein). In 
recent years the anaerobic oxidation of m ethane 
(AOM) has been identified as the major pathw ay of 
m ethane consumption for a w ide range of cold seep 
ecosystems (cf. Judd  & Hovland 2007) releasing bicar­
bonate and sulfide into the pore water. Elevated fluxes 
of m ethane and sulfide support unique chemosynthetic 
seep communities (Levin 2005 and references therein), 
w hich w ere also observed to constitute major faunal e l­
em ents in subm arine m ud volcano ecosystems e.g. at 
the Costa Rica margin, at the Hâkon Mosby m ud vol-
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cano in the Barents Sea and seaw ard of the Barbados 
accretionary prism (Olu et al 1997, Pimenov et al. 1999, 
Smirnov 2000, G ebruk et al. 2003, Linke et al. 2005, 
Jerosch et al. 2007). The presence of chemosynthetic 
communities w ith particular dom inance of tubeworm s 
of the genera Siboglinum, Polybrachia and Oligob­
rachia and also species of the bivalve mollusks Acharax 
and Lucinoma have been reported  in m ud volcanoes in 
the Gulf of Cadiz (Pinheiro et al. 2003, Cunha et al. 
2005, Rodrigues & Cunha 2005). However, apart from 
these observations, there is a lack of studies classifying 
distinct seep habitats at m ud volcanoes in the Gulf of 
Cadiz in relation to their geochem ical environm ent and 
seabed m ethane emission.

There are few studies to date on the emission of 
m ethane into the w ater column at cold seeps. Avail­
able estim ates are based  on different methodological 
approaches (cf. W allmann et al. 2006). In situ  m easure­
m ents of the emission of dissolved m ethane are con­
fined to a few prom inent regions, such as the Hydrate 
Ridge off Oregon (Torres et al. 2002, Sommer et al.

2006) or m ud volcanoes at the Costa Rica m argin 
(Linke et al. 2005). As cold seep ecosystems are very 
diverse even on m eter scales and below, benthic cham ­
ber flux determ inations represent spatially confined 
site-specific spot m easurem ents for distinct chem osyn­
thetic habitats and no attem pt has been m ade to 
extrapolate these fluxes for w ider areas. Jerosch et al.
(2007) provided detailed maps of different habitats and 
lithologies of the H âkon Mosby m ud volcano but the 
different provinces w ere not related  to sedim ent geo­
chemistry and fluxes. To estim ate the seabed m ethane 
emission from an entire m ud m ound off Costa Rica, 
M au et al. (2006) related video-based m apping of 
chem osynthetic habitats w ith release rates of m ethane 
that w ere published for similar habitats but at different 
geographical regions.

In the present study we, firstly, aim ed to estim ate the 
overall emission of dissolved m ethane from the C ap­
tain Arutyunov m ud volcano (CAMV) by relating dis­
tribution patterns of distinct benthic habitats w ith in 
situ m easurem ents of m ethane fluxes taken  w ith ben-
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thic flux cham bers. Secondly, to further understand the 
functional role of m etazoan seep organism s and their 
contribution to the regulation of seabed m ethane em is­
sion, we attem pt to bring together their distribution 
patterns, m ethane fluxes and pore w ater geochemistry.

MATERIALS AND METHODS

Study area and sediment sampling. During cruise 
1/3 of the RV 'MS M erian' in 2006 (MSM 1/3), we con­
ducted in situ flux m easurem ents of m ethane at the 
CAMV at about 1320 m depth  in the central Gulf of 
Cadiz (Figs. 1 & 2; Table 1). M ud volcanism in this area 
seems to occur largely under tectonic activity with 
seepage structures preferentially located along major 
strike slip faults or at the intersection of these faults 
(Pinheiro et al. 2003). The elevation of the conical 
shaped CAMV above the surrounding sea floor 
amounts to about 100 m. The fluids originate from clay 
mineral dehydration at a sedim ent depth  of about 
5000 m (Hensen et al. 2007). However these fluids also 
carry a clear signal of halite dissolution (Hensen et al.
2007). The halite seems to be part of the allochthonous 
masses that m igrate downslope from the Iberian and 
M orroccan continental m argins towards the Atlantic 
Ocean (Maestro et al. 2003). The stable carbon isotope 
ratio of the ascending m ethane gas indicates its origin 
to be a mixture of microbial and therm ogenic sources 
(-48.3 % o  VPDB, H ensen et al. 2007). The sedim ents

are generally composed of unstructured grey to grey- 
brown clay interspersed with m ud clasts of various 
sizes. Partly, degassing structures have been  observed 
that result from gas hydrate dissociation.

Sedim ent sam pling was conducted using benthic 
observatories and a TV-guided multiple corer (MUC). 
The MUC retrieved up to eight 10 cm diam eter sedi­
m ent cores of a maximal length of about 35 cm. Upon 
recovery these cores w ere immediately transferred to a 
coolroom for further processing.

Benthic observatories. In situ flux m easurements were 
conducted using the Biogeochemical Observatory 
(BIGO) and the Fluid Flux O bservatory (FLUFO) as d e ­
scribed in detail by Sommer et al. (2006) and Sommer et 
al. (2008). Each observatory contained 2 circular cham ­
bers (internal 0  28.8 cm; area 651.4 cm2), herein referred 
to as EX and CO in BIGO, and FLUX and BU in FLUFO. 
A TV-guided launching system allowed smooth p lace­
m ent of the observatories at selected sites on the sea 
floor. Two to 3 h after the observatories w ere placed on 
the sea floor the cham bers w ere slowly driven into the 
sedim ent (~ 30 cm I r 1). The w ater volume enclosed by 
the benthic cham bers was in the range of 10.1 to 19.5 1, 
depending on penetration depth  of the chamber. To 
trace seabed m ethane emission during each deploy­
ment, 8 sequential w ater samples (-47 ml) w ere taken 
from each of the EX, FLUX and BU cham bers by means 
of glass syringe w ater samplers. From cham ber CO, 16 
w ater samples w ere taken. Cham ber m easurem ents 
w ere conducted for different time periods in the range of 

39.1 to 66 h as defined from the time interval 
betw een the first and the last w ater sample 
(Table 1). During the four deploym ents of 
BIGO (BIGO 1,2,3,4), the am bient w ater 
body was monitored employing an extra sy­
ringe w ater sam pler (8 samples).

The EX cham ber was equipped w ith a 
gas exchange system to keep the oxygen 
concentration constant. The technical 
design of this gas exchange device and 
results of second and third deploym ents of 
EX (BIGO 2EX and BIGO 3EX) have been 
described by Sommer et al. (2008). The CO 
cham ber was flushed w ith am bient seaw a­
ter at the beginning of the incubation and 
subsequently at different time intervals (cf. 
Fig. 6) to detect tem poral variability of 
m ethane emission. The operation of the 
FLUX and BU cham bers w as similar to CO, 
except that the cham ber w ater was not 
replaced and only 8 w ater samples w ere 
taken  during the incubation. All m ethane 
emission m easurem ents w ere conducted 
under oxic conditions. The oxygen concen­
tration in all cham bers did not fall below
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T able  1. B enthic sta tions in v es tig a te d  a t C ap ta in  A ru tyunov  m u d  volcano du rin g  a c ru ise  of th e  RV 'M erian ' (MSM 1/3). Tinc d e ­
n o tes th e  in cu b a tio n  tim e of ch am b er m easu rem en ts . C H 4 em ission  ex p ressed  in  m m ol n r 2 d_1. For th e  classification  of th e  h a b i­
ta t see  'Results; Seafloor observation '. M U C 10 a n d  BIGO IC O  w h e re  siboglin ids w e re  ab sen t b u t n u m ero u s clasts w e re  v isible 
on th e  sed im en t su rface  w e re  classified  as clast h ab ita t. BIGO: B iogeochem ical O bservatory ; FLUFO: F lu id  Flux O bservatory ,

BWS: bo ttom  w a te r  sam pler; MUC: m ultip le  corer; nd: no t d e te rm in ed

S tation D ate (2006) Position D ep th  (m) Ttac.(h) C H 4 em ission H ab ita t

BIGO IC O 27 A pr 3 5 °3 9 .6 7 3 'N  
07° 1 9 .974 'W

1317 63.3 0.450 C last

BIGO 1EX 27 A pr 3 5 °3 9 .6 7 3 'N  
07° 1 9 .974 'W

1317 64.2 0.080 C last

BIGO 2EX 1 M ay 3 5 °3 9 .7 0 1 'N
07°20 .011 'W

1320 56.2 0.200“ C last

BIGO 3EX 7 M ay 35 °3 9 .7 0 0 1 'N
07°20 .012 'W

1320 61.2 0“ C last

BIGO 3C O 7 M ay 35 °3 9 .7 0 0 1 'N
07°20 .012 'W

1320 61.4 n d C last

B IG 0  4C O 13 M ay 3 5 °3 9 .7 0 0 'N
07°20 .011 'W

1318 39.1 0.439 C last

FLUFO 4BU 5 M ay 3 5 °3 9 .6 9 7 'N
07°20 .007 'W

1325 43.9 0.001 Siboglin id

FLUFO 5BU 13 M ay 3 5 °3 9 .7 0 5 'N
07°20 .013 'W

1318 66.0 0.042 C last

FLUFO 5FLUX 13 M ay 3 5 °3 9 .7 0 5 'N
07°20 .013 'W

1318 66.0 0.661 C last

BWS 4 5 M ay 3 5 °3 9 .7 0 2 'N
07°20 .012 'W

1321 - - n d

BWS 7 10 M ay 3 5 °3 9 .7 0 0 'N
07°20 .015 'W

1320 - - n d

M U C 9 28 A pr 3 5 °3 9 .6 6 8 'N  
07° 1 9 .970 'W

1316 - - Siboglin id

M U C 10 1 M ay 3 5 °3 9 .7 0 0 'N
07°20 .011 'W

1318 - - C last

M U C 15 12 M ay 3 5 °3 9 .6 9 6 'N
07°20 .013 'W

1322 - - Siboglin id

“M eth an e  fluxes p u b lish ed  b y  Som m er e t al. (2008)

102 pM (the value from the first CO deployment, BIGO 
ICO), the bottom w ater oxygen concentration varied 
betw een 222 to 231 pM (Sommer et al. 2008).

After the in situ m easurem ents, the incubated sedi­
m ents w ere retrieved for onboard pore w ater analyses. 
Immediately after retrieval of the observatories, we 
took onboard sedim ent sub-sam ples using plastic 
cores w ith diam eters of 6 and 10 cm for analysis of 
m ethane and pore w ater chemistry, respectively. The 
sub-sam ples w ere promptly transferred to the cool- 
room, w hich was m aintained close to in situ tem pera­
ture (4 to 8°C) for further sample processing.

A bottom w ater sam pler (BWS) was deployed to col­
lect 14 w ater samples up to 100 cm above the sedim ent 
surface. The design of the BWS is based on the tripod 
lander frame, w hich houses a sam pling lance in its 
center. This lance carries 14 sam pling ports whose v er­
tical resolution can be set in 1 cm intervals. Sampling is 
conducted using glass syringe w ater samplers iden ti­
cal to those used in the observatories. During deploy­

m ent the BWS rem ained te thered  to the ship. Sampling 
was controlled using an online video system. To avoid 
sam pling of suspended sedim ent particles and gases 
released from the sea floor due to disturbance, w ater 
sam pling was actuated about 30 to 45 min after p lace­
m ent of the BWS on the sea floor.

Methane. M ethane concentrations of the w ater sam ­
ples obtained by the BWS, as well as w ater and sedi­
m ent samples taken  by the observatories, w ere d e te r­
m ined by a modified 'head  space' analysis (Linke et al. 
2005). Immediately after retrieval of the observatories, 
10 ml of the syringe w ater samples w ere carefully 
transferred into a septum -stoppered 21.6 ml glass vial 
containing 3 g NaCl. The volume of the resulting head 
space was 10.2 ml. M ethane concentrations in sedi­
m ent cores w ere determ ined in 1 cm intervals down to 
a depth  of 14 cm followed by 2 cm intervals. From each 
depth  horizon, a 1.6 ml sub-sam ple was transferred 
into a septum -stoppered glass vial containing 6 ml of 
saturated NaCl solution and 1.5 g of NaCl in excess.
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The volume of headspace was 13.3 ml. Within 24 h, the 
m ethane concentration in the headspace was d e te r­
m ined using a Shimadzu GC 14A gas chrom atograph 
fitted w ith a flame ionization detector and a 4 m x 
% inch Poraplot Q (mesh 50/80) packed column. Prior 
to the m easurem ents the samples w ere equilibrated 
for 2 h on a shaking table. Precision to reproduce a 
m ethane standard of 9.98 ppm  was 0.2 %.

Seabed m ethane emission in the FLUX and BU cham ­
bers was calculated from the slope of the linear reg res­
sion of the m ethane concentrations versus time. M ethane 
flux in the CO cham ber was calculated in the same way; 
however only the first time period prior to the second 
cham ber w ater exchange was considered (cf. Fig. 6) to 
be com parable to the flux m easurem ents m ade in the 
FLUX and BU chambers. The calculation of the m ethane 
flux in the EX chamber, which was connected to a gas 
exchange system, has been  described by Sommer et al.
(2008). As all m easurem ents w ere m ade under oxic con­
ditions, the m ethane flux rates of the different cham bers 
are assum ed to be comparable, driven by naturally oc­
curring processes, and not affected by changing redox 
conditions inside the chamber.

M ethane concentrations in the w ater samples 
retrieved by CTD/water rosette casts w ere m easured 
using the vacuum  degassing m ethod of Lammers & 
Suess (1994) as modified by Rehder et al. (1999). We 
put 1600 ml of w ater into pre-evacuated  2200 ml glass 
bottles closed w ith valve caps to avoid air contam ina­
tion. A calibrated flow m eter (Engolit Flow-Control 
100s DMK) was used to determ ine the precise volume 
transferred into the glass bottles. M ethane concentra­
tion was determ ined as described above. Comparison 
betw een the head  space m ethod and the vacuum  
degassing m ethod w as not conducted.

Stable isotope composition of m ethane carbon was 
determ ined using a continuous flow GC-IRMS 
(Thermo Finnigan Trace GC2000/Thermo Finnigan 
MAT 253). For calibration, C 0 2 gas (-24.6 % o  VPDB, Air 
Liquide Iso Top) was used as a standard. Average 
precision to reproduce this standard was 0.03 % o .

Pore water chemistry. The sedim ent was extruded 
out of the plastic liner and cut into 1 to 2 cm slices. Sub­
sequently, the pore w ater was extracted using a low- 
pressure squeezer (argon at 1 to 5 bar). While being 
squeezed out, the pore w ater was filtered through 
0.2 pm cellulose acetate Nuclepore filters and collected 
in recipient vessels. Squeezing of the sedim ent sam ­
ples might squash the siboglinids and other infaunal 
organisms, releasing solutes into the pore-fluid. These 
effects w ere not considered during the analyses.

O nboard, the collected pore w ater samples w ere 
analysed for their content of total alkalinity (TA), chlo­
ride, sulphate and sulfide. In addition, -5  ml of wet 
sedim ent w ere collected and stored at about 4 to 8°C

for the determ ination of porosity at the IFM-GEOMAR 
shore-based laboratory.

Pore w ater TA was determ ined by titration with 
0.02N HC1 using the Tashiro indicator, a mixture of 
methyl red  and m ethylene blue. The titration vessel 
was bubbled w ith nitrogen to strip any C 0 2 and H2S 
produced during the titration. The International Asso­
ciation for the Physical Sciences of the Oceans (IAPSO) 
seaw ater standard was used for calibration of the 
m ethod w ith an accuracy of 0.01 mEq L1.

The pore w ater chloride and sulfate content w ere 
determ ined by ion chrom atography (Metrohm ion 
chrom atograph w ith a conventional anion-exchange 
column); carbonate-bicarbonate solution was applied 
as an eluent. Again, the IAPSO seaw ater standard was 
used for calibration, w ith a relative precision of <5%. 
Pore w ater sulphide concentrations w ere analyzed on 
board using standard photometric procedures 
(Grasshoff et al 1983).

Sedim ent porosity was determ ined by m easuring the 
w eight before and after freeze-drying the w et sedi­
m ent sample and then transform ing the w eight differ­
ence into a volume ratio (volume of pore w ater/volum e 
of bulk sediment) assum ing a dry sedim ent density of
2.5 g c n r 3 and a seaw ater density of 1.024 g c n r 3.

D etailed descriptions of the m ethods are available at 
http://w w w .ifm -geom ar.de/index.php?id=1858&L=l.

Video imaging and areal methane flux. Four video 
tracks w ere conducted (173, 204, 207, 345; Fig. 1), along 
w hich surface sedim ents of the CAMV w ere video­
m apped to elucidate zones w ith distinct lithologie fea­
tures and fauna related  to geochem istry and seabed 
m ethane emission (Figs. IB & 2). Seafloor observation 
was conducted with a towed ocean floor observation sys­
tem (OFOS) equipped with a video and still camera. This 
system was towed -2  m above the seafloor at a velocity 
of about 0.5 m s-1. The aperture of the video cam era was 
58° in horizontal direction of the image, representing -2  
m. During Tracks 173, 204, and 207, short sequences of 
video recordings (2 s) w ere taken  every 30 s. During 
Track 345 video recording was continuous. Using the 
time label of the video images in relation to the DVS ship 
navigation data, the video im ages w ere geo-referenced 
using ESRI Arc M ap 9.1 w ith the extension Adelie-GIS: 
underw ater vehicle da ta  post-processing tools (IFRE- 
MER Vers. 1.8). The entire length of the video profiles 
was -7278 m, covering an area of -14 556 m2, analyzed 
by visual inspection. The video sequences, still pho­
tographs and macroscopic photographs from sediment 
surfaces retrieved from observatory- and MUC deploy­
m ents allowed identification of typical sea floor features 
and fauna as well as localization and quantification of the 
area covered by these specific entities. The areas of the 
habitats w ere calculated using an average w idth of 2 m 
of the sea floor image and the distance covered by the re ­

http://www.ifm-geomar.de/index.php?id=1858&L=l
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spective habitat alongside the different tracks. Area- 
wide seabed m ethane emission was calculated by m ulti­
plying these areas with the m ethane emission rates m ea­
sured in benthic cham bers presum ed to be typical for 
these habitats.

RESULTS 

Seafloor observation

The features of the areas used to identify specific 
habitats included areas w ith abundant patches or a r­
eas almost entirely populated by siboglinid tubeworm s 
(Figs. 3A,B & 4) and areas w ith num erous m ud clasts 
on the sedim ent surface (Figs. 3G,H & 4). Occurrence 
of shell debris (Fig. 3G) was further used to character­
ize the seafloor. Presence of clasts and shell debris was 
only noted w hen their coverage of the sea floor rep re ­
sented >2%  per image. Presence of live gastropods 
(Fig. 31, arrows), corals as well as furrows (Fig. 31) in 
the sea floor was recorded. Conspicuous conical 
shaped casts of sedim ents (Fig. 3L), caused by biotur- 
bating m etazoans w ere also included in m apping.

Presence of dense siboglinid assem blages, which on 
the video im ages can only be resolved as brownish 
bush-like structures, w as verified by comparison with 
sedim ents retrieved during the FLUFO 4BU deploy­
m ent (Fig. 3C-E) w ith a video im age showing the loca­
tion of cham ber retrieval (Fig. 3B, encircled C). This 
photo clearly shows the brownish bush-like structures 
close to the footprint left by the benthic chamber. W hen 
zooming in, the tubes of the siboglinids, which also are 
visible at the sedim ent surface of the benthic cham ber 
(Fig. 3C,D) can be detected  at the edge of the footprint.

We identified 3 habitats w ith relevance to the q u an ­
tification of sea floor m ethane emission: the siboglinid 
habitat, the clast habitat and an area dom inated by 
conical sedim ent casts.

Siboglinid habitat

Sediments w ith extrem ely abundant colonies of small 
siboglinid tubeworm s are hereafter referred  to as si­
boglinid habitat (Figs. 3A -F & 4). Post-cruise taxonom- 
ical investigations of the siboglinid tubeworm s re ­
vealed that 3 different species (Hilario et al. 2008) of 
frenulate tubeworm s w ere present at CAMV, of which 
a description will be published elsew here. These com ­
prise 2 different species belonging to the genus Sibo­
g linum — one not further identified and the other S. p o ­
seidoni. The third species is assum ed to be a m em ber of 
the genus Polybrachia. During the cruise we could not 
distinguish betw een these species, hence we cannot re ­

port on either their spatial distribution or the composi­
tion of tubew orm  assem blages at the different sites.

Two areas of the siboglinid habitat w ere found atop 
CAMV and at its northern flank (Figs. IB & 2, red  dots). 
Sediments retrieved from MUC 9, MUC 15, and partic­
ularly FLUFO 4BU, revealed dense populations of these 
tubeworm s with abundances of up to 17 500 individuals 
n r 2 (MUC 15) Due to time constraints, the abundance 
of the siboglinids was only determ ined for MUC 15. The 
anterior ends of the worms' tubes extended into the w a­
ter column for 3 to 4 cm (Fig. 3D), creating dense 
'forests' above the sedim ent-w ater interface (Fig. 3E). 
The view  from above on the sedim ent surface in 
FLUFO 4BU revealed that these siboglinid assem ­
blages are set off from the grey sedim ent as brownish 
tufts w hich cover approxim ately 66% of the benthic 
cham ber area (Fig. 3C). On a spatial scale of several 
meters, the distribution of the siboglinid assem blages 
occurred either in elongated strands or in ring struc­
tures (Fig. 4). These patterns might be related  to differ­
ent fronts of m ud flow, w here younger m ud flows over­
lie older ones. On this scale the siboglinid habitat 
appeared  relatively homogeneous, almost w ithout the 
presence of m ud clasts at the sedim ent surface. Two in ­
dividuals of the solitary coral Caryophyllia sp. w ere 
found in the cham ber of FLUFO 4BU. Only a few small 
patches (cm) of microbial mats w ere observed within an 
area densely populated by siboglinids (Fig. 2). Inside 
the grooves not populated by siboglinids, abundant live 
gastropods w ere observed (Fig. 31). Evidence for gas 
hydrates buried a few centim eters beneath  the sedi­
m ent surface was obtained at site MUC 15.

Clast habitat

In this habitat, clasts of numerous unsorted m ud stones 
are visible at the sediment surface, often associated with 
gastropods and shell debris (Figs. 3G & 4). An exam ple 
of a clast habitat enclosed in the benthic cham ber of 
BIGO 3CO is shown in Fig. 3H. In the clast habitat si­
boglinids w ere present to a varying extent but not as 
dom inant as in the siboglinid habitat. If present at all, 
they formed only small patches on the sediment surface; 
often they w ere only detected  during processing of the 
sedim ent samples. With the resolution provided by the 
video and still im ages it was not possible to distinguish 
betw een zones of low abundance or absence of siboglin­
ids w ithin the clast habitat. Thus, BIGO ICO  and MUC 
10; w here no siboglinids w ere found but m any clasts 
w ere visible on the sedim ent surface; w ere assigned to 
the clast habitat.

Extended clast habitats (Figs. IB & 2, orange dots), 
observed at the fringes of the siboglinid habitat, w ere 
present atop of northeastern CAMV and at the north-
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Fig. 3. F au n a l g roups a n d  lithological fe a tu res  u se d  to charac te rize  d istinct bio ta: (A) d en se  accum ulations (o live-g reen  spots) of 
s iboglin id  tubew orm s; (B) se ttlem en t p a tte rn s  of sibog lin id  tu b ew o rm s (o live-green  spots) an d  foot p rin ts  of th e  ch am b er (encir­
c led  C, 0  29 cm) a n d  b a lla st w e ig h ts  left from  th e  fo u rth  dep loym en t of th e  F lu id  Flux O bserv a to ry  (FLUFO 4); (C) v iew  from  th e  
to p  on  a  sed im en t su rface  en closed  by  a  b en th ic  ch am b er (FLUFO 4BU) w ith  siboglin ids ex ten d in g  th e ir  an terio r e n d  of th e  tu b es  
in to  th e  w a te r colum n form ing  d en se  p a tc h es  (arrow : solitary  coral C aryophyllia  sp.); (D) close-up  of th e  sed im en t su rface  show n  
in  C (rec tang le  D), d isp lay ing  filam en t-like  tu b es  of th e  siboglin ids b e y o n d  th e  g rey  sed im en t surface; (E) side  v iew  in to  th e  
ch am b er show n  in  C, tu b es  ex ten d in g  in to  th e  w a te r colum n form ing  d en se  'fo rests ' above th e  sed im en t surface; (F) c lose-up  of 
th e  su rface  sed im en t (T V -guided m ultip le  corer d ep loym en t 15 [M UC 15]) w ith  sibog lin id  tubes; (G) m u d  clasts an d  few  p a tch es  
of s iboglin id  tubew orm s; (H) v iew  from  th e  to p  in to  a  b en th ic  ch am b er d isp lay ing  a sed im en t su rface  ch arac te rized  b y  n u m ero u s 
clasts (B iogeochem ical O bserv a to ry  d ep loym en t 3, b e n th ic  ch am b er CO [BIGO 3CO[); (I) groove in  th e  seafloor p o p u la te d  by  
a b u n d an t live g astropods (arrows); (J) slid ing  tra c k  of a  lan d e r (BIGO 4) re v ea lin g  shallow  gas h y d ra te s  b u ried  only a few  cm  b e ­
low  th e  sed im en t surface; (K) gas cav ern  left from  d issociating  gas h y d ra te s  d u rin g  re triev a l of M U C  15; (L) sed im en t su rface  at 
th e  flanks of CA M V  disp lay ing  conical sh a p e d  m u d  casts (bright grey, arrow s). Scale bars: C, E, H: 5 cm; D, F: 1 cm; J: 50 cm
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20 cm

Fig. 3 (continued)

ern, southern and eastern  upper flanks. In this envi­
ronment, gas hydrates buried beneath  a thin sedim ent 
layer (<10 cm) w ere revealed from tracks caused from 
a lander sliding downhill after placem ent on the 
seabed (Fig. 3J).

w ere found. Presence of conspicuous conical shaped 
sedim ent casts (Fig. 3L, arrows) indicated intense bio- 
turbation. At the mid-slope of the southern flank of the 
m ud volcano small cold-water coral colonies w ere 
observed.

Conical sedim ent casts Methane in the water column

In the sector covering ~ 10° to ~ 190° of the CAMV Only w eak emission of free gas from CAMV into the
and at its flanks seabed morphology changed and no w ater column was detected  during the hydro-acoustic
further indications of fluid/gas seepage and m ud flow survey. M ethane concentrations in the bottom -5  m of
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the w ater column m easured along a spatial 
grid atop the northw estern section of the 
CAMV reached  ~8 nM, slightly higher than 
the background of 2 nM (Fig. 1C).

Vertical m ethane profiles in the bottom w ater 
in the area with patchily distributed siboglinids 
and clasts (BWS 4, BWS 7) w ere highly variable. 
With increasing distance from the sea floor, 
m ethane levels decreased rapidly (Fig. 5). 
During BWS 7 deployment, an extrem ely high 
m ethane concentration (-20 000 nM) was 
m easured, w ith a 513C value of -49.6 % o . 

M ethane carbon isotopic composition during 
BWS 4 showed very high 513C values of up to 
-4.1 % o  close to the sed im ent-w ater interface 
but this value dropped to -49  %o with increasing 
distance from the sea floor.

Bottom-water m ethane concentrations m ea­
sured during the different lander deploy­
m ents (BIGO 1, 2, 3, 4) at -  30 cm above the 
sedim ent surface w ere as high as 417 nM, sig­
nificantly higher than  background levels. The 
highest m ethane bottom -w ater levels w ere 
found during deploym ents BIGO 2, 3 and 4, 
w hich w ere located in the clast habitat.

Seabed methane emission

-c <n .■t; T3 
5 °  Z °-Mt  <«3 TO O)

-Gra
M_ra
O

Fig. 4. T ransition  b e tw e e n  th e  clast h a b ita t a n d  th e  siboglin id  h a b ita t 
se p a ra te d  b y  a g roove p o p u la te d  by  gastropods. (A, B) circular a n d  e lo n ­
g a te d  colonization  p a tte rn s  of siboglin ids, offset from  th e  b rig h t se d i­
m en t as d a rk ish  struc tu res; (C) clast h a b ita t w h e re  n u m ero u s clasts of 
m ain ly  m u d sto n es w e re  v isib le  on  th e  sed im en t surface. Scale: 10 cm. 
lm  sca le  b a r  re fe rs  to th e  com posite  im age. T he foot p rin t left by  th e  
ch am b er FLUFO 4BU (cf. Fig. 3 C -E ) is d e n o te d  as a  w h ite  circle w hich  

is d raw n  to  scale. A b b rev ia tions as in  Fig. 3

In total, 8 benthic cham ber m easurem ents 
of seabed m ethane emission w ere conducted 
atop CAMV, w ith values ranging from 0 to 
0.66 mmol n r 2 d-1, (Table 1, Fig. 6). Seabed 
m ethane emission from the siboglinid habitat 
was very low (FLUFO 4BU: 0.001 mmol n r 2 
d-1, n: 1) com pared to the clast habitat (range: 
0 to 0.66 mmol n r 2 d_1; 0.27 ± 0.25 mmol n r 2 
d_1 [mean ± SD]; n: 7), including BIGO ICO, 
w here num erous clasts but no siboglinids 
w ere detected  (Table 1, Fig. 6). Temporal vari­
ability of m ethane flux during the different 
cham ber incubations was low, except for 
BIGO ICO. During the BIGO ICO  flux m ea­
surem ent, the cham ber w ater was replaced 3 
times. In the first period, m ethane flux 
(0.45 mmol n r 2 d_1) was 4.5-fold higher than 
the m ethane flux (0.1 mmol n r 2 d_1) m easured 
after the cham ber w ater had been  replaced 
for the second time. Temporal variability of 
m ethane emission from another clast habitat 
(BIGO 4CO) during 3 time periods w as low 
(0.44 ± 0.06 mmol n r 2 d_1). Due to rough sea 
floor topography, it was not possible to con­
duct m ethane flux m easurem ents above the 
grooves densely populated by gastropods.
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The video imaging covered a seepage area of ~1896 m2 
atop CAMV, from which 22 % was classified as siboglinid 
habitat and the rem aining 78% as clast habitat. Presum ­
ing a methane flux of 0.001 mmol n r 2 d_1 for the siboglinid 
habitat, m ethane emission from this area amounts to 0.4 
mmol d_1. Unfortunately, we w ere not able to conduct

replicate flux m easurem ents in the siboglinid habitat. 
Only after intense post-cruise image processing w ere we 
able to identify the brownish strands on the video images 
(Figs. 3A,B & 4) as dense patches of siboglinids. In com­
parison to the siboglinid habitat, average m ethane emis­
sion from the clast habitat was 399 mmol d_1.
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Fig. 5. Left p anel: m e th a n e  concen tra tions in  th e  b o ttom  w a te r d u rin g  d ep loym en t of bo ttom  w a te r  sam plers (BWS) 4 a n d  7;
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Siboglinid habitat Clast habitat
60 FLUFO 4BU

55

45

40 y=0.1789x + 37.862

0 10 20 30 40 50

1200

1000
?c 800
<1)C03 600JZ
0)
s 400

200

Clast habitat 
BIGO 4CO

o

o
y = 61.062x + 71.978

10 20 30
Tim e (h)

40 50

10000 FLUFO 5
FLUXy=117.28x + 345.118000

6000

4000

2000 y=8.2647x + 190.92
BU

0 20 40 60 80

Clast habitat/no siboglinids
BIGO 1CO3000

y = 8 6 .1 1 3 x -257.11
2500

1500

1000

500

0 20 40 60 80
Tim e (h)

Fig. 6. T im e course of m e th a n e  co n cen tra tio n  in  th e  b o ttom  w a te r  en closed  by  b en th ic  ch am b ers (BU, FLUX, CO) at th e  siboglin id  
an d  clast h ab ita t. In s itu  fluxes w e re  ca lcu la ted  u s in g  th e  slope of th e  lin ea r reg ressions. F illed trian g les  a n d  v e rtica l d a sh e d  lines 
in d ica te  th e  tim e w h e n  th e  w a te r  bod y  of th e  b en th ic  ch am b er h as b e e n  ex ch a n g ed  w ith  am b ien t w a te r  d u rin g  dep loym en t 

of BIGO IC O  a n d  BIGO 4CO . A b b rev ia tions d e fin ed  in  'B enthic o b se rv ato ries ' sub sec tio n  of 'M ateria ls a n d  m eth o d s '
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Vertical distribution of siboglinid tubeworms

We carefully p repared  a sedim ent core containing 
gas hydrates retrieved from -16  cm below the sedi­
m ent surface cm during deploym ent of MUC 15 to d e ­
term ine the depth  distribution of siboglinids. After 
gently w ashing away the upperm ost surface (-5 mm) 
of the sediment, the anterior end  of the tubes, whose 
coloration appeared  translucent and milky white, b e ­
came visible (Fig. 3F, view  of the exposed sedim ent 
surface of the sedim ent core). Below the sedim ent sur­
face, the middle part of the tubes appeared  red. At sed ­
im ent depths of 6 to 9 cm, the lower distribution limit of 
the siboglinids was reached. At these depths the col­
oration of the posterior tubes changed again into a 
translucent milky white. However, tube lengths of up 
to 25 cm, w hich likely belong to a different tu b e­
worm species, w ere also reported  from CAMV (O. 
Pfannkuche et al. unpubl.). Bivalve mollusks of the 
genus Thyasira, w hich live buried several centim eters 
below the sedim ent surface, occurred sporadically. At 
all sites characterized by the presence of siboglinids, 
except from FLUFO 4BU, num erous different-sized 
clasts of (mostly) m udstone occurred throughout the 
entire sedim ent column.

Scanning electron microscope (SEM) analysis of a si­
boglinid tube (0  -100 pm) revealed a complex struc­
ture, w here thicker, apparently  m echanically more ro ­
bust rings were connected to each other with thin chitin 
layers, forming a flexible structure (Fig. 7). It appears 
that flexible, thinner chitinous tissues connect thicker 
rings that constitute the basic structure throughout the 
entire length of the tube. The rings are composed of 
several layers of densely 'woven' chitin fibres. Given 
the spatial resolution used for SEM analyses we did not 
find any pores in the tube wall. The inside and outside 
of the tube w ere very clean and no bacteria or other 
organism s attached to it w ere discerned.

Sediment geochemistry

M ethane

The occurrence of abundant siboglinid tubeworm s at 
CAMV was related  to high pore w ater m ethane con­
centrations of up to 5.3 mM (Fig. 8). At these sites 
(MUC 9, MUC 15, FLUFO 4BU), the depth  of the onset 
of increased pore w ater m ethane levels was betw een
5.5 and 7.5 cm, and associated w ith the penetration 
depth  of the siboglinid tubes. Above this transition 
zone, m ethane concentrations w ere <3 pM. In the clast 
habitat areas, the m ethane front was located either in 
deeper sedim ent horizons and was associated with 
comparatively low m ethane concentrations (BIGO 
3CO), or this zone was very close to the surface and 
associated w ith high sulfide concentration of up to 
1.9 mM. In clast habitats w here siboglinids w ere 
absent, the m ethane-non-m ethane transition zone 
was located either too deep, exceeding the lower d is­
tribution limit of the tubeworm s (MUC 10), or the 
m ethane concentrations in the upperm ost 10 cm sedi­
m ent layer w ere <1 pM (BIGO ICO, not shown).

A detailed view  of the pore w ater m ethane profiles in 
the upperm ost 9 cm of the sedim ent shows that at the 
siboglinid habitat (MUC 15, FLUFO 4BU), slightly e le ­
vated m ethane levels at the sedim ent surface w ere 
m easured that w ere not apparent in the clast habitat. 
MUC 9 w as not included in Fig. 9, as the sediment 
samples for m ethane w ere taken  at larger vertical 
increments. M ethane minima generally occurred in 
the upper sedim ent at 1.5 to 2.5 cm depth.

M ethane carbon stable isotope composition was 
m easured for the sites FLUFO 4BU, MUC 15, MUC 9 
and MUC 10 (Fig. 8). The vertical profiles from all 
these sites display a pronounced peak  of heavier 
m ethane, indicating intense anaerobic m ethane oxida­
tion. The depth  of this peak is related to the zone

Fig. 7. S can n in g  e lec tro n  m icroscope im ag es of th e  ou tside  a n d  in side  of th e  sibog lin id  tub e . T he sp a tia l scale  is d e n o ted  in  th e  
b lack  bar. A se q u e n ce  of m u ltilay e red  th ick e r chitin  rin g s (2) lin k e d  to eac h  o ther w ith  th in n e r chitin  tissu es (1) form  th e  tu b e

s tru c tu re  a n d  likely  p rov ide  m ech an ica l flexibility
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w here m ethane becom es almost depleted. At MUC 15, 
a distinct negative isotopic excursion of m ethane was 
determ ined just below the zone of intense m ethane 
oxidation betw een 11.5 and 15 cm depth. During 
recovery of MUC 15, gas hydrates, buried

below -15 cm sedim ent depth, dissociated, creating a 
gas-filled cavern in the sedim ent w ith a volume of 
-353 cm3 (Fig. 3K). The 513C value of free m ethane gas 
from this cavern was -51.3 %o. Astonishingly, the sur­
face sedim ent above the cavern was not destroyed due
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Figure  9: M e th an e  p o re  w a te r co n cen tra tio n  profiles d ep ic ted  
in  Fig. 8 for th e  u p p e rm o st 9 cm of th e  sed im en t

to rising gas bubbles. Below this zone the m ethane was 
depleted, w ith 13C displaying an isotope signature of 
around -5 0  %o.

Sulfate, sulfide, TA, chloride

Although some sedim ent cores w ere very short, the 
formation or onset of a sulfate-m ethane reaction zone 
with an associated increase of dissolved sulfide and TA 
was discerned at all sites (Fig. 8). Unfortunately, sul­
fide m easurem ents by FLUFO 4BU and MUC 9 are not 
available. However, the distinct increase in TA indi­
cates the presence of sulfide in the pore water.

Pore w ater profiles of m ethane versus sulfate in the 
siboglinid habitat displayed very different patterns. At 
MUC 15, the sulfate concentration did not change in 
the upper 8 cm; below this depth  it decreased sharply. 
W hereas at MUC 9 and FLUFO 4BU, sulfate decreased 
almost linearly w ith depth, implying diffusive sulfate 
transport to deeper sedim ent layers, w here it is r e ­
duced via AOM.

In the clast habitats, the sulfate-m ethane reaction 
zone is either located very deep and is therefore ou t­
side the maximum penetration depth  for some 
siboglinid tubes (MUC 10, BIGO 3CO), or it is located 
very close to the surface (BIGO 4CO).

At all sites, chloride concentrations w ere elevated in 
comparison to the background seawater value (560 mM), 
indicating input of more saline fluids from below (Fig. 8). 
At the siboglinid habitat, chloride concentrations above 
the m ethane front w ere lower than those of the deeper 
sedim ent horizons. In sedim ents not colonized w ith si­
boglinids (MUC 10), salinity of the pore w ater did not 
distinctively change w ith depth, except for a small 
chloride minimum at 5cm depth.

Small-sized siboglinid tubeworm s are a prom inent 
faunal group in the m ethane and sulfide rich sedi­
m ents of the CAMV. The genera Siboglinum  and Poly­
brachia belong to the frenulates, w hich include 5 fam ­
ilies and 20 genera  (Southward et al. 2005). So far, 
other areas w ith almost exclusive dom inance of frenu­
lates (as described in this study) have been  reported at 
cold seeps in the central Skagerrak (Flügel & Langhof 
1983), w here S. poseidoni reaches abundances in the 
range of 8500 to 18 000 ind. n r 2 (Dando et al. 2008 and 
references therein, Callsen-Cencic 1994), and at the 
H âkon Mosby m ud volcano (Oligobrachia haakonm os­
biensis, Smirnov 2000, G ebruk et al. 2003). Typically, 
frenulate tubeworm s inhabit m uddy sedim ents on the 
continental slope, reaching densities of up to 600 ind. 
n r 2 (cf. Dando et al. 2008). However, there are exam ­
ples of higher densities of siboglinids, e.g. S. fiordicum  
in organic-rich fjord sedim ents at densities up to 7000 
ind. n r 2 (Southward 1979). Presence of small-sized 
monoliferan tubeworm s — similar to frenulates but 
comprising only 1 genus, Sclerolinum — was reported 
at hydrotherm al vents (Sahling et al. 2005), m ud volca­
noes in the eastern  M editerranean Sea (Olu-LeRoy et 
al. 2004) and the Hâkon Mosby m ud volcano (S. con­
tortum, Smirnov 2000, G ebruk et al. 2003).

In their adult stage siboglinid tubeworm s lack a 
m outh and anus and do not possess a digestive tract. 
To sustain their metabolism, all species studied so far 
depend  on endosymbiotic sulfide-oxidizing bacteria, 
which are harbored in the trophosome, located in the 
posterior part of their body (cf. Southw ard et al. 2005). 
Only 1 species, Siboglinum poseidoni, which so far was 
only found at cold seep sites in the Skagerrak, has 
been  described as relying on m ethane-oxidizing bac­
teria (Schmaljohann & Flügel 1987). H ence w e assume 
that, unlike S. poseidoni, the other 2 siboglinids found 
at the CAMV rely predom inantly on endosymbiotic 
sulfide-oxidizing bacteria.

Siboglinids — a shunt between deep anoxic and oxic 
surface seep sediments?

Frenulates depend  on sim ultaneous access to oxy­
gen and sulfide or m ethane, and have been  assum ed to 
have a pronounced effect on m ethane and sulfur geo­
chemistry due to enhanced advective w ater and solute 
transport through their tubes. Callsen-Cencic (1994) 
observed that steady movem ents of cilia in the ventral 
ciliary field, located at the anterior trunk of Siboglinum  
poseidoni, generate a w eak w ater flow predom inantly 
directed towards the head  of the organism, i.e. towards 
the opening of the tube, w hich faces tow ard/into the
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bottom water, although the flow could be reversed. In 
analogy to the 'gas pipeline' hypothesis by Jensen  
(1992), Callsen-Cencic speculated that S. poseidoni 
m aintains a suitable m ethane concentration inside its 
tube via this w ater flow to support its endosymbionts, 
which otherwise would depend  on slow passive 
m ethane transport via diffusion. From unidentified 
pogonophoran assem blages at the H âkon Mosby mud 
volcano, de Beer et al. (2006) assum ed enhanced b u r­
row ventilation that allowed sulfate penetration and 
AOM down to 70 cm sedim ent depth. As H âkon Mosby 
is densely populated by the monoliferan Sclerolinum  
contortum  (Smirnov 2000) and the frenulate Oligob­
rachia haakonm osbiensis (Smirnov 2000), we assume 
that de Beer et al. (2006) w ere referring to O. haakon­
mosbiensis, which possess a tube length  of about 68 
cm, w ith a diam eter of 0.83 mm (Smirnov 2000, G ebruk 
et al. 2003).

Similar to the observations by de Beer et al. (2006), 
we also observed a coincidental correlation betw een 
the onset of the m ethane front (correlating w ith high 
513C-CH4 values, indicative of intense AOM) and the 
depth  penetration of the siboglinid tubes. However, 
due to the morphology of siboglinids, which is not 
adapted  for the regular pum ping activity needed  for 
active bioirrigation (E. Southw ard pers. comm.), obser­
vations of their tubes and hydro-m echanical consider­
ations of the w ater flow, w e doubt that siboglinids 
bioirrigate solutes such as oxygen, nitrate, or sulfate to 
the sulfate-m ethane reaction zone.

To our know ledge direct m easurem ents of the bioir- 
rigational activity of siboglinids in their natural envi­
ronm ent do not exist. However, onboard in situ  obser­
vations of siboglinid behaviour revealed that these 
organism s w ere rather passive and sporadically 
showed sluggish gliding movements inside the tube. 
Laboratory studies of Siboglinum poseidoni, S. fiordi­
cum  and S. ekm ani revealed a similar behaviour 
(Callsen-Cencic 1994). The inside of the tube was 
clean, w ithout sedim ent particles and microbes, which 
indicates w ater flow through the tubes (Fig. 7). M ore­
over, in many small species the anterior end of the tube 
can be sealed temporarily by secretion of tube m ater­
ial, w hich prevents exit or entry of w ater (Southward & 
Southward 1963). In addition, we observed that the 
posterior of the tube can be encrusted, further im ped­
ing w ater exchange. Lastly, caused by the high hydro- 
m echanical dam pening of the siboglinid tube and the 
surrounding im perm eable m uddy sediment, w ater 
flow through the tube from the bottom w ater to deeper 
sedim ent horizons or vice versa is, if at all possible, 
strongly reduced. In such systems molecular diffusion 
represents the physical process that drives exchange 
of solutes betw een w ater enclosed by the tube and 
pore w ater (e.g. Aller 1980, M eysm an et al. 2006).

The tube wall of the siboglinids consists of several 
layers of chitinous/proteinaceous fibre mats similar to 
plywood and has a restricted perm eability to molecules 
(Gupta & Little 1975). However, it has been  dem on­
strated that water, solutes and small molecules such as 
oxygen, butyrate, glucose and phenylalanine diffuse 
freely across the tube wall of Siboglinum fiordicum  
(Southward & Southw ard 1963, Southw ard & South­
w ard 1970, Southw ard et al. 1986) and it is likely that 
the tube wall is also perm eable for m ethane and 
sulfide.

As the sedim ent surrounding frenulate tubes has 
been  observed to be visibly oxidized (Southward et al. 
1986), Dando et al. (2008) suggest that oxygen diffuses 
from the blood system, across the body and the tube 
wall into the surrounding sediment. These authors fur­
ther propose that sulfate resulting from sulfide oxi­
dation of the endosymbionts diffuses back into the 
sediment. Such release of oxygen and sulfate into the 
reduced sedim ent can have pronounced effects on 
anaerobic m ethane turnover and cycling of sulfur spe­
cies (cf. Dando et al. 2008).

In addition to diffusion, we propose a further m echa­
nism for the distribution of solutes inside the tubes. We 
hypothesize that the ventral ciliary field (VC, Fig. 10) 
generates a w eak circulatory w ater flow inside the 
tube but does not facilitate a net transport of w ater 
from the deeper sedim ents to the bottom w ater or vice 
versa. This 'stirring of the tube w ater,' depending on 
the vertical position of the siboglinid inside the tube 
and the movem ent of the animal w ithin the tube, could 
facilitate the exchange of solutes betw een the tube- 
and pore water.

Dense assemblages of extending tubes create a 
micro-environment above the sediment surface

M ethane emission from the siboglinid habitat was 
extrem ely low, primarily due to anaerobic oxidation of 
m ethane in the sedim ent as indicated by the pore 
w ater profiles of m ethane and sulfate. Although the 
tubes have contact w ith high pore w ater m ethane con­
centrations, they do not represent ideal escape routes 
for m ethane, as slow diffusion appears to be the major 
transport process across the tube wall, and bioirriga­
tion most likely is negligible. A fraction of the m ethane 
that diffuses into the tubes will be consum ed by endo­
symbionts if Siboglinum poseidoni is present. Another 
fraction m ight be consum ed by m ethanotrophs a t­
tached to the integum ent of the organism s or the tube 
wall. However, scanning electron microscopy of the 
middle section of the tube revealed that neither its out­
side nor its inside was colonized by bacteria capable of 
consuming m ethane.
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Fig. 10. C o n cep tu a l sk e tch  of th e  sibog lin id  h ab ita t. T he siboglin ids (SG) do no t b io irrig a te  b o ttom  w a te r  to  d e ep e r sed im en t h o ri­
zons. M ajor tran sp o rt of gases, ions, sm all sized  hy d ro carb o n s a n d  w a te r tak e s  p lace  across th e  tu b e  v ia  diffusion. A w e a k  c ircu ­
lato ry  w a te r  flow  th a t is g e n e ra te d  b y  th e  v en tra l ciliary b a n d  (VC) of th e  siboglin ids m ig h t assist to overcom e slow  tran sp o rt of 
solutes. D ep en d in g  on th e  d irec tion  of th is c ircu lato ry  w a te r  flow  a n d  v e rtica l position  of th e  siboglin id  in side  th e  tu b e  (encircled  
A, B), th e  o rgan ism  possib ly  affects th e  chem ical 'c lim ate ' of th e  tu b e  w ater. D ue to  slow  diffusion th e  tu b es  do no t re p re se n t id ea l 
escap e  ro u tes  for m e th an e , a lth o u g h  a  certa in  frac tion  of m e th a n e  e n te rin g  th e  tu b e  in  d e ep e r sed im en ts like ly  is re le a se d  into 

th e  oxic bo ttom  w a te r w h e re  it can  b e  ox id ized  aerobically . For d e ta iled  ex p lan atio n  a n d  re fe ren ces  see  'D iscussion '

A proportion of m ethane that enters the tubes likely 
diffuses from the tubes into the oxic bottom water, 
w here it can be oxidized aerobically. During deploy­
m ent of BWS 4, extrem ely high 513C-CH4 values of up 
to -4 .2  %o w ere m easured in the w ater column a few 
centim eters above the sedim ent surface, indicating 
intense aerobic m ethane oxidation (cf. Whiticar 1999). 
Aerobic oxidation of m ethane is very common in fresh­
w ater environm ents and rates are highest in m ethane 
gradients occurring in oxyclines. In the m arine envi­
ronment, strong positive carbon isotope shifts of up to 
+ 49 % o  w ere observed at a b rin e-seaw ater boundary 
layer associated w ith the oxic and anoxic interface in 
the Red Sea (Schmidt et al. 2003). Furtherm ore, high 
rates of aerobic m ethanotrophy constituting the major 
pathw ay of m ethane oxidation has been docum ented 
for the central plain of the m ethane-em itting Hâkon 
Mosby m ud volcano (Niemann et al. 2006). For cold 
seep sedim ents at H ydrate Ridge, Sommer et al. (2006)

provide indirect evidence for fast aerobic m ethane 
consum ption rates of 6 to 42 pmol F 1 h_1 in benthic 
chambers.

Siboglinid tubes create dense forests extending sev­
eral cm into the bottom w ater (cf. Fig. 3C-E). Com pa­
rable to terrestrial forests, w here wind stress is low­
ered  inside, these tubes create a m icro-environment 
w ith reduced bottom -w ater flow, resulting in a verti­
cally extended diffusive benthic boundary layer (cf. 
Fig. 10). This results in longer residence time of 
m ethane for microbial consum ption before it is swept 
away. The effect of polychaete lawns on near-seabed 
flow dynamics has been dem onstrated by Friedrichs et 
al. (2000), w here depending on abundance, spatial 
arrangem ent and the length of tubes extending into 
the w ater column, the bottom w ater flow can be 
strongly decelerated, resulting in a skimming flow 
above the polychaete lawn. Another effect of such 
polychaete lawns w ith reduced flow conditions is that
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particles from the w ater column are efficiently cap ­
tured, leading to an overall stabilizing effect of the sed ­
im ent and thus providing a suitable habitat for diverse 
microbial communities.

Methane emission from CAMV

Emission of dissolved m ethane from the different 
sites atop CAMV was variable and spanned several 
orders of m agnitudes. Elevated average m ethane flux 
was associated w ith the clast habitat, characterized by 
low densities or the absence of siboglinids. M ethane 
transport and emission from both predom inant hab i­
tats at CAMV is driven by diffusion and slow fluid flow 
velocities in the range of 10 to 15 cm yr_1 (Hensen et 
al. 2007).

In comparison to m ethane fluxes from other seep 
locations also m easured in situ using benthic flux 
chambers, the m ethane release from the different sites 
at CAMV is extrem ely low. Although the associated 
biota are very different, the emission rates observed in 
the clast habitats are similar to those in other seep 
environm ents, such as vesicomyid clam beds at Hy­
drate Ridge, w hich are characterized by slow fluid flow 
velocities in the range of 2 to 10 cm yr_1 and m ethane 
emission rates <1.5 mmol n r 2 d_1 (Torres et al. 2002, 
Sommer et al. 2006). Both seep ecosystems are further 
characterized by similar pore w ater profiles w here the 
m ethane and sulfide fronts are located deeper (10 to 
15 cm) in the sediment. As the fluid flow velocity 
increases, m ethane emission becomes elevated as 
well. For m ud volcano sedim ents of M ound 11 off 
Costa Rica, which are covered with microbial mats and 
characterized by steep gradients of m ethane and sul­
fide close to the sedim ent surface, Linke et al. (2005) 
reported a m ethane flux of 12.1 mmol n r 2 d-1. For the 
same mound, W allmann et al. (2006) reported fluid 
flow velocities in the range of 10 to 300 cm yrV  Simi­
larly, Sommer et al. (2006) and Torres et al. (2002) 
reported in situ  m ethane fluxes in the range of 1.9 to 
100 mmol n r 2 d-1, w ith an associated fluid flow in the 
range of 1 to 250 cm yr_1 for microbial mats with under­
lying gas hydrates at H ydrate Ridge. The low flux rate 
determ ined at the siboglinid habitat is unparalleled by 
any other reported  benthic cham ber flux m easure­
m ents in seep locations elsewhere.

Based on the m apping of the 2 distinct seep habitats 
coinciding with higher m ethane concentrations in the 
w ater column, a total seepage area of -81 421 m 2 can 
be assum ed atop CAMV, w hereas at the flanks no indi­
cations of seepage w ere discerned. During the video 
observation a spatial coverage of the clast habitat in 
relation to the siboglinid habitat of 3.6 was discerned. 
This ratio, in concert w ith the respective m ethane

release rates, is assum ed to be typical for these 2 hab i­
tats and can be used to extrapolate the total emission 
of dissolved m ethane to 0.006 x 10® mol yr_1 for the 
CAMV.

This estim ate is uncertain, and does not include 
eruptive events and gas bubbling of m ethane into the 
w ater column. A hydro-acoustic survey of the w ater 
column conducted for several days during this cruise 
revealed only w eak gaseous m ethane emissions from 
CAMV, w hich correlates w ith low m ethane concentra­
tions in the lower w ater column. However, m ethane 
concentrations of up to 20 pM in the bottom w ater (up 
to 1 m above the sea floor) imply that there are sites 
w ith localized, probably periodic, enhanced m ethane 
release.

During the video inspection of the sea floor we 
observed furrows (cf. Figs. 31 & 4) that might be related  
to sedim ent instability/erosion and m ud flow. At frac­
tures inside these furrows, deeper reduced sediment 
layers are exposed to the bottom w ater and could rep ­
resent sites of enhanced m ethane release. These fur­
rows w ere often densely populated by living gas­
tropods, indicating enhanced carbon availability, 
which might be linked to a m ethane-carbon and 
sulfide-sustained chem osynthetic food web. Unfortu­
nately, due to the roughness of the sea floor topogra­
phy, we w ere not able to conduct benthic cham ber flux 
m easurem ents at these sites. Moreover, only 1 rate 
m easurem ent for the siboglinid habitat was obtained, 
which further introduces uncertainty into our estim ate 
of the overall m ethane release from CAMV. Lastly, the 
m ethane flux rates might represent underestim ates, as 
aerobic m ethane oxidation in the syringe w ater sam ­
ples might have reduced the m ethane concentration. 
M ethane oxidation in the w ater column was not m ea­
sured.

However, even w hen a maximum m ethane seabed 
emission of 0.66 mmol n r 2 d_1, which was observed in 
the clast habitat (FLUFO 5FLUX), is presum ed for the 
entire seepage area, the annual m ethane release 
would increase only 3.3-fold to 0.02 x 10® mol yrV  This 
value is still small com pared to the overall m ethane 
release from other m ud volcanoes and m ud flows, 
which range from 0.07 x 10® mol yr_1 at M ound 11 off 
Costa Rica (Mau et al. 2006) to 6.5 x 10® mol yr_1 from 
the Cyclops and Atalante m ud volcanoes seaw ard of 
the Barbados accretionary prism (Wallmann et al. 
2006, their Table 5). W allmann et al. (2006) argue that 
high m ethane emission rates are associated with high 
rates of w ater discharge and fluid flow, and extended 
areas w ith active m ud extrusions w here microbial 
m ethane consum ption is low, as has been  observed for 
the central area of the Hâkon Mosby m ud volcano 
(Pimenov et al. 1999). W hereas at m ud volcanoes with 
low emission rates (0.006 to 0.6 x 10® mol yr_1; Captain
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Arutyunov, Kazan, Culebra, M ound 11, M ound 12) 
m ethane discharge occurs focused at small, active 
patches, and diffusive discharge is considered to be 
negligible since most of the m ethane is oxidized in the 
sediment. At CAMV only w eak indications of recent 
m ud flows w ere discerned and m ethane release 
appears to be related  to the degree of developm ent in 
the different habitats and establishm ent of ecosystem 
functions such as m ethane and sulfide consumption.

CONCLUSIONS

Despite the presence of a large subsurface m ethane 
reservoir, release of dissolved m ethane from CAMV is 
very low com pared to other m ud volcanoes, both with 
regard  to single benthic cham ber flux m easurem ents 
and w ith the overall estim ate of the entire mud volcano. 
Such a low m ethane emission appears to be related  to 
slow fluid flow, which provides time for anaerobic 
m ethanotrophic bacteria (microbial filter) to consume a 
large proportion of the ascending m ethane, and a well- 
established habitat dom inated by siboglinids, w hich d i­
rectly and indirectly affects m ethane turnover.

The present perception of the benthic filter concept 
is based on the dom inance of AOM, which constitutes 
the major sink for m ethane in cold seep sediments. On 
the other hand, the role of seep m etazoans has only 
been poorly defined to date; they are considered to 
merely benefit from a m ethane/sulfide-induced 
chem osynthetic food web. Prominent organism s of the 
CAMV ecosystem are siboglinid tubeworms, which 
overcome low fluid flow conditions and benefit from 
subsurface sulfide and m ethane reservoirs. In addition 
to microbial AOM, they potentially contribute to 
m ethane-carbon retention in the sediment, either 
directly by consum ption (Siboglinum poseidoni) or 
indirectly by complex physical interaction w ith their 
environm ent. Their capability to create new  meso- 
scale habitats on the sedim ent surface by their dense 
patches of tubes extending out from the sedim ent into 
the w ater column has been neglected in earlier studies. 
By these means, siboglinids increase habitat he tero ­
geneity and introduce niches for microbial com m uni­
ties, w hich probably include aerobic and anaerobic 
m ethanotrophs.
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officers a n d  crew  of RV 'M S M erian ' d u rin g  cru ise  M SM  1/3. 
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