
BGD
8, 9763–9811, 2011

Pore water
geochemistry of cold

seeps offshore
Pakistan

D. Fischer et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Biogeosciences Discuss., 8, 9763–9811, 2011
www.biogeosciences-discuss.net/8/9763/2011/
doi:10.5194/bgd-8-9763-2011
© Author(s) 2011. CC Attribution 3.0 License.

Biogeosciences
Discussions

This discussion paper is/has been under review for the journal Biogeosciences (BG).
Please refer to the corresponding final paper in BG if available.

Interaction between hydrocarbon
seepage, chemosynthetic communities
and bottom water redox at cold seeps of
the Makran accretionary prism: insights
from habitat-specific pore water sampling
and modeling
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Abstract

The interaction between fluid seepage, bottom water redox, and chemosynthetic com-
munities was studied at cold seeps across one of the world’s largest oxygen minimum
zones (OMZ) located at the Makran convergent continental margin. Push cores were
obtained from seeps within and at the lower boundary of the core-OMZ with a remotely5

operated vehicle. Extracted pore water was analyzed for sulfide and sulfate contents.
Depending on oxygen availability, seeps were either colonized by microbial mats or by
mats and macrofauna. The latter, including ampharetid polychaetes and vesicomyid
clams, occurred in distinct benthic habitats which were arranged in a concentric fash-
ion around gas orifices. At most sites colonized by microbial mats, hydrogen sulfide10

was exported into the bottom water. Where macrofauna was widely abundant, hydro-
gen sulfide was consumed within the sediment.

Numerical modeling of pore water profiles was performed in order to assess rates of
fluid advection and bioirrigation. While the magnitude of upward fluid flow decreased
from 11 cm yr−1 to <1 cm yr−1 and the sulfate/methane transition zone (SMTZ) deep-15

ened with increasing distance from the central gas orifice, the fluxes of sulfate into the
SMTZ did not significantly differ (6.6–9.3 mol m−2 yr−1). Depth-integrated rates of bioir-
rigation increased from 162 cm yr−1 in central habitats characterized by microbial mats
and sparse macrofauna to 348 cm yr−1 in habitats of large and small vesicomyid clams.
These results reveal that chemosynthetic macrofauna inhabiting the outer seep habi-20

tats at the lower boundary of the OMZ efficiently bioirrigate and thus transport sulfate
into the upper 10 to 15 cm of the sediment. In this way bioirrigation compensates for
the lower upward flux of methane in outer habitats and stimulates rates of anaerobic
oxidation of methane (AOM) with sulfate high enough to provide sulfide for chemosyn-
thesis. Through bioirrigation macrofauna engineer their geochemical environment and25

fuel upward sulfide flux via AOM. Due to the introduction of oxygenated bottom water
into the sediment via bioirrigation the depth of the sulfide sink gradually deepens to-
wards outer habitats. We therefore suggest that – in addition to the oxygen levels in
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the water column which determine whether macrofaunal communities can develop or
not – it is rather the depth of the SMTZ and thus of sulfide production that determines
which chemosynthetic communities are able to exploit the sulfide at depth. Moreover,
large vesicomyid clams most efficiently expand the sulfate zone in the sediment and
cut off smaller or immobile organisms from the sulfide source.5

1 Introduction

Cold seep sites at the seafloor are created by the focused upward migration of both
dissolved and/or gaseous hydrocarbons. Seeps are found at passive and active con-
tinental margins and generally show strong temporal and spatial variations in fluid flux
(e.g. Wallmann et al., 1997, 2006; Suess et al., 1998; Tryon et al., 1999; Sahling et10

al., 2008; Niemann et al., 2009; Reitz et al., 2011). The upward supply of hydrocar-
bons towards and across the sediment/water interface produces steep geochemical
gradients in the pore water and typically stimulates high rates of anaerobic oxidation
of methane (AOM) and other hydrocarbons with sulfate close to the sediment surface
(Borowski et al., 1996). The process of AOM which is performed by a consortium15

of archaea and sulfate-reducing bacteria (Hoehler et al., 1994; Hinrichs et al., 1999;
Boetius et al., 2000) releases hydrogen sulfide and bicarbonate into the pore water
at the so-called sulfate/methane transition zone (SMTZ). Hence, AOM fuels microbial
and macrofaunal chemosynthetic life and generates a significant carbon sink through
carbonate authigenesis (Ritger et al., 1987). Numerous studies have demonstrated20

that the flux of methane and sulfide towards the sediment/water interface determines
the microbial and faunal community composition at cold seeps (e.g. Dando and Hov-
land, 1992; Barry et al., 1997; Sibuet and Olu, 1998; Sahling et al., 2002; Levin et al.,
2003; van Dover et al., 2003; Arvidson et al., 2004; Levin, 2005; de Beer et al., 2006;
Niemann et al., 2009; Lichtschlag et al., 2010a).25

The convergent continental margin off Pakistan is referred to as the “Makran ac-
cretionary prism” after the Makran coastal desert. Cold seeps off Pakistan and their
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properties as habitats for chemosynthetic microbial and faunal life were described ear-
lier (Faber et al., 1994; von Rad et al., 1996, 2000; Schmaljohann et al., 2001). Von
Rad et al. (2000) found signs for gas seepage mostly on the upper slope (<1000 m)
which they explained to result from local tectonic uplift and hence a destabilization of
gas hydrates trapped within the gas hydrate stability zone at greater depth. These au-5

thors found that the occurrence of Thioploca sp. and/or Beggiatoa sp. mats in the area
is confined to sites punctually expelling free gas or sites of drift-wood or other large
pieces of organic matter on the sea floor (von Rad et al., 2000). It has been suggested
that local variations in the spatial distribution of benthic, chemosynthetic macrofauna in
the study area may be co-induced by the depth of AOM-derived sulfide supply and oxy-10

gen availability in the bottom water (von Rad et al., 1995, 1996, 2000; Schmaljohann
et al., 2001).

The influence of bioirrigation and bioturbation on solute distribution and fluxes in
marine sediments has been investigated in detail (e.g. Aller, 1980, 1984; Aller and Aller,
1998; Meile et al., 2001). However, only a few studies have quantified the influence of15

the activity of chemosynthetic biota on benthic fluxes at cold seeps (Wallmann et al.,
1997; Haese, 2002; Haese et al., 2006). Bioirrigation, described as pumping of pore
water by benthic fauna through their environment, is a prominent transport process at
cold seeps as these sites are often densely colonized by chemosynthetic macrofauna.
Wallmann et al. (1997) proposed that seep biota settling on and within the sulfidic20

seep sediments need to detoxify their habitats from high sulfide concentrations and
do so by flushing their immediate surrounding with bottom water thereby introducing
sulfate into the methanic zone of the sediment. On the other hand, macrofauna can
only gain access to the sulfide pool needed for chemosymbiosis by digging down into
the sediment. Besides sulfide removal by reaction with reactive (towards sulfide) iron25

phases (Berner, 1970), the distribution of sulfide within seep sediments and a potential
sulfide export into the water column are controlled by both, the depths and rates of
AOM as well as the activity of macrofauna colonizing the sediment surface. Due to
the location of the “Makran” cold seeps within and below the core-OMZ and thus the
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distinct distribution of oxygen-dependent, bioirrigating/bioturbating (macrofauna) and
anaerobic, non-irrigating (microbial mats) seep communities on the sediment surface
the study area is ideal for exploring the interaction of water column redox, rates of
upward fluid/gas migration, and bioirrigation in cold seep habitats.

In this study we investigate and quantify transport processes in different benthic5

seep-habitats of the Makran accretionary prism. The particular aim of this work is to
elucidate the interaction between the intensity of fluid flux, oxygen levels in the bottom
water, colonization with chemosynthetic biota, and solute fluxes towards and across the
sediment/water interface. For this purpose we have carried out a visual examination
(high definition camera) and video-targeted sediment sampling of distinct seep habi-10

tats within and below the core-OMZ by means of a remotely operated vehicle (ROV).
We quantify pore water flow caused by advection and bioirrigation by means of 1-D
modeling of pore water profiles. We show how seep-dependent macrofauna inhabiting
the sediment surface actively shape their geochemical environment and thus control
solute fluxes within the sediment and across the sediment/water interface.15

2 Geological setting and local oceanography

At the Makran subduction zone oceanic crust of the Arabian plate and the Omara
micro-plate dips northward underneath the Eurasian plate to form the Makran accre-
tionary prism (Fig. 1). The deformation front of the Makran prism is located south of the
first accretionary ridge at about 3000 m water depth and strikes West to East, parallel to20

the coastline of Pakistan (Kukowski et al., 2000, 2001; Ding et al., 2010). Convergence
rates range from 36.5–42 mm yr−1 (Kukowski et al., 2001). A sediment package of 5–
7 km thickness accumulated on top of the oceanic crust which is subject to subduction
since at least the Oligocene (Schlüter et al., 2002). Kukowski et al. (2001) pointed out
that sediments above the décollement are being accreted by imbricate thrusting form-25

ing well defined coast-parallel accretionary ridges. This N-S cascade of accretionary
ridges was mapped in 1997 (Kukowski et al., 2000) and a distinct bottom simulating
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seismic reflector indicative for the phase boundary between free gas below and solid
gas hydrates above has been described for the area (Kaul et al., 2000; von Rad et al.,
2000; Ding et al., 2010).

The water column off Pakistan is characterized by a pronounced OMZ with oxygen
concentrations <2 µM between 100 m and 1000 m water depth (Wyrtki, 1973). The5

OMZ is, however, subject to temporal variations in its vertical extent (Wyrtki, 1973;
Olson et al., 1993). The thickness of the OMZ off Pakistan is controlled by the combined
effects of moderate to high rates of aerobic degradation of organic matter in the water
column and a sluggish supply with warm and saline intermediate waters derived from
marginal seas as e.g. the Red Sea and the Persian Gulf (Olson et al., 1993).10

3 Materials and methods

Sampling took place in the inter-monsoonal period in November 2007 during R/V Me-
teor cruise M 74/3 (Bohrmann et al., 2008). The main instrument of the cruise was
the ROV Marum-Quest 4000. It was deployed at sites of gas discharge into the water
column as recorded by echosounder gas flare imaging. Discrete sampling of individ-15

ual seep habitats as visually identified based on different chemosynthetic microbial
and macrobenthic communities was performed by ROV-operated push cores (PCs).
Sampling included both the central as well as the surrounding habitats. We strictly
avoided taking PCs in the immediate vicinity (<5 cm) of gas orifices. Push cores were
taken from the different habitats of two seep sites located within the core-OMZ (site20

GeoB 12320 at “Flare 1”, 551 m water depth, and site GeoB 12353 at “Flare 15”, 732 m
water depth) and two seep sites found at the lower boundary of the core-OMZ (site
GeoB 12315, 1025 m water depth, and site GeoB 12313, 1038 m water depth – both at
“Flare 2”). In addition to the habitat-specific sampling of these four seep sites two sed-
iment cores from background sites unaffected by hydrocarbon seepage were retrieved25

with a TV-guided Multiple Corer (TV-MUC). The exact locations and characteristics of
all sampling sites including the dominant chemosynthetic benthic communities of the
individual habitats are listed in Table 1.
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3.1 Water column characteristics

Gas flare imaging was conducted with the ship-mounted parametric echosounder sys-
tem Atlas Parasound as described by Nikolovska et al. (2008). In this study the notation
“Flare”, as it has been adopted from onboard echosounder identification of potential
sampling targets, will be used to specify a major locality. In that, a “Flare” usually com-5

prises a seafloor area of several tens of square meters including sites where more than
one actual gas bubble stream was detected in the water column and where hydrocar-
bon seepage appeared bundled on the sea floor. Water column oxygen concentrations,
temperature and salinity were determined with a Seabird 911+CTD equipped with
an SBE 43 (Seabird Electronics) oxygen sensor and temperature and salinity probes.10

These data were used as input parameters for geochemical modeling and flux calcula-
tions.

3.2 Identification of organisms

The ROV Marum-Quest 4000 was equipped with a 3 Mega-pixel photo camera and
two video cameras, one of them in HD quality. Images of these three systems were15

used for visual interpretation of seep habitats (Fig. 2). A tentative differentiation be-
tween Beggiatoa spp.-dominated and Marithioploca spp.-dominated (formerly known
as Thioploca spp.; cf. Salman et al., 2011) microbial mats was achieved by means of
the ROV-cameras. Admitting that this approach is rather weak compared to molecular
biological techniques it may be stated that mats of both genera often appear in different20

shapes and structures. Marithioploca spp. were reported to appear as lawn-like, white
filaments of sufficient length of several cm to sway in turbulent bottom waters and in
a mat-thickness of several cm (Fossing et al., 1995; Schulz et al., 1996; Schulz and
Jørgensen, 2001; Teske and Nelson, 2006; Salman et al., 2011). Beggiatoa spp. mats
in contrast were often described to appear as white and/or orange-colored thin skins25

on the sediment surface with a mat thickness of less than one cm (Nelson et al., 1986;
Robinson et al., 2004; Teske and Nelson, 2006; Salman et al., 2011).
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Macrofauna (used here as the collective term for clams, polychaetes) specimens
were obtained by an ROV-operated net or collected onboard from retrieved PCs and
immediately stored in vials filled with 96 % ethanol. In the following the central habitat of
a seep site is termed “Habitat 1” and all successively occurring concentrically arranged
habitats are termed “Habitat 2” and “Habitat 3”.5

3.3 Pore water sampling and analyses

After arrival of the ROV and the TV-MUC on deck the sediment cores were immediately
transferred into the cold room (4 ◦C) of the ship and pore water was extracted within
one hour by means of rhizons (Seeberg-Elverfeld et al., 2005). The average pore size
of the rhizons is 0.1 µm and sampling resolution was 1 cm for the PC and 1–2 cm for10

the TV-MUC cores, respectively. Data shown at zero depth in this study represent
bottom water concentration. Pore water aliquots for sulfate determination were diluted
1:100 and stored at −20 ◦C until analysis. Sulfate concentrations were measured by
ion chromatography (IC) with an Advanced Compact IC 861 (Metrohm). Subsamples
for the analysis of total dissolved sulfide (ΣH2S=H2S+HS− +S2−) were fixed in a15

5 % Zn-acetate solution, kept at 4 ◦ C and measured photometrically according to the
methylene-blue method after Cline (1969). The reproducibility the above methods was
checked by analyzing replicates of standards. The accuracy of all measurements was
within ±3 %.

3.4 Diffusive flux calculations20

Diffusive fluxes of sulfate and sulfide were determined according to Fick’s first law of
diffusion according to Eq. (1):

J(species) =−Φ×Dsed×
δC
δX

(1)

where J(species) is the diffusive flux of the dissolved species, Φ represents sediment

porosity (estimated 0.85), Dsed is the sediment diffusion coefficient in m2 a−1 which25
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was calculated for ambient bottom water temperature as determined by the CTD tem-
perature sensor and corrected for tortuosity (Boudreau, 1997), and δC δX−1 is the
concentration gradient of the dissolved species in mol m−3 m−1. Concentration gradi-
ents of sulfide and sulfate were derived from measured pore water profiles obtained for
the individual seep habitats. Sulfate fluxes at site GeoB 12313 (Flare 2) were calcu-5

lated from concentration gradients generated by modeled profiles.

3.5 Geochemical modeling with “CoTReM”

Pore water profiles obtained for PCs taken from the three distinct successive habitats
of seep site GeoB 12313 (Flare 2; 1038 m water depth) located at the lower boundary
of the OMZ were modeled with the computer software CoTReM. The aim of this sim-10

ulation was to assess rates of fluid advection and bioirrigation. Site GeoB 12313 was
chosen for simulation runs because gas hydrates were found within 40–100 cm sedi-
ment depth in the area of Flare 2 (Bohrmann et al., 2008) and thus the lower boundary
concentration of methane in equilibrium with gas hydrates (85 mM) could be estimated
in the model following Tishchenko et al. (2005). This approach is consistent, for exam-15

ple, with estimates of in situ methane concentrations used for pore water modeling at
gas hydrate-bearing cold seeps on Hydrate Ridge off Oregon, USA (Torres et al., 2002)
and at the Hikurangi Margin off New Zealand (Dale et al., 2010). Moreover, the spa-
tial resolution was highest at site GeoB 12313 with three PCs obtained from adjacent
habitats.20

CoTReM is a one dimensional numerical, non-steady-state transport and reaction
model based on an operator splitting approach. The software has been described in
great detail elsewhere (e.g. Adler et al., 2000, 2001; Wenzhöfer et al., 2001; Pfeifer et
al., 2002). Notably, CoTReM has already been successfully applied to model transport
processes and geochemical reactions in other seep systems, namely mud volcanoes25

of the Eastern Mediterranean, by Haese et al. (2003) (simulation of AOM and advection
rates) and Haese et al. (2006) (simulation of advection and bioirrigation rates).
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A model sediment column of 50 cm was chosen which was subdivided into cells of
1 mm thickness. The results are only displayed for the upper 30 cm of the sediment
approximately corresponding to the length of the investigated PCs. Porosity was as-
sumed to decrease from 0.9 at the sediment surface to 0.8 at a depth of 50 cm (lower
model boundary). The time step to fulfill numerical stability was set to 10−4 yr. Bioir-5

rigation was accounted for by implementing non-local mixing coefficients in the range
of published values (e.g. Haese et al., 2006) until best-fit to measured sulfate profiles.
Sedimentation rate was ignored due to the simulation of very short time scales. Mea-
sured bottom water concentrations of the chemical species involved define the upper
boundary conditions. For methane, and at site GeoB 12313-6 (Habitat 1 at Flare 2)10

also for sulfide, fixed concentrations were defined at the lower model boundary that
created the gradients necessary to simulate the respective fluxes into the model area
from below. The only chemical reaction considered in the simulations was AOM with
sulfate. Pre-defined maximum rates for AOM (0.5 mol dm−3 yr−1) were used by the
model as long as the educt species were available in sufficient amounts to create a15

narrow SMTZ. As soon as the concentrations decreased, the rates were automatically
reduced to match the available amount of reactants in each cell in order to avoid neg-
ative concentrations. A compilation of input parameters for the simulation runs is given
in Table 2.

In a second modeling approach we explored how an initially diffusion-dominated sed-20

iment/pore water system responds to upward advection and/or bioirrigation at different
rates (see Sect. 5.4). The main question behind this simulation was to elucidate to
which extent advective pore water flow – either through upward advection, or down-
ward bioirrigation, or a combination of both – affects the depth of the SMTZ and fluxes
of sulfate into the SMTZ. Boundary conditions chosen for the different scenarios were25

as described above, however in this approach we implemented the different transport
processes consecutively in independent “scenarios”.
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4 Results

4.1 Background sites

Sulfate concentration profiles were obtained for two sites (TV-MUC cores GeoB 12309-
3 and GeoB 12312-3) that were unaffected by gas release and did not show a coloniza-
tion by chemosynthetic communities at the sediment surface. The sulfate profiles were5

linear at both sites and concentrations only slightly decreased with depth from bottom
water values of 31 mM to about 29 mM at a depth of 20 cm in core GeoB 12309-3 and
26 mM at a depth of 23 cm in core GeoB 12312-3 (Fig. 3).

4.2 Gas seepage

At all four seep sites investigated in this study gas bubble ebullition from distinct gas10

orifices in the center of the seeps was observed. The gas orifices were about 1 cm in
diameter. At the time of sampling gas flux at the shallower sites Flare 1 and Flare 15
(551 m and 732 m water depth) was generally lower than at Flare 2 (1025 m and 1038 m
water depth; M. Römer, unpublished data). At the latter, which was located well within
the GHSZ, gas bubbles emanating from the sea floor were immediately surrounded by15

skins of gas hydrate (M. Römer, unpublished data).

4.3 Seeps within the core-OMZ

The two seep sites GeoB 12320 (Flare 1, 551 m water depth; Fig. 2a) and GeoB 12353
(Flare 15, 732 m water depth; Fig. 2b) were located within the core-OMZ (oxygen con-
centrations <1 µM; Bohrmann et al., 2008) and above the GHSZ. Seep communities at20

both sites exclusively consisted of orange-colored microbial mats in the center (Habi-
tat 1) surrounded by white/rose-colored microbial mats (Habitat 2; Fig. 2a and b). The
overall diameter of these microbial mats was about 40 cm at Flare 1 (GeoB 12320) and
about 60 cm at Flare 15 (GeoB 12353). Microbial mats at both sites were up to 1 cm
thick and appeared chaotic and interwoven (Fig. 2a and b). Microbial mat coverage of25

9773

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/8/9763/2011/bgd-8-9763-2011-print.pdf
http://www.biogeosciences-discuss.net/8/9763/2011/bgd-8-9763-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
8, 9763–9811, 2011

Pore water
geochemistry of cold

seeps offshore
Pakistan

D. Fischer et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

the sediment surface was heterogeneous and single filaments could not be resolved
with the HD camera. We tentatively identified the orange and white colored microbial
mats at Flare 1 and 15 as Beggiatoa spp. or close relatives. Gas bubble emanation oc-
curred from three distinct orifices within the orange mat at Flare 1 and from two orifices
within the orange mat at Flare 15. Central, orange mats were always associated with5

dark-gray to black surface sediments (Fig. 2a and b) and we could observe blackish
sediment grains entrained by gas bubbles ascending from the orifices. Bubble escape
from the surrounding white/rose-colored mats was not observed. Authigenic carbon-
ates of a very porous and brittle fashion were found in the surface sediments at Flare 1
and Flare 15. They exclusively occurred below microbial mats at gas vents.10

Pore water data obtained for the central habitats at Flares 1 and 15 (GeoB 12320-
9 and GeoB 12353-5, respectively; “Habitat 1” in Fig. 2a and b) show that sulfate
concentrations were already well below sea water values close to the sediment surface
(6.77 mM in core GeoB 12320-9 and 11.85 mM in core GeoB 12353-5) and further
decreased with depth to minimum concentrations of 0.16 mM in GeoB 12320-9 and15

0.92 mM in GeoB 12353-5 (Figs. 4a and 5a). Sulfide contents in the seep centers
(Habitat 1) were relatively constant over depth and fluctuated between 5 and 6 mM,
respectively (Figs. 4a and 5a). A concentration gradient of sulfide into the overlying
bottom water was observed at both sites.

Sulfate profiles determined for the surrounding Habitats 2 at Flares 1 and 1520

(GeoB 12320-4 and GeoB 12353-3 in Figs. 4b and 5b) show a steep, almost linear
downward decrease from seawater values at the sediment surface to lowest concentra-
tions fluctuating around 5 mM at 19 cm and 15 cm, respectively. Sulfide concentrations
in both cores increase with depth along steep gradients to maximum values of 9.6 mM
at 11 cm (GeoB 12320-4) and 10.7 mM at 13 cm (GeoB 12353-3). In these surrounding25

Habitats 2 of Flares 1 and 15 a sulfide concentration gradient into the bottom water was
not observed.
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4.4 Seeps at the lower boundary of the OMZ

The two seep locations situated at the lower boundary of the core-OMZ at Flare 2
(site GeoB 12315 at 1025 m and site GeoB 12313 at 1038 m water depth; Fig. 2c
and d) were characterized by slightly elevated bottom-water oxygen concentrations
(>1 µM; Bohrmann et al., 2008) and abundant macrofaunal life both in the water column5

and at the sea floor. The sediment surface within both central habitats at Flare 2
was draped with m2-sized patches of white/rose-colored microbial mats surrounding
sites of active gas ebullition (Fig. 2c and d). The microbial mats (Habitat 1) at Flare 2
were about 1 m (GeoB 12313) and 5 m (GeoB 12315) in diameter, in places more than
5 cm thick and appeared as a lawn-like cover on the sediment surface. The mats at10

both central habitats at Flare 2 occurred around dm-sized cracks and fissures in the
sediment. We could resolve single microbial filaments by means of the HD camera
(Fig. 2e and f). However, filament diameter could not be estimated based on these
photographs. At site GeoB 12315 we found the central microbial mats in Habitat 1 to
be accompanied with and underlain by a cm2-sized mat of orange-colored microbial15

filaments that showed a distinctly different appearance with a smaller mat thickness of
about 1 cm (Fig. 2e). Due to the distinctly different filament lengths and pigmentation of
both observed mat types we tentatively suggest that they belong to different species.
The central small mat at site GeoB 12315 resembles Beggiatoa spp.-type filaments
or close relatives (Fig. 2e) whereas the thick and vast white mats occurring at site20

GeoB 12313 and GeoB 12315 resemble Marithioploca spp. or close relatives (Fig. 2e
and f).

The central microbial mats at Flare 2 were always surrounded by concentrically
arranged habitats of chemosynthetic or grazing/filtering macrofauna (Habitats 2 and
3). The transition from Habitat 1 to Habitat 2 at the Flare 2 sites was marked25

by the co-occurrence of microbial mats associated with few small vesicomyid clams
(cf. Isorropodon sp.) and abundant ampharetid polychaetes (Fig. 2f). Habitat 2 at
both Flare 2 sites was generally dominated by the ampharetid polychaete Pavelius
uschakovi (Kuznetsov and Levenshtein, 1988) and small (<3 cm) vesicomyid clams
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both decreasing in abundance in outward direction. The outermost Habitat 3 at both
Flare 2 sites was dominated by small (<3 cm) and in places by larger vesicomyid clams.
In contrast to the seep sites at Flares 1 and 15 (core-OMZ) a ubiquitous feature at both
Flare 2 sites was the occurrence of massive authigenic carbonates that were up to a
few dm in diameter. The carbonates were often but not exclusively found close to the5

gas orifices associated with microbial mats.
Pore water data were obtained for two PCs from seep site GeoB 12315 (Fig. 7) and

for three PCs from seep site GeoB 12313 (Fig. 6). PC sampling of the central Habi-
tat 1 sediments (GeoB 12315-9 and GeoB 12313-6) was partly complicated by the
presence of massive authigenic carbonates. Sulfate concentration profiles obtained10

for these cores indicated that sulfate contents in the bottom water were depleted com-
pared to bottom water at the background sites depicted in Fig. 3 and only showed a
slight decrease down to a depth of about 5 cm (Figs. 6a and 7a). Below this depth
sulfate concentrations sharply decreased to 8 mM (GeoB 12315-9) at 11 cm and 5 mM
(GeoB 12313-6) at 10 cm sediment depth. In the central Habitat 1 of site GeoB 1231315

sulfate concentrations increased again below 10 cm to reach values of 15 mM between
13 and 17 cm and then decreased downcore to reach values of about 2 mM at the
base of the PC (Fig. 7a). Sulfide concentrations for the two Habitat 1 cores showed
a steep downward increase from 1.5 mM at 1 cm depth to 16.5 mM at 13 cm depth
(GeoB 12315-9, Fig. 6a) and from 4 mM at the surface to 17.5 mM at a depth of 10 cm20

(GeoB 12313-6, Fig. 7a).
Sulfate profiles of the Habitat 2 PCs GeoB 12315-4 (Fig. 6b) and GeoB 12313-

12 (Fig. 7b) showed background concentrations at the sediment surface and a slight
downward decrease within the first 6 and 10 cm, respectively. Below these depths,
sulfate concentrations steeply dropped to 3 mM at a depth of 16 cm (GeoB 12315-4)25

and to 5 mM at a depth of 15 cm (GeoB 12313-12). Sulfide concentrations in both cores
fluctuated between 0–2 mM in the upper 5–10 cm and increased along steep gradients
to maximum values of 14 mM (GeoB 12315-4) and 8.5 mM (GeoB 12313-12) at 11 cm
and 13 cm, respectively (Figs. 6b and 7b).
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In core GeoB 12313-13 obtained from Habitat 3 rather constant sulfate concentra-
tions were measured from the sediment surface down to a depth of 15 cm below which
sulfide showed a maximum of 6.4 mM at 19 cm and decreased downwards (Fig. 6c). In
general, the depth of the distinct kink in the sulfate pore water profiles at both Flare 2
sites deepened with increasing distance to Habitat 1.5

5 Discussion

5.1 Sulfate profiles and the depth of the SMTZ

Although displaying different profile shapes the interstitial sulfate concentrations at
all investigated seep habitats decrease with depth indicating that AOM occurs close
to the sediment surface. In contrast, sulfate contents at the two background sites10

GeoB 12309 and GeoB 12312 (Fig. 3) barely decrease over the sampled sediment in-
terval and represent the “normal” pore water situation in the area which is governed by
diffusion and neither affected by hydrocarbon seepage nor shallow AOM. The bottom
water concentration of sulfate measured in the study area amounts to 31 mM (Fig. 3)
and is thus slightly higher than average seawater sulfate values of ∼28 mM (Claypool15

and Kaplan, 1974). Similarly high bottom-water sulfate concentrations were also re-
ported by Schmaljohann et al. (2001) for sediment cores retrieved from comparable
water depths on the Makran accretionary prism. A reasonable explanation for the ele-
vated bottom water sulfate concentrations in the study area is the inflow of more saline
intermediate water masses from marginal seas as e.g. the Red Sea and the Persian20

Gulf as has been proposed by Olson et al. (1993).
Sulfate profiles obtained for the core-OMZ sites (Flares 1 and 15, Figs. 4 and 5) de-

pict distinctly different shapes compared to those obtained for the lower OMZ-boundary
locations (Flare 2, Figs. 6 and 7). At the core-OMZ sites we found sulfate contents well
below measured ambient bottom water values (∼31 mM) at the sediment surface in the25

central habitats colonized by orange microbial mats (GeoB 12320-9, GeoB 12353-5).
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Following the interpretation by Niemann et al. (2006), the low sulfate concentrations at
the sediment surface in the central habitats may be caused by fluid advection inhibit-
ing the diffusion of sulfate into the sediment. Advection usually produces a concave-
down curved sulfate profile which was found to a minor extent at the core-OMZ site
GeoB 12353-5 (Fig. 5a). For the outer habitats (“Habitat 2”) of Flares 1 and 15, which5

were colonized by white microbial mats, we determined linear sulfate profiles that sug-
gest a diffusion-controlled depth of the SMTZ (Figs. 4b and 5b).

In contrast to the core-OMZ sites, sulfate profiles obtained for all habitats at Flare 2
located at the lower boundary of the OMZ uniformly show distinct “kink-type” or
“irrigation-type” profiles (Aller, 1980; Aller and Aller, 1998; Hensen et al., 2003) several10

cm below the sediment surface (Figs. 6 and 7). Kink-type sulfate profiles suggest in-
tense irrigation of the sediment surface with sulfate-rich bottom water by polychaetes
and clams colonizing these habitats (e.g. Fossing et al., 2000; Haese et al., 2006). Yet,
based on the limited bottom water oxygenation at Flare 2, we suggest the polychaete
and clam communities can only be sustained if the OMZ in the water column either15

shrinks or shifts periodically and in that way provides enough oxygen for these commu-
nities. In fact, it has been stated earlier that the vertical extent of the OMZ off Makran is
not stable and undergoes monsoon-forced fluctuations (Wyrtki, 1973; Brand and Grif-
fiths, 2009). It is thus likely that Flare 2 is periodically flushed with oxygen-rich bottom
water sustaining the observed macrofauna. The strong depletion in sulfate observed at20

a depth of several cm in all Habitat 1 cores indicates that the SMTZ was recovered in
the sampled sediment intervals and is usually located between 5 and 15 cm (Figs. 4a,
5a, 6a and 7a). At all Habitat 2 and 3 sites the approximate depth of the SMTZ is
located slightly deeper between 10 and 20 cm (Figs. 4b, 5b, 6b, 7b and 7c). At site
GeoB 12313, where three PCs were retrieved, we found that the depth of the SMTZ25

progressively deepens from the center towards the outer habitats (Fig. 7).
It is difficult to identify the exact depths of the SMTZ at the four investigated seep sites

because sulfate concentrations in all habitats except for site GeoB 12313-6 approach
relatively constant concentrations around a few millimoles below the assumed depth of
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the SMTZ and do not completely vanish in the reaction zone. Some possible scenarios
were suggested to explain similar observations at other seeps, including mixing of bot-
tom water into the sediment due to ex situ degassing based on pressure release (Wal-
lace et al., 2000) or ebullition of free gas in situ (Haeckel et al., 2007). Particularly the
latter process needs to be considered in all Habitat 1 sites where bubble escape was5

observed. Oxidation of sulfide to sulfate during sample handling and storage has been
discussed in several studies (Luff and Wallmann, 2003; Leloup et al., 2007) but may
be of minor significance here due to immediate dilution and freezing of sulfate sam-
ples onboard ship. “Cryptic sulfur cycling” based on disproportionation of intermediate
sulfur species releasing sulfate within the methane zone was identified by Holmkvist et10

al. (2011) to explain low sulfate contents in sediments of the Black Sea. We cannot
exclude this process; however, sulfate concentrations reported here are much higher
than those shown by Holmkvist and co-workers. Threshold sulfate concentrations up
to 2 mM constraining bioenergetics for bacterial sulfate reduction (Leloup et al., 2007;
Knab et al., 2008) and AOM (Dale et al., 2010) were suggested to explain sulfate tailing15

below the SMTZ which may be of significance at sites GeoB 12315-4 and GeoB 12353-
5 where we measured near-constant sulfate levels around 2 mM below the SMTZ. For
sites close to in situ gas bubble ebullition (Habitats 1 in this study) a lateral flow of
sulfate-rich pore water towards the gas bubble conduit involving convection-like pore
water cycling was proposed which would lead to sulfate transport into a discrete layer20

below the SMTZ (O’Hara et al., 1995; Tryon et al., 2002; Haeckel and Wallmann, 2008).
It was shown in detail by O’Hara et al. (1995) that a draw-down of bottom water into the
sediment occurs at gas seeps off Denmark within a lateral distance of up to 20 cm from
the gas orifice. Habitat 1 core GeoB 12313-6 provides strong evidence for this kind
of convective flow because the sulfate profile displays a peak between 10 and 20 cm25

pointing at a source of sulfate to the pore water in this depth interval (Fig. 7a). The
core was obtained within a distance of <30 cm from the gas orifice (Fig. 2d) and could
thus be affected by convection of bottom water through the sediment (O’Hara et al.,
1995). Habitats 2 and 3 cores at Flare 2, however, were obtained from sites several m
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away from the orifice (Fig. 2d) and may thus not be influenced by a draw-down of bot-
tom water into the sediment which is supported by the absence of pronounced sulfate
peaks below the SMTZ (Fig. 7b and c). In contrast, Habitat 2 cores at Flares 1 and 15
(Fig. 2a and b) were retrieved within a radius of only 20 cm around the respective gas
orifices and indeed show minor increases in sulfate contents at 12 cm (GeoB 12320-4)5

and 17 cm (12353-3) which suggest lateral flow of sulfate-rich bottom water into the
sediment (Figs. 4b and 5b). Our interpretation of convection-like cycling of pore and
bottom water is in accord with the study by O’Hara et al. (1995) stating that convective
cycling of pore and bottom water at gas seeps is an important transport mechanism
at sites close to the gas orifice and may influence rates of biogeochemical turnover of10

dissolved species as e.g. sulfate.

5.2 Hydrogen sulfide fluxes and chemosynthetic communities

Concentration gradients used for flux calculations are indicated as black lines in Figs. 4,
5, 6 and 7. Upward sulfide fluxes were calculated for the Habitat 2 sites at Flare 1 and
Flare 15 (GeoB 12320-4 and GeoB 12353-3) which were not affected by gas bubble15

escape at the time of sampling. An export of sulfide into the bottom water is not indi-
cated by pore water profiles at both sites (Figs. 4b and 5b). The sulfide flux at these
sites amounts to 4.9 and 3.3 mol m−2 yr−1, respectively, and is directed towards the
sediment surface where white microbial mats were observed (Table 3). The calculated
sulfide flux is in the lower range of published values for comparable microbial mat habi-20

tats for example at the Cascadia margin (Sahling et al., 2002) and at the Håkon Mosby
Mud Volcano (de Beer et al., 2006; Lichtschlag et al., 2010a). In fact, Lichtschlag et
al. (2010a) found that a sulfide flux of 2.5 mol m−2 yr−1 represents the lower threshold
for Beggiatoa mats which is well below the fluxes calculated for the Habitat 2 cores at
Flares 1 and 15. In agreement with Gilhooly et al. (2007) we found at the core-OMZ25

sites that orange microbial mats (Habitat 1) seem to tolerate high sulfide concentrations
and fluxes towards and across the sediment/water interface, whereas white microbial
mats (Habitat 2) tolerate only moderate to low sulfide concentrations.
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At the microbial mat site GeoB 12313-6 (Habitat 1, Flare 2, lower boundary of OMZ)
a sulfide flux across the sediment/water interface is indicated by the sulfide profile
(Fig. 6a, inset). The sulfide export into the bottom water amounts to 1.3 mol m−2 yr−1.
We have observed numerous microbial filaments that were attached to carbonate
chunks or polychaete tubes exposed above the sediment surface and that were thus5

cut off from the interstitial sulfide pool in the sediment (Fig. 2f). Apparently, the sul-
fide flux across the sediment/water interface is sufficient to nourish these microbes
at site GeoB 12313-6 and probably at the comparable Habitat 1 site GeoB 12315-9
(Flare 2). A similar observation has been reported from cold seeps on the Hikurangi
Margin (Sommer et al., 2010) which indicates that thiotrophic microbes do not neces-10

sarily depend on direct access to the pore water sulfide pool as long as the sulfide
export into the bottom water meets their sulfide demand.

Apart from the sulfide flux across the sediment/water interface in Habitat 1 at site
GeoB 12313 we determined the “deep” upward sulfide flux from the SMTZ to depths
of 5 to 15 cm at all Flare 2 sites. In general we found that the “deep” sulfide flux15

amounts to 8.0 and 9.2 mol m−2 yr−1 at the microbial mat sites (Habitat 1, GeoB 12313-
6 and GeoB 12315-9) while fluxes of 5.7 and 11.0 mol m−2 yr−1 were determined for the
polychaete and clam sites GeoB 12313-12 and GeoB 12315-4 (Habitat 2). The lowest
flux of 3.9 mol m−2 yr−1 was obtained for the large clam site GeoB 12313-13 in Habitat 3
(Table 3). Despite the rather high flux at site GeoB 12315-4 (Habitat 1), the sulfide flux20

in general decreases slightly towards outer habitats at Flare 2. This pattern resembles
findings by Sahling et al. (2002) who calculated a high sulfide flux of 23 mol m−2 yr−1

below a Beggiatoa mat and a lower flux of 6.6 mol m−2 yr−1 below a clam bed (large
Calyptogena) at Hydrate Ridge cold seeps.

Upward sulfide fluxes have been widely used in recent publications to describe the25

geochemical environment of chemosynthetic communities at cold seeps (e.g. Sahling
et al., 2002; de Beer et al., 2006; Niemann et al., 2009; Lichtschlag et al., 2010b).
It needs to be stressed that the sulfide profiles measured in sediments inhabited by
chemosynthetic organisms are already influenced by the metazoan sulfide uptake and

9781

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/8/9763/2011/bgd-8-9763-2011-print.pdf
http://www.biogeosciences-discuss.net/8/9763/2011/bgd-8-9763-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
8, 9763–9811, 2011

Pore water
geochemistry of cold

seeps offshore
Pakistan

D. Fischer et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

thus calculated fluxes may be a result rather than a prerequisite for chemosynthesis. In
Table 3 we show the depth intervals of the steepest sulfide gradients for the three cores
at site GeoB 12313. The depths gradually increase towards the outer habitats from
3–7 cm near the gas orifice (GeoB 12313-6) to 15–18 cm in the outermost Habitat 3
(GeoB 12313-13) where abundant large and small vesicomyid clams were observed.5

The clams, although depending on a certain sulfide flux for their symbionts (e.g. Grehan
and Juniper, 1996; Sahling et al., 2005), ventilate sulfide-free bottom water into the
sediment and at the same time remove sulfide from the pore water for respiration. Our
data show that the magnitude of the upward sulfide flux alone does not determine the
colonization of the sediment by chemosynthetic organisms exploiting the sulfide pool10

and does thus not accurately describe their geochemical environment. It is rather the
combination of sulfide flux, the depth of sulfide release (SMTZ) and the depth into
which the flux occurs, i.e. the depth where sulfide is depleted either due to mineral
authigenesis or uptake by organisms which determines the colonization of seeps by
thiotrophic and/or chemosynthetic communities.15

5.3 Quantifying transport processes – modeling results

The computer model CoTReM has been applied to the three habitats of site
GeoB 12313 at Flare 2 below the core-OMZ. 3-D-modeling of pore water profiles con-
sidering the seep including all habitats as a continuum would be favorable at the study
site Flare 2. However, such an approach would require a much higher sampling den-20

sity than was achieved during the cruise. For example, the pore water profiles used
for modeling derive from three PCs obtained from distinctly different habitats at Flare 2
selected by eye. The investigated habitats in total covered an area of more than 25 m2

which is estimated based on observed colonization with chemosynthetic communities.
Thus, the pore water profiles of a single PC would represent an area of more than 8 m2

25

which is not sufficient for 3-D-modeling. We therefore considered each PC to be repre-
sentative for its respective habitat and applied the 1-D-model in order to estimate the
magnitude pore water transport processes. Simulated profiles of sulfate and sulfide at
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site GeoB 12313 are depicted as solid lines in Fig. 6 and advection and bioirrigation
rates are given in Table 4.

Advective flow velocity is highest (11 cm yr−1) in core GeoB 12313-6 in the vicin-
ity of the gas orifice and decreases with increasing distance to the orifice in cores
GeoB 12313-12 (8 cm yr−1) and GeoB 12313-13 (<1 cm yr−1). Few published pore wa-5

ter flow velocities of 10 cm yr−1 (Linke et al., 2005), 3–50 cm yr−1 (Haese et al., 2003,
2006) and 1–28 cm yr−1 (Han and Suess, 1989) determined for cold seeps on the Cas-
cadia margin and mud volcanoes on the Costa Rica margin and in the Mediterranean
Sea compare well to the rates determined here. Yet, the majority of studies depicts
much higher velocities of up to several meters yr−1 (e.g. Linke et al., 1994; Wallmann10

et al., 1997; Lichtschlag et al., 2010b). The low advection rates determined here may
be due to the fact that cold seeps that are not associated with mud volcanism emit
fluids and gas rather continuously and fluid flow is generally slow. In contrast, mud vol-
canoes, expel mixtures of gas, fluid and mud at high velocities during eruptive phases
(cf. Kopf, 2002).15

Depth-integrated rates of bioirrigation increase from 120 cm yr−1 in Habitat 1 to
210 cm yr−1 in Habitat 2 and 297 cm yr−1 in Habitat 3 including nonlocal mixing co-
efficients of 100–120 yr−1 (Table 4). The rates correspond exceptionally well with those
obtained for a Mediterranean mud volcano by Haese et al. (2006) with a similar ap-
proach using CoTReM. Depth-integrated bioirrigation rates of up to 900 cm yr−1 were20

obtained by Wallmann et al. (1997) to simulate bioirrigation at active cold seeps in
the Aleutian subduction zone. The higher values used by these authors are probably
linked to the fact that the pore water advection obtained by Wallmann et al. (1997)
is with 340 cm yr−1 much higher than the maximum velocity determined in this study
(11 cm yr−1). Therefore, organisms responsible for bioirrigation at the Aleutian margin25

seeps had to counteract a much higher advective flow velocity in order to detoxify their
habitat from too high sulfide concentrations.

The pore water model produces considerably higher maximum concentrations of hy-
drogen sulfide than those measured in cores GeoB 12313-12 and GeoB 12313-13
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(Fig. 6). The deviation of modeled maximum sulfide concentrations compared to mea-
sured values is attributed to the fact that the model in our configuration neglects the
various processes of sulfide consumption e.g. sulfide uptake by organisms (e.g. Arp
et al., 1984), precipitation of iron sulfides (e.g. Berner, 1970) or sulfurization of or-
ganic matter (e.g. Brüchert, 1998). Regarding the formation of iron sulfide minerals,5

the availability of reactive Fe(III) species may play an important role: the Habitat 1 site
GeoB 12313-6 is interpreted to be subject to most intense and shallowest production
of sulfide via AOM due to highest rates of advective transport of methane-rich fluids.
In theory, prolonged production of sulfide through AOM would result in a continuous
reduction and removal of reactive iron (oxyhydr)oxides via reaction with hydrogen sul-10

fide until most of the Fe(III) minerals are transformed into iron monosulfides and pyrite
(Berner, 1970). Consequently, sites GeoB 12313-12 and GeoB 12313-13, which are
subject to lower rates of AOM and sulfide release than the central site GeoB 12313-6,
may have experienced a less intense reduction of iron (oxyhydr)oxides. Thus, due to
the fact that the only chemical reaction we used in CoTReM is AOM, one would ex-15

pect that the overestimation of hydrogen sulfide concentrations by the model would be
greater in distant sites (Habitats 2–3) than in the central one (Habitat 1) which is well
supported by our data (Fig. 6).

5.4 Schematic evolution of the depth of the SMTZ and sulfate fluxes –
unraveling the relative importance of different transport processes20

The studies by Wallmann et al. (1997) and Haese et al. (2006) demonstrated that
the interaction of the transport processes bioirrigation and advection significantly influ-
ences pore water profiles and solute fluxes at cold seeps. In this chapter we contribute
further insights into the magnitude and importance of the complex interplay of up- and
downward transport processes based on habitat-specific pore water modeling: Fig. 825

depicts a simulated stepwise development of the pore water profiles at site GeoB 12313
from a purely diffusion-controlled system towards the present measured state includ-
ing upward advection and downward bioirrigation. The initial setting for the simulation
includes molecular diffusion as the only transport process (Fig. 8, scenario A). It is
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obvious that the shapes of the sulfate profiles, sulfate fluxes and the depths of the
SMTZ in Fig. 8, scenario A do not match the measured ones depicted in scenario D.
Upward advection was thus simulated for the three habitats at different rates in or-
der to approach the observed sulfate gradients (and fluxes) into and the depths of the
SMTZ (Fig. 8, scenario B). We have discussed earlier that the pore water profiles at5

site GeoB 12313 are likely influenced by a convection-like pore water flow, where the
central Habitat 1 experiences lateral inflow of bottom water balancing the focused gas
escape (O’Hara et al., 1995). Although the model does not consider lateral advec-
tion, it was possible to simulate the sulfate concentration gradients and particularly the
respective depths of the SMTZs in both cores of Habitat 2 and 3 with upward advec-10

tion. We therefore suggest that an upward advective flow of pore water is present in all
modeled habitats at Flare 2. The onset of advective pore water flow pushes the SMTZ
towards the sediment surface in all cores and significantly increases sulfate fluxes into
the SMTZ in all habitats (Fig. 8, scenario B). The upward-shifted SMTZ leads to a shal-
lower sulfide release via AOM and thus triggers an increase in sulfide flux towards the15

sediment surface in all habitats. In Habitat 1 where the SMTZ is shallowest (Fig. 8,
scenario B) the sulfide flux towards the sediment surface is highest and it decreases
towards outer habitats because the sulfate fluxes into the reaction zone decrease in
the same direction. Thus, the high advection of pore water in Habitat 1 triggers sul-
fide flux to the sediment surface that meets the high sulfide demand of microbial mats20

(de Beer et al., 2006). In contrast, the lower advection in Habitats 2 and 3 leads to
a weaker upward sulfide flux that meets the demand of chemosynthetic macrofauna,
for example clams and polychaetes (Sahling et al., 2005). We assume that scenario B
in Fig. 8 represents the first step in seep colonization which determines whether the
sediment surface is colonized by microbial mats in the center (highest sulfide flux) or by25

chemosynthetic macrofauna (lower sulfide flux in Habitats 2 and 3). Consequently, sim-
ulating the colonization of the seep with chemosynthetic organisms, non-local mixing
coefficients (bioirrigation at different rates, Table 4) were implemented into the model to
account for bioirrigation (Fig. 8, scenario D). Implementation of bioirrigation as a further
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transport process leads to the distinct gradient changes (“kink-type”) that we observed
in the measured sulfate profiles and at the same time shifts the SMTZ to greater depths
due to introduction of sulfate-rich bottom water into the sediment (Fig. 8, scenario D).
To test, if the depth of the SMTZ, sulfate fluxes, and shapes of the sulfate profiles can
be sufficiently simulated considering only diffusion and bioirrigation without upward ad-5

vection, we started a separate run (Fig. 8, scenario C). In this case the general sulfate
profile shapes more or less match those of measured profiles, yet the depths of the
SMTZ and sulfate fluxes do not, which highlights the importance of upward advection
for the three examined sites.

The development of the sulfate fluxes in the different habitats and in the differ-10

ent model scenarios needs further consideration, because the sulfate input into the
SMTZ determines the concentration and flux of released sulfide, which is essential
for chemosynthetic communities. In Fig. 8 (scenario D, “present state”) the sulfate
fluxes into the SMTZ are given as bold numbers. The fluxes slightly decrease from
9.3 mol m−2 yr−1 in the center to 7.7 mol m−2 yr−1 and 6.6 mol m−2 yr−1 in the outer15

Habitats 2 and 3. When considering only advection (Fig. 8, scenario B) sulfate fluxes
decrease stronger in the same direction, whereas sulfate fluxes stay similar when con-
sidering only bioirrigation (Fig. 8, scenario C). This shows that the combined transport
processes advection and bioirrigation produce a mixed signal in the fluxes of sulfate
into the SMTZ. Thus, the ventilating macrofauna counteract upward advection by shift-20

ing the SMTZ to greater depth but at the same time lead to comparably high sulfate
fluxes (and high rates of sulfide production) in all three habitats.

The stepwise simulation in Fig. 8 shows that it is the combination of upward advection
and counteracting downward transport of bottom water by chemosynthetic macrofauna
that resulted in the best fit of the depth of the SMTZ, sulfate fluxes into the reaction zone25

and the general shapes of the sulfate profiles in all three habitats at Flare 2. Compared
to earlier studies (e.g. Wallmann et al., 1997; Haese et al., 2006) targeted sampling of
distinct seep-habitats enabled us to quantify the complex interplay of bioirrigation and
advection and their impact on solute fluxes in the three different habitats at Flare 2.
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5.5 The mutual interaction of geochemistry and chemosynthetic communities

Comparing core-OMZ seeps (Flare 1 and 15) to those at the lower boundary of the
OMZ (Flare 2) the most prominent feature is that oxygen levels in the bottom water
determine whether a cold seep is colonized exclusively by microbial mats or by mats
and surrounding chemosynthetic macrofauna including ampharetid polychaetes and5

vesicomyid clams. We could show that the macrofauna – most probably the observed
clams – compensate for lower upward advection in outer habitats compared to the mi-
crobial mat habitat by shifting the SMTZ to greater depth which induces high sulfate
fluxes and intense sulfide release. This is summarized in the conceptual model given
in Fig. 9. This figure shows how animals ventilating the sediment surface with bottom10

water lead to an extended sulfate zone and thus provide oxic (or at least non-sulfidic)
conditions (Fig. 9b). Seeps within the OMZ lack colonization by metazoans which al-
lows a very shallow SMTZ to develop (Fig. 9a). The fact that clams shift the SMTZ
to greater depth implies that they may gradually proceed towards the seep-center at-
tracted by the shallow and high sulfide flux and may at the same time undermine and15

thus cut off smaller organisms (cf. Habitat 1–2 in this study) from the sulfide source
(Figs. 8 and 9). In that way the clams progressively broaden the sulfate zone and thus
eventually dominate the respective habitats. It is important to note that the irrigating
activity of (large) clams does not only help to detoxify their own habitat from too high
sulfide concentrations (Wallmann et al., 1997) but could be an opportunistic means in20

order to gain advantage over competitive, smaller organisms in accessing the sulfide
pool in the sediment. Sommer et al. (2008, 2010) argued that ampharetid polychaete
habitats at cold seeps (cf. Habitats 2 at Flare 2 in this study) may represent an early
stage of seep-colonization by metazoans. Based on our findings we wish to expand
upon this idea by suggesting that the occurrence of large clams in the vicinity of gas ori-25

fices and without “transient” habitats of medium-sized organisms such as polychaetes
or smaller clams may indicate a mature stage of a cold seep-ecosystem, where poly-
chaete and small clam communities have been undermined and cut off from the sulfide
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source in the sediment by the opportunistic and dominant large clams. This statement
is further supported by the observation of cold seeps at greater depth (∼1850 m) in
the Makran area which are almost exclusively colonized by large (<10 cm) vesicomyid
clams in the vicinity of gas orifices lacking any distinct microbial mat, polychaete or
small clams habitats (“Flare 6”, cf. Bohrmann et al., 2008). It is striking in this respect5

that these sites are additionally characterized by massive pavements of authigenic car-
bonates at the sea floor. In contrast to the deeper Flare 6 (cf. Bohrmann et al., 2008)
sites within and at the lower boundary of the core-OMZ investigated in this study may
represent rather young/juvenile seep ecosystems. This is suggested by vast “transient”
habitats of small chemosynthetic clams and polychaetes (Flare 2) and the sparse oc-10

currence of authigenic carbonates (Flares 1, 2 and 15).

6 Summary and conclusions

This is one of the first studies which examined the interplay of bioirrigation and ad-
vection in defined cold seep habitats across a marine oxygen minimum zone (OMZ).
We performed targeted push core sampling with a remotely operated vehicle and con-15

ducted pore water analyses in different habitats at four seep-sites. Sites within the
core-OMZ are characterized by linear sulfate profiles and the absence of metazoan
life. Sites at the lower boundary of the OMZ depict pronounced kink-type sulfate pro-
files and are characterized by at least three distinct habitats arranged in a concen-
tric fashion around the gas orifice that are dominated by microbial mats, ampharetid20

polychaetes, or vesicomyid clams. Pore water modeling was conducted for a seep at
Flare 2 at the lower boundary of the OMZ. The simulation revealed that upward advec-
tion is highest near the gas orifice and decreases towards the outer habitats, whereas
depth-integrated rates of bioirrigation increase in the same direction due to changes in
the chemosynthetic communities. Hydrogen sulfide fluxes towards the sediment sur-25

face at all sites only slightly decrease towards outer habitats. A sulfide export into the
bottom water was found in three of four central habitats colonized by microbial mats,
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whereas sulfide is depleted at or below the sediment surface in the other habitats. It
appears that chemosynthetic macrofauna in outer habitats, here polychaetes and/or
clams, compensate for lower supply with sulfide triggered by low advection rates, i.e.
methane flux, by introducing oxygenated and sulfate-rich bottom water into the sedi-
ment. Furthermore, bioirrigation considerably shifts the SMTZ towards greater depths.5

At the same time steep gradients and comparably high fluxes of sulfate into the SMTZ
are established in all three habitats which fuel hydrogen sulfide release via anaerobic
oxidation of methane. We could thus show that chemosynthetic communities domi-
nated by clams and polychaetes actively shape their geochemical environment by shift-
ing the SMTZ towards depth and gain selective advantage over passive or immobile10

organisms (e.g. thiotrophic microbes) competing for sulfide in the sediment. Taking into
account that macrofauna depend on oxygen supply we propose that it is the mutual in-
fluence of bottom water redox geochemistry and burrowing chemosynthetic organisms
that determines the depth of the SMTZ at cold seeps.
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Adler, M., Hensen, C., Wenzhöfer, F., Pfeifer, K., and Schulz, H. D.: Modeling of calcite disso-
lution by oxic respiration in supralysoclinal deep-sea sediments, Mar. Geol., 177, 167–189,5

2001.
Aller, R. C.: Quantifying solute distributions in the bioturbated zone of marine sediments by

defining an average microenvironment, Geochim. Cosmochim. Ac., 44, 1955–1965, 1980.
Aller, R. C.: The importance of relict burrow structures and burrow irrigation in controlling sedi-

mentary solute distributions, Geochim. Cosmochim. Ac., 48, 1929–1934, 1984.10

Aller, R. C. and Aller, J. Y.: The effect of biogenic irrigation intensity and solute exchange on
diagenetic reaction rates in marine sediments, J. Mar. Res., 56, 905–936, 1998.

Arp, A. J., Childress, J. J., and Fisher Jr., C. R.: Metabolic and blood gas transport character-
istics of the hydrothermal vent bivalve calyptogena magnifica, Physiol. Zool., 57, 648–662,
1984.15

Arvidson, R. S., Morse, J. W., and Joye, S. B.: The sulfur biogeochemistry of chemosynthetic
cold seep communities, Gulf of Mexico, USA, Mar. Chem., 87, 97–119, 2004.

Barry, J. P., Kochevar, R. E., and Baxter, C. H.: The influence of pore-water chemistry and phys-
iology on the distribution of vesicomyid clams at cold seeps in Monterey Bay: Implications
for patterns of chemosynthetic community organization, Limnol. Oceanogr., 42, 318–328,20

1997.
Berner, R. A.: Sedimentary pyrite formation, Am. J. Sci., 268, 1–23, 1970.
Boetius, A., Ravenschlag, K., Schubert, C. J., Rickert, D., Widdel, F., Gieseke, A., Amann, R.,

Jørgensen, B. B., Witte, U., and Pfannkuche, O.: A marine microbial consortium apparently
mediating anaerobic oxidation of methane, Nature, 407, 623–626, 2000.25
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Table 1. Station list of all examined cores.

Flare GeoB-Station Gear Position Water GHSZ* Habitat, Bottom water
depth [m] Seep community redox

1 12320-9 PC 24◦53.634 N 551 − Habitat 1, Core-OMZ
63◦01.404 E orange microbial mat

1 12320-4 PC 24◦53.634 N 551 − Habitat 2, Core-OMZ
63◦01.404 E white microbial mat

12312-3 MUC 24◦53.072 N 654 − Background Core-OMZ
63◦01.641 E

15 12353-5 PC 24◦48.458 N 732 − Habitat 1, Core-OMZ
63◦59.649 E orange microbial mat

15 12353-3 PC 24◦48.457 N 732 − Habitat 2, Core-OMZ
63◦59.649 E white microbial mat

12309-3 MUC 24◦52.322 N 962 + Background Core-OMZ
62◦59.859 E

2 12315-9 PC 24◦50.753 N 1025 +
Habitat 1,

Lower boundary of OMZ
63◦01.439 E white/rose microbial mat,

sparse polychaetes

2 12315-4 PC 24◦50.753 N 1025 +
Habitat 2,

Lower boundary of OMZ
63◦01.439 E polychaetes and

small clams

2 12313-6 PC 24◦50.828 N 1038 +
Habitat 1,

Lower boundary of OMZ
63◦01.419 E white/rose microbial mat,

sparse polychaetes

2 12313-12 PC 24◦50.828 N 1038 +
Habitat 2,

Lower boundary of OMZ
63◦01.419 E polychaetes and

small clams

2 12313-13 PC 24◦50.829 N 1038 +
Habitat 3,

Lower boundary of OMZ
63◦01.419 E small and

large clams

* GHSZ=Gas hydrate stability zone
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Table 2. Input parameters used for pore water modeling of three cores at Flare 2.

Input parameters

Length of modeled sediment column 50 cm

Porosity (upper to lower model boundary) 0.9–0.8

Temperature 12.3 ◦C

Sulfate concentrations at upper model boundary 26.3–31.6 mM (see text)

Methane concentrations at lower model boundary 85 mM (see text)

Fixed sulfide concentration at lower model boundary 14 mM
(only GeoB 12313-6)
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Table 3. Fluxes of dissolved sulfide and sulfate, as well as depth of steepest sulfide gradient at
all seep sites. Fluxes derived from modeled pore water profiles are marked.

Flare 2; Habitat 1 Flare 2; Habitat 2 Flare 2; Habitat 3 Flare 1, 15; Habitat 2
(below core OMZ) (below core OMZ) (below core OMZ) (within core OMZ)

Organisms White/rose colored mat, Polychaetes, small clams Small and large clams White/rose colored mat
sparse polychaetes

Core ID GeoB 12315-9 GeoB 12315-4 GeoB 12313-13 GeoB 12320-4
GeoB 12313-6 GeoB 12313-12 GeoB 12353-3

Upward sulfide flux 8.0 11.0 2.8 4.9
(mol m−2 yr−1) 9.2 5.7 3.3

Depth of steepest 7–8 cm 6–8 cm 15–18 cm 2–6 cm
sulfide gradient 3–7 cm 10–13 cm 1–5 cm

Sulfate flux into SMTZ 9.3 8.0 6.6 (modeled) 7.1
(mol m−2 yr−1) 9 (modeled) 8.4 (modeled) 4.5
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Table 4. Modeled rates of advection and bioirrigation obtained for three cores at Flare 2.

Advection rate Depth-integrated bioirrigation
[cm yr−1] rate [cm yr−1]; at a depth of [cm]

Habitat 1, 11 162; 4.1–5.9
GeoB 12313-6

Habitat 2, 8 280; 8.0–11.5
GeoB 12313-12

Habitat 3, <1 348; 11.8–15.7
GeoB 12313-13

Comparable approach using 5–30 max. 300; 8–11
CoTReM by Haese et al. (2006)
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Fig. 1. Overview map of the northern Arabian Sea and detailed bathymetric map of the working
area off the coast of Pakistan. Dots indicate investigated sites.
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Fig. 2. Caption on next page.
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Fig. 2. ROV still images (A–F) and images of retrieved cores (G–H). (A–D) Major habitats at
all sites are encircled by stippled lines and PC positions are denoted by circles. (E) Close-up of
Habitat 1 at site GeoB 12315, where we found microbial mats of distinctly different appearance
(see text). (F) Close-up of the transition from Habitat 1 to Habitat 2 in (D). (G) Appearance of
Habitat 2 in the retrieved PC GeoB 12313-12. (H) Appearance of Habitat 3 in the retrieved PC
GeoB 12313-13. Scale bar is 18 cm if not denoted otherwise.
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Fig. 3. Pore water sulfate profiles of non-seep reference TV-MUC cores.
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Fig. 4. Pore water profiles of sulfide and sulfate of PCs obtained for Flare 1, site GeoB 12320.
The assumed depth of the SMTZ is marked by a grey box. Coring positions are marked in
Fig. 2 and sampling coordinates are given in Table 1.
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Fig. 5. Pore water profiles of sulfide and sulfate of PCs obtained for Flare 15, site GeoB 12353.
See caption of Fig. 4 for further details.
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for Flare 2, site GeoB 12313. See caption of Fig. 4 for further details.
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Fig. 7. Pore water profiles of sulfide and sulfate of PCs obtained for Flare 2, site GeoB 12315.
See caption of Fig. 4 for further details.
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Fig. 9. Schematic illustration of the investigated seeps indicating how chemosynthetic commu-
nities determine the depth of the SMTZ. (A) Situation within the core-OMZ. Oxygen deficiency
in the bottom water does not allow for metazoan life and thus microbial mats are the only or-
ganisms observed at Flares 1 and 15. The microbes do not irrigate the sediment surface.
Advection is expected at least in Habitat 1 where bubble escape was observed and where sul-
fate profiles are curved concave-down. (B) Situation at the lower boundary of the OMZ. Slightly
increased oxygen contents sustain chemosynthetic communities represented by the observed
polychaetes and clams at Flare 2. Compared to the core-OMZ sites intense bioirrigation leads
to a downward shift of the SMTZ due to high fluxes of sulfate into the sediment and thus com-
pensates upward advection in all habitats.

9811

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/8/9763/2011/bgd-8-9763-2011-print.pdf
http://www.biogeosciences-discuss.net/8/9763/2011/bgd-8-9763-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

