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Abstract

The Dvurechenskii mud volcano (DMV) is located in permanently anoxic waters at 2060 m depth (Sorokin Trough, Black
Sea). The DMV was studied during the RV Meteor expedition M72/2 as an example of an active mud volcano system, to inves-
tigate the significance of submarine mud volcanism for the methane and sulfide budget of the anoxic Black Sea hydrosphere.
Our studies included benthic fluxes of methane and sulfide, as well as the factors controlling transport, consumption and pro-
duction of both compounds within the sediment. The pie-shaped mud volcano showed temperature anomalies as well as solute
and gas fluxes indicating high fluid flow at its summit north of the geographical center. The anaerobic oxidation of methane
(AOM) coupled to sulfate reduction (SR) was repressed in this zone due to the upward flow of sulfate-depleted fluids through
recently deposited subsurface muds, apparently limiting microbial methanotrophic activity. Consequently, the emission of dis-
solved methane into the water column was high, with an estimated rate of 0.46 mol m~>d~!. On the wide plateau and edge of
the mud volcano surrounding the summit, fluid flow and total methane flux were lower, allowing higher SR and AOM rates
correlated with an increase in sulfate penetration into the sediment. Here, between 50% and 70% of the methane flux (0.07—
0.1 mol m~2d~") was consumed within the upper 10 cm of the sediment. The overall amount of dissolved methane released
from the entire mud volcano structure into the water column was significant with a discharge of 1.3 x 10" mol yr~'. The
DMV maintains also high areal rates of methane-fueled sulfide production and emission of on average 0.05 mol m > d~'. This
is a difference to mud volcanoes in oxic waters, which emit similar amounts of methane, but not sulfide. However, based on a
comparison of this and other mud volcanoes of the Black Sea, we conclude that sulfide and methane emission into the hydro-
sphere from deep-water mud volcanoes does not significantly contribute to the sulfide and methane inventory of the Black Sea.
© 2010 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Below the chemocline in the permanently anoxic waters
of the Black Sea, oxygen, nitrate and most of the reactive
iron- and manganese-oxides are depleted. Thus sulfate is
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the principal electron acceptor in organic matter minerali-
zation in the water column and the upper seabed (Eq.
(1)). This leads to an accumulation of sulfide in the anoxic
water column to concentrations of up to 370 pmol L™
(Neretin et al., 2001).

2CH,0 + SO,>~ — HS™ +2HCO,” + H* (1)

At the Dvurechenskii mud volcano (Bohrmann et al.,
2003) and at other methane seeps on the slope off Crimea
(Kruglyakova et al., 2002; Michaelis et al., 2002) the
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anaerobic oxidation of methane (AOM) coupled to sulfate
reduction (SR) constitutes another metabolic pathway with
significant sulfide production. This process is performed by
methane oxidizing archaea and associated sulfate reducing
bacteria (Hinrichs et al., 1999; Boetius et al., 2000), which
gain energy by the following reaction:

CH, + SO,* — HS™ + HCO,™ + H,0 (2)

At many active seeps, methane oxidation is limited by
the availability of sulfate and oxygen, which must diffuse
into the seafloor against an upward pore-water flow (de
Beer et al., 2006; Niemann et al., 2006). Hence, the fluid-
flow velocities of the pore water control the amount of
methane and sulfide that is consumed or released into the
water column, and fluxes of methane and sulfide differ
locally depending on the geological structure of the cold
seep system. Previous investigations from cold seeps have
shown that modeling from pore-water gradients of
retrieved cores tends to underestimate the fluid-flow rates,
as the upward transport is stopped and steep gradients of
fluid constituents in the sediment are disturbed by
outgassing of methane. As a result the relationship between
fluid flow and methane consumption is not linear (de Beer
et al., 2006; Niemann et al., 2006).

Methane venting from seep sediments into the perma-
nently anoxic water of the Black Sea might be of greater
significance for the methane budget than in oxic environ-
ments, as the aerobic oxidation of methane is impeded
and a larger amount of the greenhouse gas methane might
be released into the atmosphere. The absence of benthic
organisms positively stimulating AOM by replenishing sul-
fate in the seafloor (Cordes et al., 2005; Niemann et al.,
2006) may also lower the efficiency of the benthic filter
against methane. In addition, most of the sulfide produced
by AOM may escape from the seafloor, as electron accep-
tors such as oxygen and nitrate are missing, and hence
free-living and symbiotic sulfide-oxidizing bacteria, which
are efficient consumers of sulfide in oxic seep systems (Tre-
ude et al., 2003; de Beer et al., 2006).

In this study, we visited the Dvurechenskii mud volcano
(DMYV) in the Black Sea abyss as a natural laboratory to
investigate how anoxia and different fluid-flow velocities
may influence fluxes of methane and sulfide from an active
mud volcano to the anoxic Black Sea hydrosphere. To cir-
cumvent biases introduced from sediment retrieval our ap-
proach was based on in situ methods. We used a benthic
chamber for assessing total exchange rates across the sedi-
ment-water interface and a microprofiler for measuring
high-resolution geochemical gradients in the sediment.

2. MATERIALS AND METHODS
2.1. Sampling site

The Dvurechenskii mud volcano is located in the central
part of the Sorokin Trough at a water depth of about
2060 m. It has a wide flat plateau with an elliptic shape of
1200 by 800 m diameter, limited by a steep edge with an ele-
vation of 80 m above the surrounding seafloor. Mud rises
diapirically from a deep source originating in the Maikopi-

an formation (Oligocene-Lower Miocene) (Woodside et al.,
1997). Fluids ascend from a depth of at least 3 km and are
formed by thermogenic organic matter and silicate alter-
ation processes, resulting in enrichments of Ba", I, ClI-,
Sr?*, Li", and ammonium compared to the Black Sea bot-
tom water. Additionally, these fluids are depleted in sulfide
and sulfate and show a higher salinity than seawater. Par-
ticulate organic matter content is 2-6 wt.% at the sediment
surface, but decreases to about 1 wt.% below 5 cm sediment
depth (Aloisi et al., 2004; Wallmann et al., 2006). Temper-
ature anomalies in the water column and in the sediments
of the DMV indicate areas with increased fluid and/or
mud upflow (Bohrmann et al., 2003; Feseker et al., 2009).
The distribution of pore-water components in retrieved
cores could be fitted to a transport model assuming upward
flow velocities from 0.08 to 0.25m yr~!, with highest up-
flow in the central part of the mud volcano plateau,
decreasing towards the edge (Aloisi et al., 2004; Wallmann
et al., 2006). Rates of anaerobic oxidation of methane cou-
pled to sulfate reduction were also highest in the central
part, and the model predicted a consumption of up to
80% of the average methane flux (Wallmann et al., 2006).
Gas flares extend up to 1300 m into the water column above
the DMV (Greinert et al., 2006), but their source was not
located. Gas from dissociated hydrates is mainly composed
of methane (>99.5%) with low amounts of ethane and pro-
pane (<0.5%) (Blinova et al., 2003; Feseker et al., 2009).
The period sampled here (February/March 2007) was char-
acterized by locally higher temperature gradients on the
plateau compared to earlier observations (summarized in
Feseker et al., 2009), the presence of gas hydrates below
1.5m sediment depth with in situ concentrations of
1.7 mmol CH,4 cm 2, and the presence of a relatively young,
warm mud flow forming a small elevation north of the cen-
ter of the mud volcano plateau (Feseker et al., 2009).

2.2. Sampling

The DMV was visited during the RV Meteor M72/2
cruise in February/March 2007. High quality videographic
observation at this site was accomplished using the cameras
of the remotely operated vehicle (ROV) Quest 4000 (MAR-
UM, Bremen), and recording of topographic maps was car-
ried out with the multibeam sonar of the research vessel
(Fig. 1). In a small area (N 44° 17.03'; E 34° 58.88') north
of the geographical center of the mud volcano the multi-
beam maps showed an elevation (further referred to as
‘summit’) of the seafloor of around 2-3 m above the sur-
rounding area, at 2055 m below sea level.

The bottom water temperature measured across the
DMV with temperature loggers mounted on the ROV
frame was on average 9.11 °C. At the summit, an anomaly
of +0.01 °C was recorded in the bottom water at around
60 cm above the sediment (Feseker et al., 2009). Elevated
water temperature is a reliable indicator for discharge of
warm fluids. Thus we sampled along a gradient in fluid flow
from the DMV summit to the outer edge of the mud vol-
cano plateau. Our target sites were the summit (St. 1), the
plateau between the summit and the edge of the mud vol-
cano (with St. 2: geographical center and St. 4-7: transect
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Fig. 1. Bathymetric map of the DMV generated during the M 72/2 cruise with sampling stations (St. 1-10, displayed as +). Additionally,
sampling positions MIC 3-5 from Wallmann et al. (2006) and Aloisi et al. (2004) are displayed as @.

between the summit and the northern edge), the northern
and western edge (St. 3, St. 8), and sites north and south
of the DMV (St. 9, St. 10). Sediment sampling was done
with short sediment cores (push cores: 10-20 cm sediment
length) operated by the ROV manipulator, with a TV-
guided multiple corer (TV-MUC, 20-40 cm sediment core
length) equipped with a POSIDONIA positioning system,
and with a gravity corer (up to 4 m sediment length). Sam-
pling locations are displayed in Fig. 1 and samples were la-
beled according to the international geoscience database
PANGAEA (Table 1).

2.3. In situ microsensor measurements and flux calculations

High-resolution geochemical gradients were measured
in situ with a deep-sea microprofiler (Fig. 2a), a similar unit
as mounted on free-falling lander (Gundersen and Jorgen-
sen, 1990; Wenzhofer et al., 2000). For measurements the
profiler was precisely positioned at the seafloor with the
ROV and started with the ROV manipulator. After the pro-
filing was finished, the microprofiler was moved to another
station and the measuring routine was re-activated with the
ROV arm (Treude et al., 2009). Altogether eight micropro-
filer deployments were done along a transect from St. 2 as
the most southern point towards the northern edge (St. 3)
(Fig. 1). Here the profiler was deployed as close as possible
(10 cm) to a crack in the sediment that was filled with white
matter (further referred to as ‘white patches’). The transect
crossed the summit twice (St. la, b).

The microprofiler was equipped with three H,S sensors,
two pH sensors, and one 3 mm thick temperature sensor (Pt
100, Umweltsensortechnik GmbH, Germany) (Jeroschew-
ski et al., 1996; de Beer et al., 1997). The sensors were

calibrated at in situ temperature as described previously
(Wenzhofer et al., 2000; de Beer et al., 2006). The results
from the H,S sensors were converted to total sulfide con-
centrations with a pK; for sulfide in seawater after Gold-
haber and Kaplan (1975) and will further be referred to
as sulfide (=H,S + HS™ + §*7).

Diffusive sulfide fluxes across the sediment-water inter-
face were calculated from the gradients in the diffusive
boundary layer (DBL) using Ficks first law of diffusion:

dc

E? (3)

where Jg;r = diffusive flux [mmol m~2d~!'}, D = diffusion
coefficient in water [m? d~!] corrected for temperature and
salinity (Li and Gregory, 1974), and dc/dz = concentration
gradient [mmol m 3 m~!]. A diffusion coefficient D for HS™
of 1.05x 107*m?d~! was used. Fluxes in the sediment
were calculated from the pore-water gradients:
dc

Jdlff - ¢Dsed E ) (4)
where ¢ = porosity and Dyq = diffusion coefficient in the
sediment [m? d~']. The diffusion coefficient Dyq in the sed-
iment was calculated according to Iversen and Jergensen
(1993):

Jagr =D

Dsed = (5)

b
1+3(1—¢)

2.4. Benthic chamber measurements

A benthic chamber module constructed for the deploy-
ment by an ROV as described in Glud et al. (2009) was
positioned at St. 1 on the DMV summit (Fig. 2b). Subsam-
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Table 1

Sampling and analysis details from the different areas of the Dvurechenskii mud volcano (DMYV). Samples and in situ instruments are labeled
as in the PANGAEA database (http://www.pangaea.de) and data is deposited under http://doi.pangaea.de/10.1594/PANGAEA.738356. SR:
sulfate reduction, AOM: anaerobic oxidation of methane, AODC: acridine orange direct counts.

Station Mud volcano area Coordinates Measurement and PANGAEA event label
St. la, St. 1b Summit 44°17.03' N, Microsensor measurements (M72/2_309_MICP-1, MICP-8),
34° 58.88' E benthic chamber deployment (M72/2_319_ CHAM-1),
SR, AOM (M72/2_309_PUC-68, -36,),
geochemical analyses (M72/2_309_PUC-51,
21, M72/2_319_PUC-2, M72/2_310),
AODC (M72/2_309_PUC-36),
St. 2 Plateau: geographical 44°16.95 N, Microsensor measurements (M72/2_309_MICP-2),
center of the DMV 34° 58.94' E SR, AOM (M72/2_270),
geochemical analyses (M72/2_269, M72/2_300),
AODC (M72/2_270),
St. 3 Northern edge 44°17.14 N, Microsensor measurements (M72/2_309_MICP-3),
34° 58.84' E geochemical analyses (M72/2_319_PUC-43)
St. 4 Plateau 44°17.12' N, Microsensor measurements (M72/2_309_MICP-4)
34° 58.85 E
St. 5 Plateau 44°17.10' N, Microsensor measurements (M72/2_309_MICP-5)
34° 58.86' E
St. 6 Plateau 44°17.06' N, Microsensor measurements (M72/2_309_MICP-6)
34° 58.87' E
St. 7 Plateau 44°17.04 N, Microsensor measurements (M72/2_309_MICP-7)
34° 58.88' E
St. 8 Western edge 44°16.97" N, SR, AOM (M72/2_282_PUC-26, -67),
34° 58.59' E geochemical analyses (M72/2_282 PUC-27)
St. 9 North of DMV 44°17.26' N, SR, AOM (M72/2_280),
34° 58.98 E geochemical analyses (M72/2_279, M72/2_314),
AODC (M72/2_280)
St. 10 South of DMV 44°16.58' N, SR, AOM (M72/2_291),
34° 58.64' E geochemical analyses (M72/2_291, M72/2_306)

AODC (M72/2_291)

ples of the enclosed bottom water were taken with syringes
after pre-programmed time intervals. The total deployment
time of the benthic chamber was 8 h. After retrieval of the
chamber module, subsamples of each water sample were
immediately fixed in ZnAc (2%) for chloride analyses
(1 mL sample in 0.5 mL ZnAc), stored in gas-tight, head-
space-free sealed glass vials for methane concentration mea-
surements (Kvenvolden and McDonald, 1986), or frozen
for nutrient analyses. Nutrients were measured with a
Skalar Continuous-Flow Analyzer according to the method
of Grasshoff et al. (1983). Concentrations of chloride
were measured with non-suppressed ion-chromatography
(Waters 510 HPLC Pump; Waters IC-Pak 50 x 4.6 mm an-
ion exchange column; Waters 430 Conductivity detector).
Methane was measured in the headspace of the glass vial
after heating to 60 °C for 30 min (ODP Leg 201 Shipboard
Scientific Party, 2003) with a gas chromatograph (5890A,
Hewlett Packard) coupled to a flame ionization detector
(HP 5890 GC-FID). A GFT-Poropak-Q column (6 ft.,
80/100) was installed for the chromatographic separation
using the following temperature program: initial oven tem-
perature: 40 °C, hold for 1 min, heating rate of 20 °C min~!
to 200 °C (1 min). The precision of the gas chromatography
measurements was +5%.

Fluxes of methane, chloride, and ammonium were calcu-
lated from the linear increase of the constituents in the en-
closed water volume over time. As methane and chloride

fluxes were rather constant during the entire deployment,
the linear increase over 8 h of deployment was considered,
in the case of ammonium, only the linear increase over
the first 4 h was used for the calculation of the flux.

2.5. Bottom water and sediment pore-water analyses

Seawater was sampled at defined spots 10 cm above the
seafloor with the ROV fluid sampling system KIPS
(Schmidt et al., 2007). The samples were enclosed in PFA
(perfluoralkoxy) flasks, where they stayed during the dive.
The pH in the water samples was measured immediately
after surfacing of the ROV. Subsamples for nutrient con-
centrations analyses were treated and measured as de-
scribed above.

For analyses of sediment solutes either push cores or
TV-MUC cores were taken at St. 1, 2, 3, 8, 9 and 10
(Fig. 1). Pore water was extracted from the sediment with
Rhizons (type: CSS, Rhizosphere Research Products, filter
capacity of 0.1 um), described in detail elsewhere (Seeberg-
Elverfeldt et al., 2005; Dickens et al., 2007; Lichtschlag
et al., 2010). To allow Rhizon insertion, holes were drilled
in the core liners at depth intervals of 1 cm and sealed with
diffusion-tight PVC tape before sampling to prevent loss of
gasses and ions from the core. After retrieval the tape was
still firmly adhering to the core liner and intrusion of
seawater by loosening of the sealing can be excluded. The
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Fig. 2. (a) Microprofiler measurements, (b) benthic chamber module deployment, and (c) sediment sampling at the summit lacking the fluffy
layer on top of the sediment; (d) sediment sampling at the plateau with a thick fluffy layer on top of the sediment; (¢) gas bubble escape during
coring at the geographical center (plateau); (f) white patch at the western edge. Source: ROV Quest 4000 (MARUM, Bremen).

wet Rhizons were horizontally inserted into each sediment
horizon through the tape covering the predrilled holes and
pore water was extracted gently by manually applying an
under-pressure with a syringe. Only 3-4 mL were extracted
per Rhizon to avoid a mixing of pore waters across the dif-
ferent horizons. The initial half mL of the extracted pore
water was discarded to avoid dilution with MQ water in
which the Rhizons were stored. Pore-water subsamples for
dissolved inorganic carbon (DIC) were quickly transferred
into glass vials (2 mL) leaving no headspace and poisoned
with 20 pL saturated HgCl, for concentration measure-
ments or sterile filtered for determination of the DIC
isotopic composition. Further subsamples (0.5 mL) were
transferred into plastic vials with 0.5 mL ZnAc (2%) for
sulfate, chloride, and sulfide determination. Sulfate and
chloride were measured with non-suppressed ion-chroma-
tography as described above. The photometric methylene

blue method (Cline, 1969) was used to measure the sulfide
concentration. DIC concentrations were measured with a
conductivity detector (VWR scientific, model 1054) with
30mmol L™! HCI and 10 mmolL~! NaOH as eluent
according to the method of Hall and Aller (1992).

For methane, propane, and ethane analyses sediments
were sampled with a gravity corer at the same stations as
the TV-MUCS and the push cores. For ex situ concentra-
tion measurements 3 mL wet sediment samples were taken
in cut-off syringes, extruded into 20-mL vials and closed
gas tight. After heating to 60 °C for 30 min, 100 pL subs-
amples were taken from the gas phase with gas tight syrin-
ges and measured as described above. For onshore isotopic
analysis of the methane, 5 mL headspace gas were trans-
ferred into vials filled with saturated NaCl-solution using
gas tight syringes and volume-volume exchange with hypo-
dermic needles, and stored upside-down. However, all cores
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from the DMV plateau showed a strong degassing, causing
artifacts in the ex situ gas distribution. Autoclave coring
tools for the determination of in situ gas concentrations
were not available during our cruise leg, but total in situ
methane concentrations were determined a month later at
the same sites (M72/3; Feseker et al., 2009). The methane
hydrate content of the central plateau sediments was as
high as 1.7 mmol cm 3. The equilibrium concentrations
for methane in hydrate and dissolved in pore water for
the different temperature and salinity regimes in the sedi-
ment are discussed in Wallmann et al. (2006) and Feseker
et al. (2009), and range between 118 mmol CH, L™
(16.5°C) and 85mmol CH, L' (10°C). A conservative
estimate of in situ methane concentration in the hydrate-
free 0-100 cm layer was used by Feseker et al. (2009) with
60 mmol CH4 L™!, assuming the absence of free gas in the
surface layer. However, as we did observe the presence of
free gas in the summit and plateau surface sediments during
sampling, and a high fluid-flow velocity restricting the zone
of mixing with seawater to the top centimeter (de Beer et al.
2006), we assume a range of in situ concentrations of 85—
118 mmol CH4 L™ for the DMV surface sediments for fur-
ther flux estimates.

The DIC isotopic composition was measured with a
GasBench automated sampler, interfaced to a Finnigan
MAT 251 mass spectrometer. Prior to analysis, a pore-
water aliquot (~0.5-1 mL) was flushed with helium 5 times
to remove residual CO, and subsequently acidified with
phosphoric acid to allow CO, extraction. Analyses were
calibrated with a known standard (Solnhofen limestone)
of defined isotopic value, primary standardization occurred
by tank CO, (purity: 99.995%). Standard deviation was
estimated to be less than 0.19,. The stable carbon isotopic
composition of methane was analyzed by gas chromatogra-
phy-isotope ratio mass spectrometry using a Thermo Finn-
igan Trace GC ultra coupled to a Thermo Finnigan
Deltaplus XP mass spectrometer via a Thermo Finnigan
GC Combustion III interface. The GC was equipped with
a Supelco Carboxen 1006 Plot fused-silica capillary column
(30 m x 0.32 mm in diameter). The initial oven temperature
was set to 40 °C, kept for 4 min, raised by 2050 °C min~"
to 240 °C, held for 1 min. Standard deviations were usually
less than 19,. Isotope ratios are given in d-notation relative
to the Vienna Peedee Belemnite Standard (V-PDB).

2.6. Sulfate reduction (SR) and anaerobic methane oxidation
(AOM)

For rate measurements of anaerobic methane oxidation
and sulfate reduction sediment samples were retrieved for
the whole core injection method (Jergensen, 1978; Treude
et al., 2003). Briefly, push core sediments were vertically
sub-sampled with small subcore liners (diameter = 2.5 cm).
For each sampling station and method 3-4 replicate sub-
cores were used. On board, either 10 pL *°SO4>~ (75 kBq
activity dissolved in water) or 20 uL "*CH, (1.4 kBq activity
dissolved in water) were injected into the subcores in 1 cm
intervals through silicon-sealed holes. The sediment was
incubated in the dark for 12 h at in situ temperature and
standard pressure. Samples were digested and analyzed as

described before (Kallmeyer et al., 2004; Treude et al.,
2003). Measurements were carried out on sediment samples
from St. 1, 2, 8, 9 and 10.

2.7. Acridine orange direct counts (AODC)

Sediments were sliced in 1 cm intervals, fixed in formalin/
seawater, and the total number of microbial cells present in
1 cm® sediment was determined with acridine orange direct
counts (AODC) via epifluoresence microscopy (Meyer-Reil,
1983; Boetius and Lochte, 1996). Cell counts include only
single cells and no aggregates.

3. RESULTS
3.1. Site and sediment description

The video transects showed spatial differences in the sur-
face morphology across the DMV (Fig. 2). At the geo-
graphical center (St. 2, Fig. 2e) the sediment surface was
uneven with small hills (maximal heights of 20 cm). As vis-
ible by video observation and on retrieved sediments a
beige-brown fluffy layer of sedimented detritus of about
1 cm thickness covered the surface. At the summit (St. 1,
Fig. 2a—c) the seafloor was even more hummocky, and rip-
ple-like structures with a wavelength of approximately
50 cm were present. Here, no fluff layer was observed on
top of the seafloor. The seafloor at all other sites of the pla-
teau (St. 4-7) was flat and the fluffy layer was covering the
seafloor completely. At the northern (St. 3) and western
edge (St. 8) the thickness of the fluffy layer increased to
2 cm. Here, the seabed was again very hummocky and
many cracks were observed on the surface.

Sediments retrieved from the site north of the DMV
(St. 9) were covered with up to 7cm of the fluff. Here,
no ROV dives were carried out but samples were recov-
ered with a TV-guided multiple corer. The material form-
ing the fluffy layer comprises of deposits of marine snow
often found on top of Black Sea sediments. It was strati-
fied with interspersed brown—green layers separating about
1 mm thick whitish zones representing the sedimentation
of coccolithophorid blooms. Below the fluffy layer the sed-
iment recovered from the DMV was homogeneous over
the whole core length, with a dark, olive-green sediment
color, a fine-grained sediment texture and the presence
of gas bubbles from methane oversaturation after retrie-
val. From the summit and the plateau of the DMV (be-
tween St. 1, 2, 6 and 7) occasionally gas bubbles were
released from the sediment upon touching the seafloor
with our instruments and samplers (Fig. 2e), indicating
that methane was oversaturated in situ. This is related to
the high in situ concentrations of dissolved methane. At
the northern, western, and southern edge of the DMV vi-
deo observation showed white patches on the seafloor
(Fig. 2f). Microscopy of recovered samples from these
white patches showed needle shaped minerals (possibly
barite). The white material did not contain sulfide-oxidiz-
ing bacteria, which are usually forming conspicuous whit-
ish mats at cold seeps that reside in oxic and suboxic
bottom waters.
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3.2. In situ microsensor measurements and flux calculations

3.2.1. Temperature

The highest sediment temperature gradients of up to
10.2°Cm™" were found at the summit of the DMV (St.
1; Fig. 3b and c). Temperature of the top 10 cm seafloor
sediment was 9-10 °C at the summit and §-9 °C at the sur-
rounding plateau. The temperature in the water column
above the summit was also slightly elevated (+0.1°C,
5 cm above the sediment). At St. 7 the sediment tempera-
ture gradient was already reduced to 15% of the value at
the summit (Fig. 3d) and decreased further towards the
northern edge. The temperature gradient at the geographi-
cal center (St. 2) was 1.2°C m™, in between those of St. 6
and St. 5. At the outer edge (Fig. 3h) the gradient was only
2% of that of the summit. Sediment temperature gradients
are summarized in Table 2.

3.2.2. Sulfide

Sulfide concentrations were the lowest in sediments of
the summit of the DMV (St. 1, Fig. 3). The stations at the
edge (St. 3) and plateau (St. 2, 4-7) showed elevated concen-
trations of sulfide in the sediment indicating local produc-
tion. Neither the sulfide depth distributions, nor the
concentration maxima of sulfide showed a gradual succes-
sion with distance from the summit, in contrast to the tem-
perature gradients. Interestingly, at most sites two sulfide
peaks were found in the sediment: one at the sediment-water
interface and a second one at 3—15 cm bsf (below surface). In
several profiles the sulfide steadily decreased with sediment
depth below the second concentration maximum. The peaks
indicate zones of net production separated by a sulfide sink.
From the sum of the diffusive fluxes below and above these
zones, an average volumetric consumption rate of
1300 mmol m— d~" was calculated from profiles with dips.
The time needed for leveling of the two concentration max-
ima into a straight line by diffusion, was modeled using a
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one-dimensional COMSOL multiphysics modeling suite,
resulting in an leveling of the two sulfide peaks in the order
of days.

Sulfide fluxes are calculated from the gradients and are
summarized in Table 2. Sulfide fluxes are displayed as (I)
fluxes calculated from the DBL and thus representing the
sulfide that is released from the sediment into the water col-
umn and (II) upward directed sulfide fluxes of the second,
deeper located sulfide peak. The DBL sulfide fluxes (I)
showed an increase along the transect from the summit to
the northern edge. The upward sulfide fluxes calculated
from the gradients in the subsurface sediment (II) were sub-
stantially lower with lowest fluxes at the summit, intermedi-
ate fluxes in the plateau area and highest fluxes at the edge.
Hence, most sulfide emitted was produced close to the sed-
iment seawater interface.

Sulfide consumption in these highly reduced sediments is
negligible, which can be deduced from comparison of net
and gross sulfate reduction (measured SR rates vs. sedimen-
tary sulfide fluxes; Table 2). The diffusive flux downward
equals the advective flux upward. Assuming steady state
the fluid velocity can then be calculated from the shape of
the sulfide profiles below the lower sulfide peak (de Beer
et al., 20006):

ox

¢y = cpe Dsd ,

(6)

where c, is the solute concentration at sediment depth x, ¢
is the concentration at the source (in this case the maximal
concentration of the lower sulfide peak), v is the upflow
velocity (m yr~') and Dgeq is as defined in Eq. (5). Modeling
of the fluid-upflow velocities from sulfide profiles was pos-
sible at St. 2 and 3. The upflow velocities obtained by this
modeling approach are displayed in Table 2. To estimate
the effect of fluid flow on the sulfide fluxes, which in Table 2
are displayed as diffusive fluxes (Jy;), the total flux (Jiof)
was calculated as described previously (de Beer et al., 2006):

Jiot = Jditr +Jadv, (7
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Fig. 3. (a—h) High-resolution in situ microsensor profiles of sulfide (H,S + HS™ + S?7), pH and temperature. Graphs are arranged in
geographical order from the most southward station (geographical center, St. 2), crossing the summit (St. 1a, 1b), the plateau north of the
summit (St. 7-4), and ending at the northern edge (St. 3). Sulfide profiles from St. 1 to St. 6 are averages of results from three different sensors.
At St. 7 only two sensors worked. Except for St. 1 only one of the two pH sensors was functional.
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Table 2

Results from in situ microsensor measurements and ex situ AOM and SR rate measurements. For the sulfide fluxes averages are given with
standard deviation (SD) wherever possible (St. 1-6: n = 3; St. 7: n = 2); for rate measurements n = 3; rates are integrated over 0-10 cm

sediment depth. n.d. = not determined. DBL: diffusive boundary layer.

St. 1 a/b St. 2 plateau  St. 3 St. 4 St. 5 St. 6 St. 7 St. 8 St. 9 St. 10
summit (geographical northern  plateau plateau plateau plateau western  north south
center) edge edge of DMV of DMV
Temperature 9.7/10.2 1.2 0.2 0.3 0.8 1.7 1.7 n.d. n.d. n.d.
gradient (°Cm™")
Fluid upflow from n.d. 0.3 0.3 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
sulfide profile (m yr~1)
(1) Diffusive sulfide 10+38 27+ 17 1054+128 74+45 45+29 15416 37+1 nd. n.d. n.d.
flux across DBL (sulfide
(mmol m—2d~") £SD flux I+1I)
(IT) Upward directed, 0.74+0.5/03 18+4 See (I) 5+2 0+1 7+2 3+£1 nd n.d. n.d.
diffusive sulfide flux of sulfide
second sulfide peak flux across
(mmol m~2d~") +£SD the DBL
Depth-integrated sulfate  0.054+0 19.8 +5.7 n.d. n.d. n.d. n.d. n.d. 108 £38 02+0 0.2+0.1
reduction rates (ex situ)
(mmol m~2d~1) £SD
Depth-integrated methane 0.07 0.1 9.1+6 n.d. n.d. n.d n.d. n.d. 11.24+9.6 <0.01 0.24+0.1

oxidation rates (ex situ)
(mmol m—2d~") +£SD

where Jg;ir is defined in Eq. (4) and J,4, is the advective flux
(v X ¢y). The interfacial fluxes appeared to be hardly influ-
enced by the upflow velocities obtained with Eq. (6). Less
than 5% of the total sulfide flux across the DBL was due
to the advectional term. With the upflow velocity calculated
in Eq. (6), the total efflux from the second peak was 25%
higher at the geographical center (St. 2). As this is in the
range of uncertainty inherent to our approach, in the fur-
ther discussion the diffusive fluxes are considered accurate.

323 pH

At one deployment at the DMV summit (St. 1a) both
pH sensors recorded a very distinct profile with a dip just
below the sediment surface followed by a peak at 3.5 cm
bsf, and a gradual decline below this depth (Fig. 3b). The
replicate measurement at the summit (St. 1b, about 15m
away from the first one), showed a gradual decline of pH
(Fig. 3c). At the plateau area north of the summit the pH
was more or less constant with depth (Fig. 3d—g). The pH
profiles at the edge (Fig. 3h) showed a steady decrease with
depth with a similar profile as in St. 1b. At the geographical
center (St. 2) there was a clear and strong peak in pH at a
depth of 2 cm (Fig. 3a).

3.3. Benthic chamber measurements

The summit of the DMV emits large amounts of meth-
ane, ammonium, and chloride, as indicated by their concen-
tration increase with time in the benthic chamber (Fig. 4;
Table 3). Using the effluxes and pore-water concentrations
of these solutes, an upflow velocity of the mud volcano fluid
between 1 and 2.8 myr~! was estimated (Table 3). This
procedure for estimating fluid-flow rates requires some
assumptions: no consumption of the solutes in the sedi-
ment, no enhanced solute exchange during the chamber

placement, and a constant efflux. Pushing a benthic cham-
ber into sediment may cause an enhanced release of constit-
uents from the pore water into the chamber. However, the
results from our deployment revealed that the chloride and
ammonium concentrations, which are significantly enriched
in DMV pore waters, showed reasonable values close to
Black Sea bottom water concentrations shortly (1 h) after
the chamber was placed and a linear increase with time,
indicating that no significant artificial enrichment in the en-
closed water body took place. Also, no visual gas ebullition
was observed during the placement of the chamber. How-
ever, calculating the methane concentration at time zero
from the linear increase in the chamber, the methane con-
centration was around 250 uM in the water above the sum-
mit, compared to >85 mmol L™ in the sediment pore water
(Wallmann et al., 2006).

The fluid flow calculated from the chloride, methane,
and ammonium increase should be similar over the entire
incubation, which is not the case, especially for ammonium.
Taking only the first linear (04 h of incubation) ammo-
nium increase into account results in a fluid-flow velocity
of 1 myr~!. The process for this difference in the ammo-
nium increase compared to the increase of the other constit-
uents can unfortunately not be deduced from our set of
data. As chloride is the most conservative constituent we
assume the upflow based on chloride as most reliable, thus
the fluid flow at the DMV will be maximally 2.8 m yr— .

3.4. Geochemistry of bottom water and pore water

The pH of the Black Sea water at 10 cm above the sea-
floor of the DMV was 8.0. No nitrate or nitrite was found.
Ammonium and chloride were equally high in the water
above the summit and the geographical center (90 and
315 pmol L™}, respectively). At the northern edge of the
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Fig. 4. Results from analyses of (a) methane, (b) ammonium, and
(c) chloride in water collected inside the benthic chamber during the
8 h deployment at the summit. Fluxes are calculated from the linear
increase of the compounds inside the chamber.

DMV ammonium values were reduced to half of the
amount of the other sites.

Solute distributions in recovered sediment cores differed
substantially between the sampling stations. In the core
from the summit (St. 1) a strong outgassing was observed
after retrieval. In this core sulfate was detected to a depth
of up to 10 cm after retrieval (Fig. 5a). In the less gaseous

Table 3

geographical center (St. 2) sulfate was found only to a
depth of 5 cm (Fig. 5g). Despite the small-scale variability
it can be concluded that the surface pore water of DMV
was depleted in sulfate, and elevated in chloride and DIC
(Fig. 5). Outside the volcano (reference St. 9) concentra-
tions of sulfate, chloride, sulfide, DIC, and the isotopic
composition of the DIC were almost constant with sedi-
ment depth (0-12 cm), and close to seawater values. The
sulfide concentrations (Fig. 5c, i, o, s) in the retrieved cores
were always lower than measured in situ with the micropro-
filer. This might be an effect from core retrieval, which can
induce seawater mixing into the sediment and can lead to
methane gas formation due to oversaturation during as-
cent, flushing out concomitant gases like H,S. Degassing
during core retrieval also affected methane concentrations
in the cores. After retrieval all cores from the plateau of
the DMV had substantially lost methane from the pore
water, and showed concentrations above atmospheric pres-
sure throughout the sediment core (>1.4 mmol L™!). Con-
centrations of ethane and propane in the sediment were
three to four orders of magnitude lower than methane con-
centrations, similar to previously published concentrations
(Blinova et al., 2003; Feseker et al. 2009). The 8'>C signa-
ture of methane retrieved from the summit of the DMV
was around —60%, V-PDB. The DIC carbon isotope signa-
ture was similar over the whole sediment cores (+8%,
V-PDB, Fig. 5d), and the same as found in several meters
depth (data from gravity core 310, not shown), thus conver-
sion of methane to DIC is slow at the summit compared to
the transport of DIC from the subsurface. At the geograph-
ical center the DIC concentration increased to maximally
17 mmol L™" in 10 cm depth. Here the lowest DIC §'*C va-
lue (—309, V-PDB) was found 2 cm below the sediment
surface, and the signature became less depleted with depth
(Fig. 5j). Also at the edge stations the DIC concentrations
increased with depth (Fig. 5p and t). At the reference site
(St. 9) outside the DMV the DIC §'3C signature was con-
stant over the upper 10 cm sediment depth (Fig. 5z), and
methane concentrations were <0.1 mmol L™! in the top
100 cm (data not shown).

3.5. Rates of sulfate reduction (SR) and anaerobic oxidation
of methane (AOM)

Depth-integrated rates (0-10 cm) of SR and AOM are
summarized in Table 2. At the summit (St. 1, Fig. 5e) SR
and AOM were very low in the upper 10 cm, but above
detection limit. In the geographical center of the DMV
(St. 2, Fig. 5k) SR reached 20 mmol m~2d~!. The highest

Results from the deployment of the benthic chamber at the summit of the DMV (St. 1). The upflow was calculated from the flux of solutes into

the chamber and the solute fluid concentrations.

Chloride Ammonium Methane** Methane***
Total emission (mmol m—2d ") 3.6 x 10° 92 458 458
Concentration in mud volcano fluid (mmol L") 810 20% 85%* 118%%*
Upflow (m yr ') 2.8 1.0 1.8 1.3

*Ammonium concentration of the fluid as in Aloisi et al. (2004); methane concentration at the summit at equilibrium at ambient salinity,
temperature, and pressure as in **Wallmann et al. (2006) and in ***Feseker et al. (2009); it was assumed that no methane was consumed in the

summit sediments (see Section 4).
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Fig. 5. Pore-water characteristics, anaerobic methane oxidation (AOM) and sulfate reduction (SR) rates, and acridine orange direct counts of

cells in the sediments (AODC) of the DMV sampling stations.

SR rate was detected directly at the seafloor-water inter-
face, where it exceeded AOM significantly. Below the first
cm, AOM and SR were similar. AOM rates at the western
edge (St. 8) were similar to results from the geographical
center, but SR exceeded AOM considerably (Fig. 5u). Ex-

cept the summit, all sites on the plateau of the DMV
showed considerably higher SR and AOM rates than the
sites outside the DMV (Table 2, Fig. 5). Outside the mud
volcano, integrated SR rates were only 0.2-1% of those
on the plateau, but slightly higher than those of the summit.
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3.6. AODC counts

Cell counts from the summit showed an unusual deple-
tion in cells in the first 10 cm of the sediment with values
of on average 107 cells per cm® sediment (Fig. 5f). This is
one to two orders of magnitude lower than in the same sed-
iment depth at the sites north and south of the DMV
(Fig. Sab). Below the depth of 10 cm the amount of cells
in sediments from the summit increased to 107 cells per
cm® sediment. At the geographical center the number de-
creased with depth from 10° cells per cm® sediment at the
sediment surface to 107 cells per cm® sediment in 18 cm
depth (Fig. 51). Numbers of cells were constantly high over
the upper 10 cm at the western edge (St. 8). These cell
counts always comprise only single cells and not aggregated
microbial cells.

4. DISCUSSION
4.1. Patterns of fluid flow and methane flux

The Dvurechenskii mud volcano has the shape of a flat
mud pie with a steep outer edge, and consists of a warm in-
ner mud and fluid-flow channel with a decreasing tempera-
ture gradient to the outside (Feseker et al., 2009). Previous
ex situ biogeochemical measurements at the DMV indicated
a radial zonation of the DMV with highest fluid upflow and
most intense anaerobic oxidation of methane in the central
part, gradually decreasing towards the outer zone (Wall-
mann et al., 2006). During our investigations we studied
the geochemical structure of the DMV with in situ tools
to circumvent artifacts during recovery such as disturbances
by degassing of cores. The in situ analyses and higher sam-
pling resolution of our study revealed a more complex dis-
tribution and relationship of fluid flow and microbial
methane and sulfur turnover than previously observed
(Bohrmann et al., 2003; Wallmann et al., 2006). This may
reflect temporal and spatial changes in volcanic activity.
Combining detailed bathymetry and temperature probing,
we found a hotspot of fluid flow and mud transport, associ-
ated with a small elevation (summit) north of the geograph-
ical center of the DMV. This area is likely the position of
the methane flare previously reported (Greinert et al.,
2006) as the sediment was enriched with methane, which

sometimes even resulted in gas ebullition after local distur-
bances of the seafloor during sampling. Fluid-flow velocity
from this methane-laden seafloor measured with the benthic
chamber exhibited rates of maximally 2.8 m yr~! for this
area. Outside the summit, at the geographical center (St.
2) and edge (St. 3), we calculated a fluid flow of 0.3 m yr™"
from the lower peak of the in situ sulfide profile, similar to
velocities previously observed in this area (Aloisi et al.,
2004; Wallmann et al., 2006). Although the fluid-upflow
velocity was similar as in the geographical center, the tem-
perature gradient was substantially lower at the edge than
in all other zones of the DMV (Table 2). This may indicate
different sources for mud volcano fluids, which also could
lead to the formation of the white patches on top of the sed-
iment of the outer edge, consisting of mineral precipitations
(presumably barite) and not of bacterial mats as previously
thought (Bohrmann et al., 2003).

Fluid-flow rates have been quantified only at a low num-
ber of deep-sea mud volcanoes worldwide (Table 4). Our re-
sults indicate medium advective upflow for the DMV
compared to other mud volcanoes. Generally, for fluid-flow
calculations the assumption of steady state is made. How-
ever, mud volcanoes are spatially heterogeneous, tempo-
rally variable geo-systems and the temporal dynamics of
fluid-flow velocities remain unknown due to the lack of
long-term observations.

4.2. Factors controlling methane consumption and sulfide
production

Most mud volcanoes release methane in dissolved and
gaseous phases. At the DMV we did not find active gas
vents, but observed the release of gaseous methane upon
disturbances of the seafloor such as the touch down of
the ROV or coring (Fig. 2e). Measuring emission of dis-
solved methane in situ with the benthic chamber at the sum-
mit of the DMV resulted in an estimate of an emission rate
of dissolved methane of 458 mmol m~>d~'. This seepage
rate is in the upper range of methane emission rates re-
ported from other cold seeps, e.g. <l mmolm2d~! at
the Captain Arutyunov mud volcano (Sommer et al.,
2009), 15 mmol m2d " off the coast of Costa Rica (Mau
et al., 2006), or maximally 100 mmol m—>d ™! at Hydrate
Ridge (Torres et al., 2002).

Table 4
Compilation of upflow velocities from deep-sea mud volcanoes (worldwide).
Location Upflow velocity Reference
(myr ")
Hakon Mosby Mud Volcano (Barents Sea) 0.3-6 de Beer et al. (2006)
Mud volcanoes in the Olimpi Mud Volcano field and the Anaximander 0.03-0.5 Haese et al. (2003, 2006)
mountains (Eastern Mediterranean)
Costa Rica Mud mounds 0.1-3 Hensen et al. (2004), Linke et al.
(2005)
Mud volcanoes off Barbados 0.1-1.3 Henry et al. (1996)
Chefren mud volcano (Eastern Mediterranean off the coast of Egypt) 0.5-15 Omoregie et al. (2008)
Vodyanitskii mud volcano (Sorokin Trough, Black Sea) 0.02 Sahling et al. (2009)
Dvurechenskii mud volcano: previous study (Sorokin Trough, Black Sea) 0.08-0.25 Wallmann et al. (2006), Aloisi
et al. (2004)
Dvurechenskii mud volcano: this study (Sorokin Trough, Black Sea) 0.3-1.5 This study
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The high rates of methane emission at rather average
fluid-flow velocities are likely explained by relatively low
rates of methane consumption in the anoxic Black Sea.
Due to the absence of electron acceptors such as oxygen
and nitrate, methane consumption was limited to the anaer-
obic oxidation of methane with sulfate. AOM was virtually
absent in the upper 15 cm of the summit sediment (Fig. Se).
The constant 3'*C DIC values with depth and low DIC
pore-water concentrations (Fig. 5d) confirmed that no
methane oxidation occurred in the sediment. A striking dif-
ference with other methane seeps was the low number of
cells in the upper 10 cm of the summit sediment, of on aver-
age 107 cells per cm? (Fig. 5f). In comparison, the sediments
of the active Hikon Mosby Mud Volcano area and sedi-
ments of Hydrate Ridge contain up to 10°-10'° cells per
cm? (Knittel et al., 2003; Losekann et al., 2007). At the
reference site north of the DMV 50 times more cells were
present than in the upper 10 cm of the summit sediment
(Fig. 5ab). Such a cell number anomaly could have been
caused by the extrusion of a ‘microbe-depleted’ deep sub-
surface mud package that flowed over the former seafloor,
displacing the slowly growing anaerobic methane oxidizers
from the surface. A recent mud flow may also explain the
absence of the fluffy layer on top of the seafloor, and the
temperature anomalies observed (Feseker et al., 2009).
Consequently, sulfate reduction was even lower than
at the reference station outside the DMV, where the
contribution of organoclastic sulfate reduction was around
0.2 mmol m—2 d~!. Additionally, penetration of sulfate was
impeded by high upward flow of sulfate-depleted fluids (de
Beer et al., 2006; Niemann et al., 2006). At the high fluid-
upflow velocity as calculated for the summit (Table 3),
in situ sulfate penetration would be restricted to the upper
centimeter of the sediment, hence limiting AOM. Fresh
mud-flows at certain areas of the DMV was proposed ear-
lier (Bohrmann et al., 2003; Aloisi et al., 2004; Wallmann
et al., 2006), and confirm the temporal and spatial dynamics
of mud volcano systems.

In contrast to the summit, the surrounding sediments of
the DMV plateau were subjected to lower upflow velocities
of around 0.3 myr~!, associated with significant SR and
AOM rates. Interestingly, the AOM and SR rates showed
no direct relation to the radially decreasing temperature
gradients (Fig. 6). In the plateau and the edge sulfate reduc-
tion (20-110 mmolm~—2d~") and AOM (10-11 mmol m
d™!) were similar to the range previously reported from
the DMV (Wallmann et al., 2006), or from other mud vol-
canoes like the Hakon Mosby Mud Volcano (Niemann
et al., 2006) and the Kazan Mud Volcano (Haese et al.,
2003). DIC concentrations increased considerably with
depth and, associated with the peak in methane oxidation,
DIC carbon showed the lowest 8°C values at 2 cm bsf
(8'3C DIC: —309, V-PDB). This value comprises the isoto-
pic signature of the DIC of the advected mud volcano fluids
(+8%, V-PDB), the DIC diffusing into the sediment from
the overlying seawater (Black Sea seawater 3'°C DIC:
—6.3%, V-PDB, Fry et al., 1991), and the '*C depleted
DIC produced in the sediment from methane (8'*C-meth-
ane: —60%, V-PDB) and particular organic matter oxida-
tion (8'*C POM: —25.3%, V-PDB, Ivanov and Lein,

2006). Thus with an isotopic composition of —30%,
V-PDB a clear geochemical signature of DIC production
from AOM was observed.

At the geographical center SR and AOM rates showed a
close relationship between sulfate reduction and methane
oxidation (Fig. 5), as commonly expected in a methane-dri-
ven system. However, at other sites and especially the edges
of the DMV, depth-integrated SR rates exceeded AOM
considerably. Sulfate reduction in the upper 10 centimeter
outside the DMV stations with higher particular organic
matter content (Wallmann et al., 2006) was only 0.2-1%
of the SR found in DMV sediments, thus organoclastic sul-
fate reduction accounted only for a minor fraction of the
total sulfate reduction. Also the measured concentrations
of higher hydrocarbons, which would increase non-meth-
ane related SR as observed in oily sediments of the Gulf
of Mexico (Orcutt et al., 2004), were three to four orders
of magnitude lower than that of methane (this study, Blino-
va et al., 2003; Feseker et al., 2009) and cannot explain the
difference between SR and AOM. However, we cannot ex-
clude spatial variations in the flux or deposition of potential
electron donors for SR, or that the discrepancy might be an
artifact from disturbances of the uppermost horizon in the
subcores.

The concentration minima in the sulfide profiles are
highly unusual and difficult to explain. Minima between
peaks in the sulfide profiles could indicate a sink for sulfide,
by oxidation or precipitation. Oxygen and nitrate are ab-
sent below the chemocline of the Black Sea. However, atyp-
ical for Black Sea sediments, about 20-80 pmol cm”?
amorphous and crystalline Fe(IIT)oxides or iron silicates
and up to 150 pmol L' dissolved iron were detected in
pore waters of the summit (data not shown) and might be
responsible for the sulfide concentration minimum. Outside
the summit no dissolved iron was found, concentrations of
Fe(Ill)oxides were much lower and sulfide fluxes signifi-
cantly higher. However, also here sulfide concentration
minima were observed (St. 4-7). There was no dissolved
iron and not enough Fe(III) to sustain the volumetric sul-
fide consumption of on average 1300 mmolm—>d ! for a
prolonged period. With a concentration of reactive iron
of maximally 20,000 mmol m > as found for the geograph-
ical center (data not shown), consumption can be main-
tained for about two weeks. Thus, we may have sampled
a fresh mud flow not yet in steady state, or other processes
must be responsible for consuming sulfide. A recent deposi-
tion and decomposition of fresh organic matter during a
winter or spring bloom of Emiliania huxleyi as common
in the Black Sea (Sorokin, 1983; Hay et al., 1990) could
cause a non-steady state situation with two sulfide peaks.
However, the sulfate reduction rates outside the mud vol-
cano were not elevated compared to other observations in
the abyssal part of the Black Sea (Jorgensen et al., 2001;
Weber et al., 2001). Mud volcanoes are dynamic environ-
ments and transient state can be caused e.g. by changes in
upward fluid-flow velocity, hydrate dissociation, and mud
flow events. However, over short distances of several centi-
meter, leveling of the two concentration maxima into a
straight line by diffusion is in the order of days and the ob-
served dip must be a transient phenomenon.
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Fig. 6. Spatial distribution of SR and AOM rates, temperature gradients, sulfide effluxes to the hydrosphere (across the DBL: diffusive
boundary layer), and subsurface sulfide fluxes across the DMV. The scale is the same for SR, AOM, and sulfide fluxes; the columns for

temperature gradients are 10 times magnified.

As the diffusion coefficient of sulfate is around 1.7 times
lower than that of sulfide (Berner, 1977; Boudreau et al.,
1992), the maximal sulfide concentration at steady state
conditions, under diffusional transport and complete sulfate
conversion without re-oxidation, can reach 10 mmol L' in
Black Sea sediments (maximal sulfate concentration is
17 mmol L™!). This value was approximated in some pro-
files of the DMV plateau, and the fluid upflow or the sulfide
concentration might be an overestimation here. Interest-
ingly, the sediment depths of the sulfide peaks were different
in all center sites and this also implies irregularities in the
fluid flow across the mud volcano surface, and disturbances
by mud flow.

4.3. Mud volcanoes as source for methane and sulfide to the
Black Sea

A main aim of this study was to investigate if submarine
deep-sea mud volcanoes of the Black Sea could contribute
significantly to the methane and sulfide inventory of the an-
oxic hydrosphere. From the shape, height, size of the con-
duit, and dimensions of the source of mud and methane,

the DMV seems comparable to other mud volcanoes in
the Sorokin Trough (Krastel et al., 2003). Furthermore,
previous published estimates of fluid flow and methane dis-
charge rate at the DMV were at an average level for mud
volcanoes (Wallmann et al., 2006).

We identified an elevated zone with a radius of
approximately 50 m (7800 m?), which showed evidence of
high fluid-flow velocities and methane seepage. In this small
zone, temperature gradients and hence methane flux were
homogeneous (Feseker et al., 2009). No methane was
consumed microbially in the upper seafloor, due to a limita-
tion in sulfate availability, and a very low cell density. Other
negative effects on methane consumption are due to the
anoxic conditions of the Black Sea hydrosphere, which hin-
der aerobic oxidation of methane as well as the stimulation
of subsurface AOM by sulfate irrigation through the activity
of benthic organisms. Consequently, the methane emission
at the summit was very high with 1.3 x 10°mol yr!
(0.46 mol m~2d~" x 7800 m? x 365, Table 3). Methane
emission in the surrounding plateau was not measured
in situ, but can be calculated from the upflow velocity
derived from the in situ sulfide profiles and the ambient
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concentration of dissolved methane. At the in situ methane
concentration as estimated for methane hydrates in equilib-
rium with methane (0.085-0.118 mol L', Wallmann et al.,
2006; Feseker et al., 2009), we determined an average meth-
ane transport of 0.07-0.1 molm—2d~" or 1.9-2.7 x 10’
mol yr~' for the entire DMV center area and edge
(7.5 x 10° m?). In the plateau sediments of the DMV, meth-
ane utilization as inferred from the averaged sulfide flux
(0.05mol m~>d~", average of fluxes except from the sum-
mit) was 1.4 x 10’ mol CH4 yrfl, 1.e. between 50% and
70% of the total methane flux was consumed. Accordingly,
from the entire structure (plateau including the summit)
up to 1.3 x 10" mol CH, yr~! was discharged in form of dis-
solved methane, which is about an order of magnitude high-
er than the previous estimate of 1.9 x 10° mol CH, yr™"
(Wallmann et al., 2006). Methane efflux has been quantified
at very few mud volcanoes. Compared to other active
systems like the Hakon Mosby Mud Volcano (5.4 x
10% mol CH, yr~!; Ginsburg et al., 1999), mud mounds
offshore Costa Rica (0.07-0.6 x 10°mol CH, yr~! per
structure; Mau et al., 2006) or mud volcanoes offshore
Barbados (0.6-185 x 10°mol CH,yr~! per structure;
Henry et al., 1996) this is a moderate to high methane dis-
charge. The Black Sea is the world’s largest surface water
reservoir of dissolved methane, with background concentra-
tions of around 11 pmol L', and a methane inventory of
6 x 102 mol, with 5-20 yr turnover time (Reeburgh et al.,
1991). Less than 15% of the methane comes from methano-
genesis in the sediment, and seeps and gashydrates are
thought to provide the remainder (Kessler et al., 2006). Even
with our higher estimate for methane discharge at least
15,000 mud volcanoes with similar emission rates as the
DMYV would be needed to account for the Black Sea water
column methane flux of 2.3-3.5 x 10" mol yr™' as esti-
mated from Kessler et al. (2006). To date the presence of
more than 65 submarine deep-sea mud volcanoes is known
for the total Black Sea (Kruglyakova et al., 2002). Thus
mud volcanoes are not relevant for the methane budgets
of the Black Sea. Instead, gas seeps with strong and focused
methane gas venting such as frequently found on shelves
and slopes of the Black Sea (Polikarpov et al., 1992; Luth
et al., 1999; Dimitrov, 2002; Michaelis et al., 2002) play
the dominant role in the methane inventory of the Black
Sea. However, it should be realized that mud volcanoes
are highly dynamic systems: compared to previous studies
(Greinert et al., 2006), the DMV was in a quiescent phase
during our measurements with regard to gaseous methane
release; however, other mud volcanoes in the Sorokin
Trough were reported to be less active than the DMV
(Sahling et al., 2009; Bohrmann et al., 2003).

The amount of sulfide produced in and emitted from the
DMV (0.05 mol m™2d~!, average of fluxes except from the
summit) was high compared to other mud volcanoes. Gen-
erally, mud volcanoes in oxic areas of the world’s oceans
hardly emit any sulfide (de Beer et al., 2006; Lichtschlag
etal., 2010). Free-living and symbiotic thiotrophic microbes
associated with benthic fauna consume almost all sulfide
produced in seafloor before it reaches the hydrosphere. This
is different in the anoxic bottom waters of the deep Black
Sea, where sulfide consumption is limited by the absence

of oxygen and nitrate, and the depletion of highly reactive
sedimentary iron- and manganese-oxides while sinking
through the anoxic seawater below the pycnocline. How-
ever, compared to the total sulfide inventory of
1.4 x 10" mol of the Black Sea (Neretin et al., 2001), the
contribution of mud volcanoes is negligible. It was previ-
ously estimated that the largest contribution to the sulfide
inventory (8.8 x 10''-1.5 x 10'> mol yr~!) comes from the
water column and only 9.4 x 10'°-1.5 x 10" mol yr~! sul-
fide is derived from the sediment (Neretin et al., 2001).
The 1.4 x 10" mol yr~" sulfide released from the DMV con-
tributes maximally 0.01% to the total sediment derived sul-
fide content of the anoxic hydrosphere, indicating that
10,000 mud volcanoes of a similar activity as the DMV
would be needed to explain a significant fraction of the
sulfide inventory. Thus, although sulfate reduction and sul-
fide production are significant processes in the sediments of
the DMV, the sulfide flux from mud volcanoes does
not considerably add to the sulfide inventory of the Black
Sea.

5. CONCLUSIONS

Our results show that the Dvurechenskii mud volcano
represents an active methane seep, but also a highly dy-
namic ecosystem with strong spatial and temporal varia-
tions in geochemical processes. Fluid and mud flow as
well as the bottom water anoxia have a significant impact
on the consumption and efflux of methane and sulfide.
Medium to low fluid upflow allow high sulfate and methane
consumption and reduce the methane emission to the water
column by circa 50-70%. High fluid upflow >1 m yr~!, and
the extrusion of subsurface muds depleted in microbial
assemblages prevents methane oxidation and leads to very
high methane emission rates of 458 mmolm~>d~! at the
summit of the DMV. This rather small elevation north of
the geographical center of the DMV shows the highest tem-
perature gradients, but almost no microbial sulfide produc-
tion is detected due to a repression of microbial activity.
Our results suggest that deep-water mud volcanoes have
only a small contribution on the methane and sulfide inven-
tory of the Black Sea, and that most methane is derived
from the abundant gas vents in shallower areas of the Black
Sea margin.
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