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Abstract

The Håkon Mosby Mud Volcano is a highly active methane seep hosting different chemosynthetic
communities such as thiotrophic bacterial mats and siboglinid tubeworm assemblages. This study focuses on in
situ measurements of methane fluxes to and from these different habitats, in comparison to benthic methane and
oxygen consumption rates. By quantifying in situ oxygen, methane, and sulfide fluxes in different habitats, a
spatial budget covering areas of 10–1000-m diameter was established. The range of dissolved methane efflux (770–
2 mmol m22 d21) from the center to the outer rim was associated with a decrease in temperature gradients from
46uC m21 to , 1uC m21, indicating that spatial variations in fluid flow control the distribution of benthic habitats
and activities. Accordingly, total oxygen uptake (TOU) varied between the different habitats by one order of
magnitude from 15 mmol m22 d21 to 161 mmol m22 d21. High fluid flow rates appeared to suppress benthic
activities by limiting the availability of electron acceptors. Accordingly, the highest TOU was associated with the
lowest fluid flow and methane efflux. This was most likely due to the aerobic oxidation of methane, which may be
more relevant as a sink for methane as previously considered in submarine ecosystems.

Active submarine mud volcanoes (MVs) are found
worldwide at convergent and passive continental margins
(Dimitrov 2002). They are characterized by fluid and gas
outflows fueling a variety of cold seep communities, and
are often associated with the occurrence of gas hydrates.
The total number of deep-sea MVs is estimated to be in the
range of 103–105 with a release of 5–20 Tg methane yr21 of
which an unknown fraction may also escape to the
atmosphere (Kopf 2002; Milkov et al. 2003; Kvenvolden
and Rogers 2005).

In cold seep ecosystems such as those associated with
mud volcanism, the chemical energy in hydrocarbons
emitted as fluids and gases is used as energy source for
diverse chemosynthetic communities (Olu et al. 1997; Olu-
Le Roy et al. 2004; Jørgensen and Boetius 2007). The flux
of methane to the seafloor depends mostly on geological
and physical processes in the subsurface seabed, but
emission and consumption rates are considerably influ-
enced by biological activities. Benthic oxygen and sulfate
consumption are often one to two orders of magnitude
higher at cold seeps compared to nonseep seafloor.
However, oxygen and sulfate can be rapidly depleted in
the upper millimeters or centimeters, respectively, of cold
seep sediments (Treude et al. 2003; de Beer et al. 2006;
Sommer et al. 2006), and some methane may pass the
benthic filter against methane (Niemann et al. 2006).
Although benthic microbial assemblages oxidize a signifi-
cant fraction of the subsurface hydrocarbon flux, most cold
seeps emit methane and other hydrocarbons into the water
column either as free gas or dissolved. Unfortunately, very
few quantitative estimates of the balance between methane
emission and consumption by aerobic and anaerobic

oxidation of methane and other hydrocarbons are available
today (Niemann et al. 2006; Sommer et al. 2006; Reeburgh
2007). This is due to the lack of appropriate in situ
technologies to quantify benthic fluxes, fluid flow, and
biogeochemical processes together in space and time.
Another challenge to process studies at mud volcanoes is
the complex, dynamic interplay of physical, chemical, and
biological processes shaping the mud volcano ecosystem.

For the oxidation of methane in marine settings, two
main pathways have been identified: the aerobic oxidation
(MOx) with oxygen performed by methanotrophic bacte-
ria, and the anaerobic oxidation of methane (AOM) with
sulfate mediated by methanotrophic archaea associated
with sulfate-reducing bacteria (Knittel and Boetius 2009).
Sulfide and carbonate are the end products of AOM
coupled to sulfate reduction (SR; Boetius et al. 2000).
Sulfide produced by AOM is the main electron donor for
sulfide-oxidizing bacteria, including free-living ones such as
the giant mat-forming thiotrophs, and endosymbionts of
siboglinid tubeworms and several taxa of bivalves (Olu et
al. 1997; Cordes et al. 2003; Teske and Nelson 2006). The
presence of these chemosynthetic organisms at the seafloor
is, therefore, used as an indicator of active AOM and SR
microbial communities in the underlying seabed, fueled by
high methane fluxes (Treude et al. 2003; Niemann et al.
2006).

Different types of methane-dependent communities
occur at the Håkon Mosby Mud Volcano (HMMV),
located northwest of Norway on the Barents Sea slope
(72uN, 14u449E) at a water depth of 1250 m (Milkov et al.
2004; de Beer et al. 2006; Niemann et al. 2006). The flat
central area is populated by aerobic methanotrophs
(Lösekann et al. 2007). At the border of the center, two
types of thiotrophic bacterial mats occur (de Beer et al.* Corresponding author: jfelden@mpi-bremen.de
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2006; Niemann et al. 2006; Jerosch et al. 2007), and dense
accumulations of siboglinid tubeworms populate the outer
hummocky rim of the mud volcano above subsurface gas
hydrates (Niemann et al. 2006; Jerosch et al. 2007). All
habitats are methane-rich, but have been found to differ
substantially in fluid flow velocity and sulfide production
rates (de Beer et al. 2006).

The HMMV represents an ideal natural laboratory to
investigate the relationships among fluid flow, methane
flux, and benthic activity. Previous biogeochemical studies
showed a strong coupling of AOM to SR, a repression of
the microbial filter for methane by high fluid flow rates
(Niemann et al. 2006), and the importance of advective
fluid flow compared to mud flow for temperature gradient
variability in the sediment (Feseker et al. 2008). A first
attempt to budget the methane consumption and emission
of the HMMV was based on a few first in situ measure-
ments (Niemann et al. 2006), and was considering only
focused methane emission, based on visual observations of
gas bubble streams (Sauter et al. 2006). Methane in the
form of gas bubbles is hardly accessible to microbial
communities, and diffuse methane efflux may be as relevant
as gaseous efflux in mud volcano systems. However, so far,
only a few in situ quantifications of diffuse methane
emission rates are available (Torres et al. 2002; Sommer et
al. 2006, 2009).

Here we combined data from six different cruises
between 2001 and 2009 to investigate spatial variations of
biogeochemical processes within and between the different
HMMV habitats. We investigated for the first time diffuse
methane efflux and total oxygen uptake (TOU) for all
HMMV habitats. Differences in total and diffusive oxygen
uptake, assigned to faunal respiration (Glud 2008), were
used to investigate the faunal contribution to the benthic
oxygen budget. Furthermore, we inquired not only the
relation between diffusive and total oxygen consumption,
but also between temperature gradients, oxygen, sulfide,
and methane fluxes. Based on these data, the efficiency of
the benthic biological filter against methane and sulfide was
estimated and compared to other cold seep systems.

Methods

Site description—Based on previous studies (Niemann et
al. 2006; Jerosch et al. 2007; Lichtschlag et al. 2010) and on
visual investigations, four habitats were identified and
chosen for repeated sampling and in situ measurements: (I)
the mud volcano center, comprising a northern zone of
, 100-m diameter with highly disturbed seabed, surround-
ed by an apparently older mud flow with a smooth surface,
(II) the adjacent Beggiatoa mats, (III) a transition zone
marked by patchy bacterial mats of gray color, and (IV)
dense assemblages of siboglinid tubeworms occupying the
hummocky outer zone of the HMMV (Figs. 1, 2). The
center of the HMMV was previously characterized by high
temperature gradients, methane emission, and mud extru-
sion, and the absence of sulfide production and chemosyn-
thetic macrofauna (de Beer et al. 2006; Niemann et al.
2006). In this study, differences in seafloor morphology and
in situ temperature measurements have led to a further

distinction in a ‘hot’ and ‘warm’ area. Adjacent to the
active center, dense Beggiatoa mats covered large parts of
the flat seafloor characterized by high fluid flow, gassy
sediments, and high sulfide flux. Another bacterial mat
type with a grayish color was found above gas-saturated
sediments in the transition zone toward the hummocky
area surrounding the center. These mats were previously
characterized by the absence of fluid flow but associated
with high sulfide production in the sediments (de Beer et al.
2006; Lichtschlag et al. 2010). The hummocky zone
surrounding the HMMV is inhabited by two siboglinid
tubeworm species that can reach high biomasses of 1–2 kg
wet weight m22 (Smirnov 2000; Milkov et al. 2004;
Niemann et al. 2006). These tubeworms irrigate the
seafloor and push the anoxic zone into deeper sediment
strata (Lösekann et al. 2008).

Sampling—Repeated sediment sampling and measure-
ments were performed in four different HMMV habitats
during six cruises: HMMV (R/V L’Atalante, 2001), ARK
XIX-3b (R/V Polarstern, 2003), AWI-ROV (R/V L’Ata-
lante, 2005), Viking (R/V Pourquoi pas, 2006), ARK XXII-
1b (R/V Polarstern, 2007), and ARK XXIV-2 (R/V
Polarstern, 2009). Targeted sampling, precise positioning,
and operation of the in situ tools at the seafloor were
performed with the remotely operated vehicles (ROVs)
Victor 6000 (IFREMER) and Quest4000 (MARUM).
Sampling locations, sample labels, and all performed
measurements are summarized in Table 1 and are available
in the PANGAEA database (http://www.pangaea.de).

The patchy colonization of chemosynthetic organisms
(e.g., tubeworms, thiotrophic bacteria) at the seafloor
creates mosaic-like distribution patterns of decimeter to
meter scale in each habitat. Therefore, within most
habitats, measurements were carried out on patches
covered with characteristic benthic assemblages and on
adjacent patches lacking these. For example, measurements
in the Beggiatoa mat habitat were performed on sediment
densely covered by bacteria and additionally ‘next to’ the
bacterial mat, where no mat was observed at the seafloor
but where the sediment was still influenced by seepage.

Sediment samples from the uppermost sediment hori-
zons (top 20–30 cm) were taken either with a video-guided
multicoring device (MUC) or with push-cores (PCs)
collected with the manipulator of the ROV. After recovery,
the PC and MUC tubes were transferred to a cold room
that was cooled to in situ temperature (0uC). The HMMV
sediment was highly gas-saturated, and outgassing during
retrieval of the samples often caused disturbance of the
bacterial mats. Therefore, respective cores were stored for
1–2 d at in situ temperature to reestablish bacterial mats
and geochemical gradients, as indicated by oxygen, sulfide,
and pH microsensor measurements performed directly after
core retrieval and after 36 h (de Beer et al. 2006).
Afterwards, the cores were vertically subsampled with
small subcore tubes (diameter 5 26 mm).

To access sediment depths below 30 cm, a gravity corer
(GC) was equipped with a POSIDONIA (Ixsea SAS)
positioning system for targeted sampling of the same
habitats. Sediments from the GC were subsampled with
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Fig. 1. (A) Bathymetric map of the HMMV (generated during ARK XIX/3b by IFREMER, Brest; Foucher et al. 2009) with the
positions of all sampling stations and in situ measurements. The sediment samples for sulfate and methane turnover rates are displayed as
green triangles. Total oxygen uptake measurements with the benthic chamber are shown as red squares, and the blue circles illustrate
previous microprofiler measurements of the DOU (de Beer et al. 2006; Lichtschlag et al. 2010). (B–D) show the approximate dimensions
of the different habitats (in gray) in relation to the sampling and in situ measurement locations. (B) The black circle marks the area
characterized by a disturbed sediments and high temperature gradients. The blue circles in (D) indicate the gray mat sites sampled here.
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small glass tubes (60-mm length, 10-mm diameter) imme-
diately after the core recovery.

Methane oxidation and sulfate reduction rates—Sediment
cores for measurements of methane oxidation (MOx and
AOM) and SR were subsampled on board with two to four
replicates per sample station. The rates were measured
according to Treude et al. (2003). Either 25-mL 14CH4

(dissolved in water, 2.5 kBq) or 5–10-mL carrier-free
35SO 2{

4 (dissolved in water, 50 kBq) were injected in 1-
cm intervals into the subcores (whole core injection
method; Jørgensen 1978). The sediment was incubated in
the dark at in situ temperature for 12–48 h (PC, MUC).
After the incubation, all sediment cores were cut into 1–2
cm sections. Each section was fixed in 25 mL NaOH (2.5%,
w/v) or in 20 mL zinc acetate solution (20%, w/v) for
methane oxidation and sulfate reduction rate measure-
ments, respectively. Subsamples from the gravity cores were
treated the same way, by either injecting 25 mL 14CH4

(2.5 kBq) or 5–10-mL carrier-free 35SO 2{
4 (50 kBq) into the

glass tubes. These sediments were incubated for 36 h and
then preserved as described for the subcore sections. In the
home laboratory, sulfate and methane consumption were
quantified according to Kallmeyer et al. (2004) and Treude
et al. (2003), respectively. The radioactivity of the labeled
constituents was determined by scintillation counting. The
substrate concentrations (methane, sulfate) were measured
by gas chromatography (5890A; Hewlett Packard) and
anion exchange chromatography (Waters I.C.-PakTM

anion column 50 3 4.6 mm; Waters 430 conductivity
detector), respectively.

Methane turnover rates (MOx and AOM) were calcu-
lated according to the following equation:

methane oxidation~
14CO2

(14CH4z14CO2)
|

CH4

V|t
ð1Þ

where CH4 is the methane concentration, 14CO2 is the
activity of the produced carbon dioxide, 14CH4 is the
activity of the radioactive methane, t is the incubation time
and V is the volume of the samples. The method itself does
not distinguish between MOx and AOM but it can be
assumed that MOx occurs only in the top oxygenated
sediment horizons, based on previous in situ microsensor
measurements (de Beer et al. 2006).

SR rates were calculated with the following equation:

SR~
TRI35S

(35SO2{
4 zTRI35S)

|
SO2{

4

V|t
ð2Þ

where SO 2{
4 is the sulfate concentration, TRI35S is the

activity of the reduced sulfur compounds and 35SO 2{
4 is the

radioactive sulfate (Treude et al. 2003).

Total benthic oxygen uptake—The TOU and the methane
emission rates were determined with a cylindrical ben-
thic chamber module (Fig. 2B). These measurements
were conducted in 2007 (ARK XXII-1b) and 2009 (ARK
XXIV-2). The benthic chamber was operated by the ROV,
and the water height inside the chamber was determined by
visual observation with the ROV camera system. The
stirred chamber (radius 9.5 cm) enclosed a seafloor area of

Fig. 2. Different habitats of the HMMV. (A) push core sampling in the center where the highest temperature gradients occur; (B) the
benthic chamber is deployed on a smooth mudflow of the center; (C) Beggiatoa mats; (D) gray mats; (E) gray mat close-up with
temperature probe; (F) siboglinid tubeworm habitat. All pictures are copyright of MARUM, except (D) and (E) which are
copyright IFREMER.
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284 cm2 together with 10–15 cm (equivalent to 4–6 liters) of
overlying bottom water. A valve in the chamber lid ensured
the release of overpressure while placing the chamber
gently into the sediment avoiding any disturbance of the
sediment surface. Two Clark-type oxygen mini-electrodes
mounted in the chamber lid continuously monitored the
oxygen concentration in the enclosed water. A two-point
calibration of the reading of the mini-electrodes was
performed. The reading at zero O2 concentration was
taken on board at in situ temperature. Values for the
bottom water O2 concentration were determined in situ at
the seafloor. The respective oxygen concentration of the
bottom water was determined by Winkler titration of water

samples or from in situ readings with an oxygen optode (a
component of the Recording Current Meter 11 (Aanderaa).
In addition to the sensor readings, five water samples were
taken with 50-mL syringes at preprogrammed time
intervals to determine the dissolved methane concentration.
After retrieval of the chamber, the water samples were
immediately preserved by adding 40 mL to sealed glass
vials with NaOH pellets. The samples were stored at 4uC
until further analyses in the home laboratory. Methane
concentrations were measured by gas chromatography
(5890A; Hewlett Packard).

The TOU and methane emission rates were calculated
from the linear regressions of concentration vs. time

Table 1. Overview of all measurements and PC sampling stations (MOx 5 methane oxidation; SR 5 sulfate reduction) investigated
in this study. The data are available online at http://doi.pangaea.de/10.1594/PANGAEA.744547.

Year Cruise Habitat Measurements PANGAEA database event labels

2001 HMMV warm center MOx AWI_ATL_D5/PUC-1
Beggiatoa mat MOx AWI_ATL_D4/PUC-1; AWI_ATL_D5/PUC-2; AWI_ATL_D5/

PUC-3;
siboglinid tubeworms MOx AWI_ATL18; AWI_ATL22

2003 ARK XIX-3b hot center SR PS64/312-1; PS64/314-1
MOx PS64/312-1; PS64/314-1

warm center SR PS64/377_PUC-1; PS64/377_PUC-2; PS64/372-1; PS64/332-1; PS64/
373-1

MOx PS64/377_PUC-1; PS64/377_PUC-2; PS64/372-1
gray mat SR PS64/347_PUC-1; PS64/347_PUC-2; PS64/347_PUC-3;PS64/

377_PUC-14; PS64/377_PUC-23; PS64/377_PUC-27
MOx PS64/347_PUC-1; PS64/347_PUC-2; PS64/347_PUC-3; PS64/

377_PUC-14; PS64/377_PUC-23; PS64/377_PUC-27; VKGD277/
PC-10;

Beggiatoa mat SR PS64/317_PUC-17; PS64/317_PUC-8; PS64/322-1; PS64/371-1
MOx PS64/317_PUC-17; PS64/317_PUC-14; PS64/322-1

siboglinid tubeworms SR PS64/326_PUC-7; PS64/326_PUC-8; PS64/326_PUC-12; PS64/341-
1; PS64/374-1; PS64/336-1

MOx PS64/326_PUC-7; PS64/326_PUC-8; PS64/326_PUC-12; PS64/341-
1; PS64/374-1; PS64/336-1

2006 Viking gray mat SR VKGD277/PC-1, VKGD277/PC-3
MOx VKGD277/PC-10; VKGD277/PC-11

Beggiatoa mat SR VKGD276/PC-13; VKGD276/PC-2; VKG MTP 6;
MOx VKGD276/PC-1; VKGD276/PC-3

2007 ARK XXI-1b warm center benthic chamber PS70/119-1_CALMAR-1; PS70/125-1_CALMAR-1
gray mat benthic chamber PS70/112-1_CALMAR-1; PS70/125-1_CALMAR-2

SR PS70/064-1_PUC-26; PS70/052-1_PUC-16
next to gray mats benthic chamber PS70/112-1_CALMAR-2
Beggiatoa mat benthic chamber PS70/052-1_CALMAR-1;PS70/130-1_CALMAR-1

SR PS70/096-1_PUC-18; PS70/096-1_PUC-23; PS70/112-1_PUC-23;
PS70/112-1_PUC-13; PS70/112-1_PUC-34; PS70/112-1_PUC-11

next to Beggiatoa mat benthic chamber PS70/130-1_CALMAR-1
siboglinid tubeworms benthic chamber PS70/105-1_CALMAR-1

2009 ARK XXIV-2 hot center benthic chamber PS74/0183-1_CALMAR-1; PS74/0188-1_CALMAR-1
SR PS74/169-1_PUC-3; PS74/169-1_PUC-8; PS74/169-1_

PUC-9
MOx PS74/169-1_PUC-3; PS74/169-1_PUC-8; PS74/169-1_

PUC-9
warm center SR PS74/168-1

MOx PS74/168-1
Beggiatoa mat SR PS74/172-1_PUC-116; PS74/172-1_PUC-131; PS74/172-1_PUC-140

MOx PS74/172-1_PUC-116; PS74/172-1_PUC-131; PS74/172-1_PUC-140
siboglinid tubeworms SR PS74/136-1

MOx PS74/136-1
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(mmol m22 d21):

TOU=methane emission~
dC

dt
|

Vchamber

Achamber
ð3Þ

where dC/dt (mmol L21 h21) are the changes of con-
centrations over the incubation time, Vchamber (cm3) is
the volume of the overlying water in the enclosed chamber,
and Achamber (cm2) is the area of the sediment enclosed by the
chamber. Calculating the potential replacement of oxygen-
rich bottom water with oxygen-free subsurface water during
the incubation of the chamber indicates that , 1% of the
enclosed water volume could have been replaced by
subsurface fluids during the 4–6-h incubation time.

In situ sediment temperature measurements—In situ
temperature measurements at shallow sediment depths
using ROV-operated temperature probes were conducted
in 2003, 2005, 2006 (Feseker et al. 2008), and in 2007
(Pérez-Garcia et al. 2009). The mechanical design of the
probes and the number of temperature sensors varied
between the different cruises, but all temperature measure-
ments covered the interval from around 0–50 cm below the
seabed. The sensors were calibrated to a precision of
0.002uC (Feseker et al. 2008; Pérez-Garcia et al. 2009).

Areal budget calculations—For a budget of total oxygen
and methane fluxes at the entire HMMV geostructure and
within the different habitats, measurements from five cruises
were compiled (Fig. 1). Previous estimates of methane
budgets for mud volcano systems (Linke et al. 2005; Sauter
et al. 2006; Sommer et al. 2009) have relied on a small
number of measurements at selected locations. Here we
integrated rate measurements over 9 yr at HMMV, assuming
that the different assemblages of benthic organisms are
associated with persistent biogeochemical and geophysical
settings (Fig. 1), as described previously (de Beer et al. 2006;
Niemann et al. 2006; Lichtschlag et al. 2010). Videographic
observations during ROV sampling indicated minor changes
in overall habitat distribution within this time period. Hence,
we have based the areal calculations on the detailed habitat
map obtained in 2003 (Jerosch et al. 2007). The gray mat
habitat (III) was only recently described (de Beer et al. 2006;
Lichtschlag et al. 2010) and not considered as separate
habitat in the previous habitat analyses (Jerosch et al. 2007).
Based on the published data and our video observations, we
assumed that on average 75% of the hummocky area was
inhabited by siboglinid tubeworms. The remaining 25% of
this area was devoid of tubeworms but hosted patchily
distributed gray mats (III).

To account for the heterogeneous distribution of
organisms for areal budget calculations, we distinguished
between those zones marked by 100% coverage of the
seafloor by chemosynthetic organisms and zones with a
patchy coverage. The benthic chamber measurements for
oxygen uptake and methane emission rates were performed
in the different zones of each habitat (i.e., on seafloor with
100% coverage with bacterial mats, and next to the mats in
zones with more patchy distributions). Subsequently, we
used both measurements in the respective proportion to
calculate the total areal fluxes. Areal estimates of sulfate

and methane turnover were gained by depth integration of
sulfate reduction and methane oxidation rates in the
respective habitats for the upper meter of seabed. This
depth was chosen to account for the high subsurface AOM
and SR rates below the roots of the siboglinid tubeworms
(Lösekann et al. 2008).

Results

In situ temperature measurements—Ninety-four in situ
sediment temperature measurements (Fig. 2E) were carried
out in specific habitats based on visual observations
recorded as digital photographs during the ROV dives.
The locations of all measurements are shown in Fig. 3. All
temperature measurements on the HMMV seafloor showed
elevated gradients compared to the regional background
geothermal gradient (0.07uC m21; Table 2). In the HMMV
central area (I), the highest temperature gradients were
reached in an area characterized by a disturbed seafloor
surface (Table 2; Fig. 2A), , 100 m in diameter, and north
of the geometrical center of the mud volcano. In this ‘hot
center’ area, the temperature gradients ranged between
10uC m21 and 46uC m21 with a mean of 25.9uC m21.
Around the hot center, smoother mud deposits form a large
flat area extending up to 150 m south and east of the hot
center. These smooth mud deposits were associated with
much lower temperature gradients between 1.5uC m21 and
17uC m21 (Table 2) and are subsequently called warm
center area (Fig. 2B).

Measurements in the white (II) and gray mat (III)
habitats showed lower average temperature gradients than
in the hot and warm center, but were not significantly
different from each other (Table 2). In the Beggiatoa mat
habitat (II) the temperature gradients varied between
1.2uC m21 and 20.8uC m21 inside the white mats and
between 0.9uC m21 and 11.3uC m21 next to the white mats.
The difference between the average temperature gradients
inside and next to white mats was, however, not significant.
In the transition zone where gray mats (III) occurred, the
temperature gradients ranged from 0.6uC m21 to 6.7uC m21

next to gray mats and from 2uC m21 to 6uC m21 inside gray
mats. Again, the difference between the average tempera-
ture gradients inside and next to gray mats was not
significant. In the siboglinid tubeworm habitat north of the
center (IV) in total six in situ temperature measurements
were conducted. Here, the lowest mean temperature
gradient (2.0uC m21) was found. The difference with
next-to-the-tubeworm patches (5.9uC) and several other
HMMV habitats were, however, not statistically significant
(Table 2).

Methane and sulfate turnover in different HMMV
habitats—Center (I): In the center, methane oxidation
and sulfate reduction rates were measured in 2001, 2003,
and 2009, and were similar in all years (Fig. 4A,B).
Furthermore, methane and sulfate turnover were not
significantly different in the warm and hot center. At the
sediment surface where oxygen is available (de Beer et al.
2006) methane oxidation rates of up to 385 nmol cm23 d21

(hot center) were observed. SR was low (, 20 nmol cm23
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d21) in all replicates over the entire vertical profile down to
19 cm below seafloor (bsf) and was , 1 nmol cm23 d21

below 20 cm. Hence, the center was dominated by aerobic
methane oxidation, as previously described (Niemann et al.
2006). On average, the integrated rates of methane
oxidation over 1 m of seafloor in the hot and warm center
were 5.0 (n 5 7; 6 5.0 SD) and 3 (n 5 4; 6 4.6 SD)
mmol m22 d21, respectively (Table 3). For SR the depth-
integrated rates were only 0.8 (n 5 7; 6 0.2 SD) and
1.0 mmol m22 d21 (n 5 8; 6 0.4 SD) for the hot and warm
center area, respectively.

Beggiatoa mat (II): Below the Beggiatoa mats, the
highest methane consumption rates of up to 418 nmol
cm23 d21 were found in the anoxic 1–2 cm sediment
layer, decreasing with increasing depth (Fig. 4C,D). The
sulfate reduction rates followed the same trend with a
peak of up to 1353 nmol cm23 d21 in 1–3-cm depth,

reaching , 20 nmol cm23 d21 below 15 cm. The depth-
integrated mean values for AOM and SR were 9.8 (6 6.6
SD; n 5 20) and 14.2 (6 6.2 SD; n 5 35) mmol m22 d21,
respectively (Table 3). It has to be noted that both methane
and sulfate turnover rates varied up to two orders of
magnitude between different habitats within the same year,
and in the case of the Beggiatoa mats and the siboglinid
tubeworms also within the habitat between different years.
Covering the spatial variability within a habitat at HMMV
seems to be more important for accurate areal turnover-
rate estimates than variations between different years. The
spatial variability most likely results from small-scale
heterogeneities in methane conduits through the seafloor,
but may also be related to variations in the microbial
community composition (Lösekann et al. 2008). However,
we cannot exclude that short-term (hours to days) temporal
changes in fluid and methane flow also influence local rate
measurements.

Fig. 3. (A) Positions of the shallow seafloor temperature measurements; (B) mean methane flux vs. mean temperature gradients and
corresponding regression lines with (red line) and without data next to gray mats (black line, for details see text); (C) TOU vs. mean
temperature gradient including fit and regression line. The data points are color coded for the different habitats in accordance with (A).
Please note the different scales of the temperature gradients in (B) and (C).

2372 Felden et al.



Gray mat (III): In 2003 and 2006, methane oxidation
and sulfate reduction rates were measured in the transition
zone between the warm center and the tubeworm-covered
hills of the HMMV, characterized by the occurrence of
patchy gray mats (Fig. 2D,E). Additionally, SR rates were
also determined in 2007 at gray mat patches. The highest
consumption rates of sulfate and methane were found
distributed over the uppermost 10 cm of the sediment
(Fig. 4E,F). Minimal and maximal AOM and SR rates
were covering a wide range of 10–402 nmol cm23 and 8–
1918 nmol cm23 d21, respectively. The average depth-
integrated AOM and SR rates were 10.7 (6 9.4 SD; n 5 7)
and 43.3 (6 34.5 SD; n 5 11) mmol m22 d21 (Table 3).

Siboglinid tubeworms (IV): Consumption of methane
and sulfate in sediments inhabited by siboglinid tubeworms
were determined in 2001, 2003, and 2009 (Fig. 4G,H).
Down to 45 cm bsf, methane oxidation (n 5 17) and sulfate
reduction (n 5 15) rates were low. Below this depth, around
the roots of the tubeworms, AOM and SR rates increased
markedly with maximal SR rate of nearly 1700 nmol cm23

d21 at 45-cm depth. On average the integrated AOM and
SR rates were 20.7 (6 5.4 SD; n 5 17) and 56.3 (6 79.5 SD;
n 5 15) mmol m22 d21 (Table 3).

Fluxes of oxygen and methane at the HMMV—Benthic
chamber measurements were performed in all main
HMMV habitats in 2007, and additionally in the hot
center in 2009 (Table 1). Because of the limited dive time,
the number of benthic chamber incubations was lower
compared to other measurements, limiting the statistical
analysis of relationships of oxygen and methane fluxes with
other parameters. However, at least two in situ flux
measurements were performed per habitat, which is the
most comprehensive data set currently available for any
seep ecosystem. The highest temperature gradients (Ta-
ble 2) correlated with the highest methane efflux
(498 mmol m22d21) at the hot center, the lowest with the

siboglinid tubeworm area (Table 3). Average temperature
gradients and methane efflux to the hydrosphere decreased
with increasing distance from the hot center, in the order of
hot center . warm center . gray mats . Beggiatoa mats .
siboglinid tubeworms. The diffuse CH4 flux was correlated
with the average temperature gradient (R2 5 0.74), except
in the transition zone north of the hot center toward the
siboglinid tubeworm zone, where the second highest
methane efflux was found next to the gray mats (Fig. 3).
This transition zone was characterized by small patches of
gray mats and was highly heterogenic in space and time;
hence, not enough replicate measurements could be
obtained. When excluding this data point, the correlation
reached an R2 5 0.99. Both the microbiological oxidation
of methane (R2 5 0.3) and reduction of sulfate (R2 5 0.4)
were negatively correlated with the temperature gradient
(Table 3). In contrast, no simple linear correlation was
detected between the temperature gradient and TOU,
although the lowest TOU was found in the hot center
sediment, and the highest was associated with the siboglinid
tubeworms (Fig. 3). Furthermore, the in situ oxygen
uptake exceeded by far the sulfide flux estimated from ex
situ measured AOM and SR rates, indicating that in situ
sulfide production could be much higher, or that aerobic
methane and sulfide oxidation at the sediment surface
contribute substantially to the total oxygen consumption.

Comparing the TOU of sediment areas populated by
microbial mats to their direct surrounding on a scale of
decimeter to meter, a substantial difference was detected.
TOU of sediment densely covered by Beggiatoa mats
(108 mmol m22 d21) was more than three times higher than
that of the bare sediment next to the mat. Between the two
mat communities, Beggiatoa mats showed higher oxygen
uptake and methane emission rates than gray mats, but
methane consumption was similar in both habitats.

Discussion

The spatial gradient in fluid flow rates across the
HMMV has been found to create different niches for
benthic assemblages, characterized by specific transport
regimes and biogeochemical settings (de Beer et al. 2006;
Jerosch et al. 2007; Feseker et al. 2008). Some temporal
variability of mud volcanism was indicated by changes in
absolute seafloor temperature between the different years
(Feseker et al. 2008), and variations in the microbathy-
metry of mud flows in the central and southern HMMV
(Foucher et al. 2009). However, the main biogeochemical
habitats appear to be rather stable in their spatial
distribution and function, supporting chemosynthetic
communities and associated benthic fauna (Van Gaever
et al. 2006, 2009a).

By targeted in situ quantification of oxygen, methane,
and sulfide fluxes during several expeditions to the HMMV
we developed a spatial budget for the different HMMV
habitats, including a first estimate of internal patterns
(, 10 m scale). It is known that the fragmented habitat
structure of cold seep systems and the dynamics of methane
fluxes cause a high spatial heterogeneity within the targeted
habitats (Sibuet and Olu 1998). Using spatially replicate

Table 2. Shallow sediment temperature gradients of the
different HMMV habitats (n 5 number of replicates; recorded in
the upper 50 cm of seafloor). Mean and median (not shown) of the
temperature measurements were not significantly different.

Habitat

uC m21

Minimal Maximal Mean CI(95%)

(I) Center

Hot(n516) 10.3 46.0 25.9 21.3–30.6
Warm(n537) 1.5 17.2 6.9 5.7–8.0

(II) Beggiatoa mat

Beggiatoa mat(n511) 1.2 20.8 4.7 1.2–8.3
‘Next to’(n59) 0.9 11.3 4.8 2.4–7.1

(III) Gray mat

Gray mat(n58) 0.6 6.7 4.0 3.0–4.9
‘Next to’(n57) 2.0 6.0 3.5 2.0–5.0

(IV) Siboglinid tubeworms

Tubeworms(n54) 0.9 3.7 2.0 0.9–3.3
‘Next to’(n52) 3.4 8.3 5.9 1.1–10.7
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Fig. 4. Left panel: Rates of sulfate reduction and right panel: methane oxidation in different
habitats. (A–B) center (I; hot and warm center show similar rates); (C–D) Beggiatoa mat (II); (E–
F) gray mat (III); (G–H) siboglinid tubeworm (IV) habitat. The symbols of the different years are
color-coded: yellow 5 2001, red 5 2003, green 5 2006, blue 5 2007, and gray 5 2009. (G–H)
note the different depth scales. (A–F) only PC measurements are shown, the GC measurements
had rates , 10 nmol cm23 d21 down to 1-m sediment depth.
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measurements, we investigated: (1) the link between
seafloor temperature gradients, methane efflux, and oxygen
consumption, (2) the internal relation between oxygen,
methane, and sulfide fluxes, and (3) the efficiency of the
biological filter against methane emission to the hydro-
sphere.

Relation between temperature gradients, methane flux,
and oxygen consumption at HMMV—In situ temperature
measurements from three cruises in 2003, 2005, and 2006
suggest that the sediment temperature distribution at the
HMMV is controlled largely by fluid flow (Feseker et al.
2008). Warm subsurface pore waters rising through a deep
conduit transport high amounts of methane to the seafloor.
Rates of vertical specific discharge were estimated to
increase from , 1 m yr21 at the border of the central area
to . 5 m yr21 in the warm center associated with
temperature gradients above 4uC m21 (Feseker et al.
2008). For the disturbed seafloor area with the highest
temperature gradient, fluid flow has not been estimated yet.
The temperature measurements reported in this paper
attest to the high activity of the HMMV. In addition, we
have obtained the first in situ measurements of methane
efflux for the main habitats of the HMMV, which show a
strong relation with the temperature gradients (Table 3)
and, hence, most likely also to fluid flow. Previously, it was
debated whether the spatial and temporal variation of
temperature gradients at the HMMV are caused by fluid
flow dynamics or local patterns in mud eruptions (Feseker
et al. 2008). The spatial correlation between dissolved
methane efflux and temperature gradients supports the
hypothesis that fluid flow is important for temperature
gradient variations in space and time.

Local rates of dissolved methane efflux at the HMMV of
up to 777 mmol m22 d21 in the hot center (Table 3) are the
highest emission rates so far published for cold seep
ecosystems (, 265 mmol m22 d21, polychaete assemblage,
Hikurangi Margin [New Zealand; Sommer et al. in press];
1.9–100 mmol m22 d21, Beggiatoa mats, Hydrate Ridge
[Torres et al. 2002; Sommer et al. 2006]; , 1 mmol m22 d21,
tubeworm habitat, Captain Artyunov mud volcano [Som-
mer et al. 2009]). However, the methane efflux rapidly
decreased together with the temperature gradient from the
hot center to the border of the warm center, within a
distance of , 200 m. At the rim of the center, Beggiatoa
mats and the gray mats of the transition zone showed
similar temperature gradients and methane effluxes of
around 25–78 mmol m22 d21, resembling the high fluxes
measured in Beggiatoa mats at Hydrate Ridge (Sommer et
al. 2006). With 2 mmol m22 d21, methane efflux was much
lower in the outer hummocky area populated with tube-
worms. In this zone, tubeworm-free patches were associat-
ed partly with gray mats and higher mean temperature
gradients . 4uC m21 (Table 3) compared to the tubeworm
patches. Although these differences were not statistically
significant, the data indicate that locally enhanced flow of
anoxic fluids could limit the growth of tubeworms. This
was also suggested by visual observations with the ROV,
showing the exclusion of tubeworms from high fluid flow
areas such as Beggiatoa mats or the central mud flows.
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Using averaged diffuse methane effluxes for areal integra-
tions, the entire HMMV had an estimated emission of
dissolved methane to the hydrosphere of 37 3 103 mol d21,
or 14 3 106 mol yr21. Previously, total gas bubble emission
has been recorded in 2003 with a rate of 8–35 3 106 mol
CH4 yr21, based on measurements at three active vents of
the HMMV (Sauter et al. 2006). The release of gas bubbles
can vary by orders of magnitude spatially and temporally,
depending on patterns in hydrate content, fluid flow and
leakage pathways. The finding that diffuse methane efflux
from mud volcanoes may be as high as focused, gaseous
efflux, is very important for future exploration and
biogeochemical studies of cold seep ecosystems.

In this study, we also investigated the relationship
between methane efflux and total oxygen consumption.
Where methane flux limits the activity, growth, and
sustainability of cold seep communities, one could expect
a strong relationship with total oxygen consumption.
However, for the HMMV it was previously proposed that
due to the very high fluid flow rates of . 1m yr21, the
availability of electron acceptors to benthic communities
might be exerting the strongest control of their distribution
and activity (Niemann et al. 2006). Accordingly, methane
flux and oxygen consumption show a negative relationship
across the HMMV ecosystem, with lowest consumption
rates in the hot center characterized by the highest
temperature gradients and fluid flow rates, and the highest
consumption rates in the Beggiatoa mats and tubeworm
fields, associated with low fluid flow rates.

Dissolved and total oxygen uptake vs. methane and
sulfate consumption—Oxygen is the terminal electron
acceptor of aerobic and anaerobic processes in marine
sediments (Glud 2008). For methane seeps, one could
assume that oxygen consumption can be used to quantify
the total biological sink for methane because oxygen is used
either directly for the aerobic methane oxidation or
indirectly for re-oxidation of reduced compounds like
sulfide, a product of the AOM process. The recycling of
chemosynthetic biomass production derived from sulfide or
methane oxidation could also be a sink for oxygen
(Lichtschlag et al. 2010).

Previously, total oxygen consumption at cold seep
ecosystems was found to be very high, exceeding TOU of
nonseep benthic communities by one to two orders of
magnitude. For example, at Hydrate Ridge, TOU rates of
38 and 53 mmol m22 d21; (Sommer et al. 2006) were found,
and even higher TOU were reported from seeps of the Peru
(105 mmol m22 d21) and Cascadia margin (1600 6
300 mmol m22 d21 [Linke et al. 1994; Suess et al. 1999]).
At the HMMV, TOU varied between the different habitats
by one order of magnitude from 15 mmol m22 d21 to
161 mmol m22 d21. Even the lowest rates measured in the
center were five-fold higher than in sediments from the
pelagic Norwegian margin (3.1 mmol m22 d21; Sauter et al.
2001). The TOU gained from benthic chamber incubations
covers not only total microbial and faunal oxygen
respiration in the sediments, but also fauna-mediated
chemical consumption enhanced by bio-turbation and
bio-irrigation and small-scale sediment topography

(Røy et al. 2002; Wenzhöfer and Glud 2002; Glud et al.
2003).

Studies of coastal and continental slope sediment
demonstrated that TOU could be up to four-fold higher
than diffusive oxygen uptake (DOU). Differences in the
oxygen consumption rates obtained by the two methods
were found to correlate with abundances of in- and
epifauna in these habitats (Wenzhöfer and Glud 2002;
Glud 2008). Only little is known about the relationship
between dissolved and total oxygen consumption with
methane and sulfate consumption at cold seeps. Cold seeps
support high benthic biomass and activities, which were
found to be related to total methane efflux, and most likely
sulfide production from AOM (Sibuet and Olu 1998). Here
we tested whether we could find relationships between
dissolved and total oxygen consumption, and with methane
and sulfate consumption as the main energy-yielding
processes at the HMMV. In theory, the stoichiometric
relationship between TOU and AOM or SR should be 1 : 2.
Under the assumption that the system is in balance,
methane is the sole electron donor, all methane is oxidized
anaerobically by sulfate reduction to sulfide, and all sulfide
is respired with oxygen. Deviations could result from an
efflux of methane into the aerobic zone, fueling aerobic
methanotrophy with a stoichiometry of oxygen-to-methane
consumption between 1 : 1 and 1 : 2 (depending on growth
efficiency; Naguib 1976), and on variations in the trophic
food web. However, the spatial variation in efflux of
methane, benthic community composition and biomass,
and methane consumption rates suggested no stoichiomet-
ric link between TOU and AOM at the HMMV.

The main problem with a direct comparison is the
difference between in situ assessment of TOU and the ex
situ quantification of methane and sulfate consumption,
the latter likely suffering artifacts from the difference in
sulfate and methane availability after retrieval of the cores.
Depending on the fluid flow within the seafloor, this may
result in either an overestimation (high fluid flow rates -
sulfate dependency) or underestimation (low fluid flow
rates - methane dependency) of the turnover rates. The
pore waters of retrieved cores are enriched in sulfate by gas
ebullition and a reflux of the overlying seawater, potentially
causing higher SR rates. In contrast, the retrieval reduces
methane availability due to depressurization. In the
following, the difference in the relationship between TOU
and sulfide production from methane oxidation is discussed
in detail for each habitat.

Center (I): Sulfide production provided only a very small
amount of reducing power for TOU, indicating that AOM
was largely absent due to the high upward flow rates of
sulfate-free subsurface fluids (de Beer et al. 2006). Still,
TOU at the HMMV center was an order of magnitude
higher than at sediments from the pelagic Norwegian
margin, suggesting that methane was the main electron
donor for oxygen consumption (ratio of 1 : 2). However, the
in situ TOU (57–72 mmol m22 d21) measured was . 20
times higher than the ex situ methane oxidation rates and
five-fold higher compared to previous DOU measurements
(de Beer et al. 2006; Lichtschlag et al. 2010). Interestingly,
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highest methane efflux in the hot center correlated with
higher heat gradients and lower TOU compared to the
warm center.

Previously, Lösekann et al. (2007) as well as Elvert and
Niemann (2008) found abundant aerobic methane-oxidizing
bacteria in surface sediments of the center. Also, the observed
differences between TOU and DOU could not be explained
by the presence of benthic fauna, which had only very low
abundances (Van Gaever et al. 2006). Hence, we suggest that
the assemblage of aerobic methane-oxidizing bacteria asso-
ciated with surface sediments of the mud volcano center
(Lösekann et al. 2008) may cause considerable oxygen
consumption that was not detected with microsensors.

Beggiatoa mat (II): Below the Beggiatoa mats, the
integrated consumption rates of sulfate and methane in
the mud volcano sediments appear stable over time
(Niemann et al. 2006), both temporally as well as spatially.
The measurements indicate an active AOM-SR zone close
to the sediment surface mainly in the first 3 cm of the
sediment with a relatively close coupling of sulfate and
methane turnover. However, also in the Beggiatoa mat
habitat, considerable differences between DOU and TOU,
as well as TOU and sulfide production, were found.

Previously measured DOU (22 mmol m22 d21 [de Beer
et al. 2006; Lichtschlag et al. 2010]) were only 20% of TOU
(Table 3) suggesting that benthic fauna could play a major
role in the oxygen consumption, or that considerable
reoxidation of methane and sulfide occurs above the
seafloor, not detected by microsensor measurements.
Investigations of the faunal community structure showed
that the meiobenthos consists nearly exclusively of the
nematode species Halomonhystera desjuncta (Van Gaever et
al. 2006, 2009a). This small invertebrate (, 1 mm) is not
associated with any microbial ecto- or endosymbionts.
Isotopic data suggest that these nematodes are heterotro-
phic, feeding on the biomass of the sulfide oxidizing
bacteria (Van Gaever et al. 2006, 2009a). The nematode is
highly abundant (11 3 106 individuals m22) in the HMMV
Beggiatoa mat habitats (Van Gaever et al. 2006). Consid-
ering an average deep-sea nematode respiration rate of
2.7 nmol O2 d21 individual21 (Shirayama 1992), the entire
nematode community could consume , 30 mmol O2

m21 d21. These nematodes were far less abundant in the
gray mat habitat (III), which also showed a lower TOU
despite the higher sulfide fluxes. Hence, we conclude that a
substantial fraction of TOU in the Beggiatoa mats is
explained by the activity of the faunal community, rather
than by direct sulfide oxidation.

The TOU of the Beggiatoa mat was three times higher
than the total sulfide production estimated from SR,
indicating that aerobic oxidation of methane in the mat
also played a significant role, as in the center habitat.
Previously, aerobic methane-oxidizing bacteria were found
associated with the Beggiatoa mat (Elvert and Niemann
2008), supporting this hypothesis. The methane flux
(78 mmol m22 d21) across the sediment surface would be
sufficient to fuel a considerable proportion of oxygen
consumption in the top few micrometers of the bacterial
mat (de Beer et al. 2006; Lichtschlag et al. 2010).

Gray mat (III): Patches of gray mats consisting of
diverse bacteria involved in sulfur cycling occur in the
transition zone between the hot center (I) and the siboglinid
tubeworm zone (IV), as well as within the siboglinid
tubeworm area (IV; Fig. 1B). Some of the gray mats appear
overgrown by Beggiatoa indicating that they could be
pioneer communities, replaced by Beggiatoa mats when
fluid flow conditions stabilize. Accordingly, the meio-
benthos of the HMMV gray mats (IV) consists mostly of
the nematode species H. desjuncta, but in much lower
numbers than in the Beggiatoa mats. Applying the mean
deep-sea nematode respiration rate of 2.7 nmol O2 d21

individual21 (Shirayama 1992) to their abundance (1.1 3
106 individual m22) within the gray mats (Van Gaever et al.
2009b), the oxygen consumption of the meiobenthos could
be in the range of 3 mmol m22 d21, hence explaining only a
small proportion of the total consumption. Accordingly,
the gray mat TOU (average in and next to gray mats:
57 mmol m22 d21) was not much higher than the DOU
rates (de Beer et al. 2006; Lichtschlag et al. 2010) and could
be entirely consumed in the reoxidation of the sulfide flux
(43 mmol m22 d21) from the underlying sediments
(Fig. 4E,F).

Siboglinid tubeworms (IV): By far the largest area of the
HMMV is inhabited by siboglinid tubeworms (IV;
Fig. 1D), extending their roots deep into the sediments to
take up hydrogen sulfide from the AOM zone above
methane hydrates (de Beer et al. 2006; Niemann et al. 2006;
Lösekann et al. 2008). The sulfide is oxidized by their
thiotrophic endosymbionts (Naganuma et al. 1999, 2005;
Lösekann et al. 2008), releasing sulfate back into the
seafloor. Investigations on siboglinid tubeworms from the
Gulf of Mexico showed their potential to excrete 70–90%
of the recycled sulfate again to the surrounding sediment
and, therefore, enhance further the sulfide production
(Dattagupta et al. 2006, 2008). Accordingly, we found the
highest areal AOM and SR rates as well as TOU in the
tubeworm habitat (Table 3).

The main energy source for the worm’s endosymbionts is
sulfide and it can be assumed that the oxygen
(161 mmol m22 d21) consumed in this habitat is mainly
used for sulfide oxidation. This would require SR and AOM
rates of , 80 mmol m22 d21, which is higher than the range
of the measured ex situ methane and sulfate turnover rate
(Table 3). Investigations in tubeworm-inhabited sites at the
Captain Arutyunov mud volcano (Gulf of Cadiz) indicate
that aerobic methane oxidation by free-living methano-
trophic bacteria is a relevant process due to bio-irrigation of
the sediments by tubeworms (Sommer et al. 2009).

The efficiency of the biological filter: Methane efflux vs.
methane consumption—Comparing methane fluxes across
all habitats (Tables 3, 4), it can be concluded that the center
(I) is the main site of diffuse efflux of methane at the
HMMV. This is coherent with high bottom-water methane
concentrations of . 104 nmol L21, which were reported
before from the central HMMV area (Sauter et al. 2006).
Previously, the efficiency of the microbial filter against
methane at HMMV was estimated by comparing methane
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consumption rates with focused, gaseous methane release,
and efficiency in the range of 1–24% was suggested for the
different habitats (Niemann et al. 2006). Here we have
calculated habitat-specific efficiencies in the removal of
methane based on the ratio between aerobic or anaerobic
microbial methane consumption and the total dissolved
methane fluxes (Table 3).

In the center (I) of the HMMV, . 14 3 103 mol methane
d21 are released (Table 4) and , 3% of the total methane
flux is consumed, mostly by aerobic oxidation of methane.
This low ratio is caused by shallow penetration depth of
oxygen and sulfate, which restricts aerobic and anaerobic
methane oxidation to a small horizon at the sediment
surface (de Beer et al. 2006; Niemann et al. 2006; Lösekann
et al. 2007). In the Beggiatoa mats (II), despite lower fluid
flow velocities, the diffusion of electron acceptors into the
sediment is still limited, resulting also in low consumption
of the total dissolved flux of 12%, mostly by AOM
(Table 3). In the gray mats (III), fluid flow is nearly
absent, increasing the penetration of sulfate. As a result,
more of the methane flux (32%) is consumed in the seafloor
compared to the center (I) or the Beggiatoa mats (II). In the
siboglinid tubeworm (IV) habitat, the low methane
emission rate (Table 3) suggests low upward fluid flow
velocities. However, with 93% turnover, the tubeworm
communities are also the most efficient filter against
methane, due to the bio-irrigation of the sediments by the
tubeworms (Sommer et al. 2009).

For the entire geostructure, 22% of the total diffuse
methane flux (47 3 103 mol d21) was removed already
within the seafloor based on our measurements of methane
oxidation (10 3 103 mol d21; Table 4). Taking total sulfide
production (sulfate reduction; 27 3 103 mol d21) rates into
account, assuming that the SR is mainly fueled by AOM at
the HMMV, the efficiency increases to 58%. Including also
the focused, gaseous methane efflux, which was previously
found to be in the same range (Niemann et al. 2006; Sauter et
al. 2006), the microbial filter for methane is only 10–26%.
However, assuming that oxygen is the ultimate sink for all
methane-derived reduced energy, including the previously
overlooked contribution of aerobic oxidation of methane in
the mats and the recycling of chemosynthetic biomass in the
food web (Van Gaever et al. 2009a; Lichtschlag et al. 2010),
the benthic filter would account for almost all of the total
diffuse methane flux, indicating that a substantial propor-
tion of biogeochemical processes at seeps is occurring in the
bottom-water–sediment boundary layer.

In conclusion, by targeted in situ quantification of
oxygen, methane, and sulfide fluxes during several expedi-
tions to the HMMV, we could develop a spatial budget for
the four main habitats on a scale ranging from 10 m to
1000 m. The dissolved methane efflux at HMMV of up to
777 mmol m22 d21 (mud volcano center) is so far the
highest emission recorded in cold seep habitats, indicating
also the importance of diffuse fluxes for budget estimates.
For the entire mud volcano, the total dissolved methane
efflux sums up to 14 3 106 mol yr21, compared to a
gaseous emission of 8–35 3 106 mol yr21, as previously
estimated (Sauter et al. 2006). Although not statistically
significant in all cases, the distribution of the different
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habitats of the HMMV was related, with temperature
gradients ranging from 46uC m21 to 1uC m21. The
temperature gradients were closely correlated to the efflux
of dissolved methane to the hydrosphere, declining from
the warm, northern center of the HMMV toward the outer
rim populated by thiotrophic tubeworms. The decrease in
methane emission was associated with an increase in the
mean oxygen consumption, reflecting the increasing effi-
ciency of chemosynthetic organisms to consume methane
and sulfide at decreasing upward fluid flow conditions.
Within and between the main habitats we recorded
differences in methane, sulfide, and oxygen fluxes of an
order of magnitude, indicating the relevance of targeted
spatial sampling in cold seep ecosystems.

At the high fluid flow rates dominating the HMMV, the
microbial efficiency in consuming methane in the seabed was
strongly limited, accounting for only 22% of the diffuse
methane emission. However, previously overlooked pro-
cesses at the sediment–water interface, including the aerobic
oxidation of methane, and recycling of chemosynthetic
production in the Beggiatoa mats, could contribute consid-
erably to the methane filter as suggested by in situ total
oxygen consumption measurements with benthic chambers.
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