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Abstract: The origin of the cold fluid venting from a Giant Pockmark within the Lower Congo Basin
has been elucidated based upon results of precise mapping, submersible dives, gravity coring and
isotopic analyses realized under a TOTAL-IFREMER cooperative project (ZAIANGO and BIOZAIRE
projects).

During four dives of the IFREMER ROV-Victor 6000, the bottom was filmed, hard and soft samples
were lifted from the sediment, and water samples were collected with a CTD-rosette system. The
detailed dip map shows that the 800 m wide Giant Pockmark is a composite feature due to the
coalescence of multiple 100 m wide depressions that displays a broad range of biological,
mineralogical and chemical features on the seafloor, leading to a seafloor anomaly recorded on the
multibeam imagery. Methane-rich fluids migrating through the sedimentary column from a buried
palaeochannel clearly react with the sulphate-rich circulating sea water to produce hydrogen sulphide
and bicarbonate ions. This situation leads to a concentrical arrangement of the sedimentary facies,
with methane-related features in the centre and sulphide-related features at the periphery. This
organization is correlated with high levels of methane (up to 20 umol/l) measured in the centre of the
Giant Pockmark, responsible for the crystallization of gas hydrates at the bottom.

In this model, the concentrical organization of mineralogical and biological features reflects a
geochemical partitioning related to the peripheral progressive mixing of the methane flux.
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Introduction

Pockmarks have been widely reported during offshore hydrocarbon
exploration and scientific surveys at water depths ranging from 30 m to over 3000 m
(for a detailed review see Baraza et al., 1999; Solheim et al., 1993; Hovland et al.,
1988; Whiticar et al., 1981; Werner, 1978; Josenhans et al., 1978; King et al., 1970).
They generally appear in unconsolidated fine-grained sediments as cone-shaped
circular or elliptical depressions ranging from a few meters to 300 m or more in
diameter and from 1 m to 80 m in depth. The crater-like nature of pockmarks suggests
the erosional power of fluid venting, commonly related to an overpressured buried
reservoir of biogenic gases, thermogenic gases or oil, interstitial water, or a
combination of the three. Because of the nature of fluids expelled, pockmarks may
represent open-windows above the petroleum system and could be valuable indicators
for deeper reservoir strategy (Heggland, 1998).

The geology, biology and mineralogy of modern submarine cold seeps
have been widely described on continental rise since 1980 (Diaz del Rio et al., 2003;
Sibuet et al., 1998; Dando et al., 1991; Kulm et al., 1986; MacDonald et al., 1989).
Subsequent explorations increased the known geographic range of similar
communities and documented their occurrence at cold seeps as well as hydrothermal
vents (Laubier et al., 1986; Kennicutt Il et al., 1985; Suess et al., 1985; Paull et al.,
1984). Bivalves, gastropods, vestimentiferans, bacterial mats, sea anemones,
galatheia crabs and shrimps live together forming benthic communities within fluid
seeps (Vogt et al., 1999a). These systems are fed by cold nutrient-rich fluids primarily
containing methane (CH4) and hydrogen sulphide (H.S). The CHs-charged pore fluids
are being expelled in cold seeps from the sediments and authigenic carbonates are
precipitated as crusts, pavements or concretions at the sediment/water interface (
Aloisi et al., 2002; Greinert et al., 2002; Olu et al.,, 1997; Von Rad et al., 1996;
Jorgensen, 1992; Ritger et al., 1987; Hovland et al., 1985). Such methane-derived,
seep-related carbonate buildups are typical byproducts of microbial chemosynthesis
and have been termed “chemoherms” by Roberts and Aharon (1994). During the past
20 years, descriptions of vents and associated seep communities have been based
primarily upon interpretations of still and video photographs, which have provided
information concerning spatial distribution and temporal variation of abundance (Milkov
et al., 1999; Jollivet et al., 1990; MacDonald et al., 1989; Hecker, 1985). Despite the
geographic and taxonomic diversity of the chemosynthetic communities described, they
share several characteristics, such as the large depth range of occurrence, the density
of individuals, the diversity of taxonomic assemblages, the apparent heterogeneous
seafloor distribution, the abrupt transition between the endemic communities and the
normal surrounding environment (Sibuet et al., 1998; Olu et al., 1996; MacDonald et
al., 1989; Brooks et al., 1987; Kennicutt Il et al., 1985). However, the investigations of
the distribution have been limited to the observation that different patterns within vents
are attributed to supposed spatial and/or temporal variations in the supply of sulphides
and methane (MacDonald et al., 1989) or other hydrocarbons (Wenger et al., 2002).

We discuss here the relationship between the inside morphology of a Giant
Pockmark located in the Lower Congo Basin, the seafloor facies (biology and
carbonate buildup), the EM-12 multi-beam anomalies (i.e. the reflectivity), the
occurrence of gas hydrate and the concentration of dissolved methane in bottom water.
Four “seeps” facies were identified that are concentrically arranged: the methane-
dependant assemblage is located in the centre of the depression although the
sulphide-dependant assemblage is located on the outer border. This organization could
be a useful means for assessing the intensity of upward fluid migration and the
dynamic of such seepages.
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Geological settings

The West African passive margin was initiated during the opening of the
South Atlantic Ocean at Early Cretaceous (130 My) ( Marton et al., 2000; Jansen et al.,
1984). Subsequent to large accumulations of evaporites (up to 1000m) during the mid-
Aptian time (Valle et al., 2001), the post-rift stratigraphy is characterized by two
superposed seismic architectures that reflect a major change in ocean circulation and
climate (Séranne et al., 1992): 1) from Late Cretaceous to early Oligocene time, an
aggradational carbonate/siliciclastic ramp develops (greenhouse period) and 2) from
early Oligocene to Present time, the sedimentation is dominated by the progradation of
a terrigenous wedge (lcehouse period) (Séranne, 1999). During the Icehouse period,
the high-frequency alternating climatic conditions have triggered deep incision and
erosion and large amounts of terrigenous material have led to the formation of a 2000-
3000 m-thick progradational wedge. In particular, the increased terrigenous input to the
margin is responsible for the formation of the large turbiditic fan off Congo and Angola
slope (Fig. 1) directly fed by the Zaire River (Droz et al., 1996; Uchupi, 1992; Brice et
al., 1982). It extends from the Zaire River estuary to the lower fan, down to 5000 m
water depth.

Figure 1: Bathymetric map of the Congo-Angola Basin issued from the EM-12 multibeam
bathymetry acquired during the ZAIANGO project (1998-2000). The study area (grey-shaded
rectangle) is located accros the present-day Zaire channel, at a water depth between 3000 and
3700 m. The investigated Giant Pockmark is on the northern flank of the Zaire channel, at a
water depth of about 3200 m. The three sites of the Leg ODP 175 in this zone are reported.
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Sampling and methods

Both chemosynthetic cold seep communities and authigenic carbonate may
cause higher acoustic impedance and roughness than occur in the surrounding
seafloor. Seafloor mapping systems may therefore be able to identify the distribution of
potential seeps using acoustic backscatter data (Orange et al., 2002). Numerous
patches are imaged on both bathymetric maps and low-grazing angle backscatter
systems in the Lower Congo Basin. We focus on an outstanding Giant Pockmark, 800
m wide, which lies on the north side of the present day Zaire channel, at about 3150 m
water depth (Fig. 2). In this area, only fine sediments not confined to the Zaire channel
were deposited, perhaps from riverine plumes and contour currents, through
sedimentation by aggregates and fecal pellets (Cooper, 1999; Giraudeau et al., 1998)
and mixed with hemipelagic sediments on the continental slope.

Figure 2: EM-12 multi-beam mosaic in the area of the Zaire Canyon. The patch on the North
right flank of the channel corresponds to the investigated Giant Pockmark. The Core C-1 has
been recovered outside the Giant Pockmark, 1 km to the north.
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The Giant Pockmark was discovered during the ZAIANGO Project (1998-
2000), primarily based on bathymetric-reflectivity maps and 2D High-Resolution
seismic profiles to better understand the Quaternary history of the Zaire fan (Savoye et
al., 2000). The Giant Pockmark and its surroundings were explored in detail during four
dives of the IFREMER ROV-Victor 6000 during the ZAIROV-2 and BIOZAIRE surveys
focused on cold seeps. Additional data from the Leg ODP175 on the West African
Margin provided useful information on stratigraphy, sedimentation rates and
mechanical properties of sediments (Wefer et al., 1998).
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During the ZAIROV-2 survey, the two first exploratory dives consisted of a
series of long transects, during which the submersible attempted to cover a maximum
surface of the Giant Pockmark (Fig. 3). During the BIOZAIRE survey, the two last dives
focused on some particular biochemical and biological features near the centre of the
depression (Fig. 3). During the dives, hard samples were lifted from the sediment using
the manipulator, soft samples were cored with mini-tubes (40 cm) and water samples
were collected with a rosette system of 19 bottles. Chemical and geochemical analyses
of methane concentrations and hydrates were conducted at IFREMER (for details see
Charlou et al., 2004). Standard piston cores (<14 m long) were recovered in the area of
the Giant Pockmark: the core C-1 is outside the depression, 1 km to North (see Fig. 2
for location), the core C-2 is in the center and the core C-3 is on the eastern border of
the depression (see Fig. 3 for location). Massive gas hydrates crystals were found
(Charlou et al., 2004): 1) outcropping on the seabed and 2) at 6 m below seafloor in the
core C-3. The position of submersible was calculated with a DGPS and the navigation
data were wiped free of aberrant points. The position of transects, cores and
bathymetric/reflectivity maps were then plotted on a geo-referenced Arc-View based
platform developed by IFREMER, which allows a replaying of the video records. The
submersible was equipped with sonar enabling the calculation of the micro-bathymetry
within the Giant Pockmark. The data height and dumping were added along transects
and interpolated by method of the krigging in the Arc-View based software (Ondreas et
al., in press).

Figure 3: Isochronal map of the Giant Pockmark issued from EM-12 multi-beam bathymetric
data. White lines represent the bottom transects of the ROV-Victor 6000. Two piston cores were
recovered inside the depression, one in the centre (C-2) and one near the east border (C-3).
Massive hydrates have been found in the core C-3 and outcropping at the seabed in the centre
of the Giant Pockmark.
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The origin of fluids expelled from the Giant Pockmark

Pockmarks generally concentrate in fields extending over several square
kilometers where they often appear as isolated patches named single pockmarks or
“‘eyed pockmarks” (Hovland et al., 1988). In some cases, they have been identified
along straight or circular lines correlated with glaciomarine tills (Josenhans et al., 1978;
Whiticar and Werner, 1981; Kelley et al., 1994) or suggesting a structural control for
fluid flow (Shaw et al., 1997; Taylor et al., 2000). In particular, structural surfaces along
bedrock (Shaw et al., 1997); salt diapirs (Taylor et al., 2000); and faults and faulted
anticlines (Boe et al., 1998; Soter, 1999; Vogt et al., 1999b; Eichhubl et al., 2000)
create pathways for fluid migration. These observations suggest that discontinuities or
unconformities are much more effective for fluid migration than a simple seepage
through the sedimentary column (Abrams, 1992; Brown, 2000) and are responsible for
pockmarks development (Abrams, 1996; Orange et al., 2002). Many authors attempted
to establish a link on seismic sections between seafloor pockmarks and buried
anomalies such as seismic chimneys (Heggland, 1998) and acoustically “blanked”
layers, which are interpreted as gas accumulations (Yun et al., 1999) or gas-charged
sediments (Hovland, 1984; Hempel et al., 1994). On the slope of the Lower Congo
Basin, pockmarks are not randomly distributed, but always associated with fault zones,
salt diapirs or a BSR (Gay et al., 2003), which is a strong evidence for the presence of
gas hydrates.

The seismic profile AB (Fig. 4) crosses the Giant Pockmark from NW to SE.
The pockmark is connected to an underlying acoustic anomaly, 200 m wide, which is
characterized by acoustic turbidity and a fadeout of the reflectors. On both sides of the
anomaly the bright reflectors are disrupted and shift upward, indicating a seismic
reflection phase reversal. This kind of acoustic anomaly is now interpreted as a seismic
chimney (Heggland, 1998) and is indicative of an ascending movement of fluids from
deeper reservoirs. The high resolution seismic profiles issued from the ZAIANGO
project allows to determine the connection between the chimney and the reservoir. At
about 400 msTWT below seafloor, the seismic chimney branches on an ancient buried
channel-levee system. The base of the chimney is located on the northern edge of the
channel fill where it seems to take root because of the lack of any deeper sound-speed
anomaly. The seismic profile shows a buried palaeo-pockmark at about 100 msTWT
below seafloor. The underlying chimney develops on the southern flank of the channel
fill at the channel-levee interface. Due to the high sealing capacity of hemipelagic
sediments in the Lower Congo Basin, this buried palaeochannel may be turned off at
the present day (Gay et al., 2003). However, the enhanced reflections over the buried
palaeo-pockmark may suggest that fluids are going to migrate through the overlying
sedimentary cover.
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Figure 4: Seismic profile AB (see Fig. 1 for location). The Giant Pockmark seems
to take root at the channel-levee interface of a shallow buried palaeochannel. A sealed
pockmark with its underlying chimney is visible on the south flank of the buried palaesochannel.
The Giant Pockmark may be fuelled by a relict of biogenic fluid entrapped within the channel
(Gay et al., 2003). This is confirmed by isotopic analyses on hydrates recovered in the core C-3
(Charlou et al., 2004).
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The shallow burial of the palaeochannel (<300 mbsf) suggests a biogenic
origin for the fluids they are escaping from. This is confirmed by isotopic analyses
conducted on hydrates from the core C-3 (Charlou et al., 2004). The results have
shown 5'C values of the methane lighter than —69 %o (PDB) and a ratio C1/(C2+C3)
greater than 1000, highly indicative of a biogenic origin.

Seafloor reflectivity related to seismic facies of shallow sediments

Pockmarks are easily imaged using side-scan sonar and multi-beam
bathymetric surveys. During the ZAIANGO surveys, the slope of the Lower Congo
Basin has been intensively covered by EM-12 multi-beam imagery allowing the
identification of numerous pockmarks on seafloor. We particularly focused on this Giant
Pockmark because it appears as a large black patch, 800 m wide, on the reflective
map (Fig. 5). The reflectivity intensity is low at the outer border of the depression and
increases toward the centre.
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Figure 5: Enlargement of the EM-12 multi-beam mosaic showing details of the Giant Pockmark.
It appears as a large patch, 800 m wide, and the reflectivity intensity increases toward the
centre of the depression. The seismic profile CD (detail of the profile AB) shows chaotic facies
below the pockmark defining a Tulip-shape anomaly. These strong reflections may be related to
gas accumulations, authigenic carbonate precipitation, gas hydrate or enhanced porosity
contrasts.
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The reflection-strength seafloor anomaly issued from the multi-beam mosaic correlates
well with a set of strong chaotic reflections on the seismic profile CD (enlargement of
the profile AB) directly beneath the depression (Fig. 5). The width of the chaotic facies
decreases with depth and connects to the seismic chimney at about 75 msTWT,
defining a Tulip-shape anomaly on the seismic profile. Small-scale faults, dipping
towards the centre, develop within the Tulipe-shape anomaly. Such faults may drive
fluids upward, up to the seafloor. On both sides of the anomaly, the reflectors are
disrupted and they shift upward. They do not correlate with chaotic reflections within
the Tulip-shape anomaly, suggesting that the active fluid venting started at this level.
Lateral abrupt changes in impedance values may be due to enhanced density and/or
velocity contrasts, which may be related to small-scale gas accumulations caused by
strong fluid expulsion (Taylor et al., 2000). However, other phenomena such as high-
velocity authigenic carbonate accumulations, thin high velocity layers with elevated gas
hydrate concentration, or enhanced porosity contrasts by trapped overpressured fluids
may also cause high and low reflection strengths. The 3.5-kHz seismic profile EF
across the Giant Pockmark shows side echoes that overlap to form “bow-tie”
structures, which could indicate the presence of a hard substratum on seafloor (Fig. 5).

Fluid seep evidences within shallow sediments

The core C-1 was collected at the periphery of the Giant Pockmark, on its
northern border, at 3144 m water depth (see Fig. 2 for location). This core features
hemipelagic muds, typically classified as greenish grey and olive-grey diatomaceous
clay with several levels of high bioturbation or pervasive burrows, broken and unbroken
bivalve’s shells and lamellibranchs and chondritic nodules (LeMoigne, 1999) (Fig. 6).
This core reflects the nature of regional suspension setting sediments as described
during the Leg ODP 175 (Wefer et al., 1998).

The core C-2 (see Fig. 3 for location) was collected at 3161 m water depth,
near the centre of the Giant Pockmark. Sediments are composed of dark greenish
nannofossil-bearing siliceous (diatoms and radiolarian) silty clay (Fig. 6). In the four
upper metres, the sediments are similar to those described in the core C-1. Although
bivalve’s shells and lamellibranchs are common, the bioturbation is characterized by
localized burrows and decreases with depth. In the seven lower metres, sediments are
intensively deformed by pockets of bright greenish to sallow liquefied sediments
displaying “puffs of pipe” features along the core (LeMoigne, 1999) (see photo 1 on the
Fig. 6). These pockets seem to be connected to centimetre scale conduits of oxidized
sediments or tubular carbonates and are interpreted as ancient markers of fluid
migration (Hovland et al., 1988; Sills et al., 1992; Yuan et al., 1992).
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Figure 6: Sedimentary logs of cores C-1 (in the North) and C-2 (in the centre). The core C-1
displays the regional nature of sediments (LeMoigne, 1999). The core C-2 (in the centre of the
depression) is intensively perverted by pockets of bright greenish to sallow liquefied sediments,
which may be caused by fluid migration.
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The core C-3 (see Fig. 3 for location) was collected at 3158 m water depth,
at the eastern border of the Giant Pockmark. Sediments are very similar to the core C-
2 in the first 6 m below seafloor. Below this level no sediments were saved because of
the presence of thick layers of pure methane hydrates inter-bedded with thin layers of
muds.

Internal morphology of the Giant Pockmark

Most of the pockmarks in the Lower Congo Basin have a circular shape in
plan view, but the largest pockmarks are often elongated in one main direction (Gay et
al., 2003). This is the case here and the regional bathymetry obtained with the EM12
dual multibeam shows that the Giant Pockmark corresponds to a 800 m wide and 16 m
deep depression (Fig. 7). The dip map of the Giant Pockmark (calculated from the
microbathymetry) help to better define the internal morphology of the depression (Fig.
7). Detailed observations show that the Giant Pockmark is composed of the
coalescence of about twenty smaller depressions. They ranged from roughly circular
areas, 50 to 100 m wide, to curvilinear features several tens of metres. Finally, the
most substantial depressions included intertwining curved features suggesting that they
have apparently formed by successive episodes of fluid release or the source has
moved around during time.
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Figure 7: Dip map of the Giant Pockmark calculated from the Microbathymetry obtained with the
ROV-Victor 6000 (Modified after (Ondreas et al., Submitted)). Detailed observations show that
the Giant Pockmark, 800 m wide, is composed of the coalescence of several smaller
pockmarks, 100 m wide.
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Methane concentration at the sediment-water interface

During dives, water was sampled with 19 mini-bottles, three metres above
the bottom, and analysed on board by a chromatographic-purge/trap technique
(Charlou et al., 1993). These analyses of near-bottom water have revealed extremely
high methane (CH,4) concentrations up to 1-5 ul/l within the Giant Pockmark (Charlou et
al., 2004).

The maximum methane concentration (129 pl/l) has been measured near
the centre of the Giant Pockmark. This concentration is up to 10000 times the
concentration of methane in the oceanic background. The methane anomaly decreases
down to 0.01 pl/l near the periphery of the depression, corresponding to the normal
oceanic background at 3000 m water depth.

Complementary analyses have been conducted during the cruise. Three
vertical CTD/rosette were carried out in the centre of the pockmark, 200 m in the West,
and 1 km in the South-West, showing a wide plume of CH,, Mn, Fe and nephelometry
in a 200 m thick water layer above the depression (Charlou et al., 2004). This could
indicate an active fluid venting in the centre of the pockmark at the present day
(Charlou et al., 1993; Sassen et al., 1994; Suess et al., 1999; Sassen et al., 2001).

Biological and mineralogical organization within the giant pockmark

Based on direct observations of the bottom realized at IFREMER (Olu-Le
Roy et al., 2003) (Profile GH, see Fig. 7 for location), we have identified five seafloor
facies (A, B, C, D, E) from the periphery to the centre of the main depression (Fig. 8).
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Fluid expulsion out of the seafloor can lead to an increase in biomass, which may be
further enhanced by the hard bottom substrate provided by authigenic carbonates.

Figure 8: Synthetic shallow profile EF (see Fig. 6 for location) across the Giant Pockmark. This
profile compiles data from the bottom reflectivity intensity, the methane concentrations of bottom
waters and the mineralogical-biological facies (A to E) described in this study. The high level of
disturbance in the centre of the Giant Pockmark could be due to stacked carbonate domes and
large areas of living and dead fauna.
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- Facies A: The biologically depauperate periphery of the depression
corresponds to the regional seafloor. The olive-grey hemipelagic sediments are
moderately bioturbated and the concentration of dissolved methane is very low (<0.01
pI/), corresponding to the oceanic background.

- Facies B: This facies is located at the outer border of the depression. The
bottom in this region is mostly bioturbated, showing extensive ichnotraces and burrows,
shallow depressions and small mud mounds (<30 cm high), very few organisms were
seen or photographed. Generally, the colour of the sediment changes to a slate-grey
toward the top of the mud mounds. In this peripheral zone, the concentration of
dissolved methane is generally lower than 0.1 pl/l.

- Facies C: This facies, located within the depression of the Giant
Pockmark, is characterized by patches of black reduced sediments partly covered by
whitish bacterial mat that are often populated by wide communities of clams of the
genus Vesicomyidae (Olu-Le Roy et al.,, 2003). The bacteria associated with living
clams indicate areas of active sulphide seeping (MacDonald et al., 1990), and X-ray
diffraction analysis of black reduced sediments have shown some evidences of pyrite
precipitates (Ondreas et al.,, In Press). The medium concentration of dissolved
methane (1<CH,<5 pMol/l) above living clams may indicate a slow seepage of fluids at
the outer border of the depression.

- Facies D: This facies is mainly located in the centre of the Giant
Pockmark. It is populated by lush benthos life (sea anemones, sea pens, sponges,
shrimp, octopus, small sharks, eel-like fish, holoturians, sea urchin, gastropods) and
endemic methane-dependant life (Vestimentiferan tube worms and mussels of the
genus Mytilidae) (Olu-Le Roy et al., 2003). They live around large mounds, 20-50 m in
diameter and 4 m high, which are composed of stacked authigenic carbonate crusts,
pitted by worms or bivalve boring. It means that the immediate surrounding of the
mounds is now in the process of being exhumed, probably due to the erosion by fluid
escape along the flanks. These carbonates mounds form a chaotic indurated relief of
domes and valleys in each 100 m wide individual pockmark. They exhibit a broad
range in mineral composition, alternating Mg-rich calcite and aragonite (Ondreas et al.,
In Press). The centre of the Giant Pockmark is characterized by 20 uM/l of dissolved
methane into the bottom water, indicating an active fluid venting dominated by
methane.

- Facies E: This facies is mainly located in the centre of the Giant
Pockmark. It is characterized by areas of pavements or domes without endemic
benthos life and low concentrations of dissolved methane (<20 ul/l). These non-active
areas could be considered as “fossil” sites and suggest that methane fluxes may have
been higher than at present (Stakes et al., 1999), representing self-sealing seeps
locations (Hovland, 2002).

Discussion

A model of seafloor features related to up-flow intensity of methane

Microbes form methane through two predominant pathways (Claypool et
al., 1974). Acetate fermentation dominates in freshwater systems (Whiticar et al.,
1986), whereas CO, reduction dominates in marine systems (Fenchel et al., 1979). In
marine sediments, methane generated at greater depth and migrating upward interacts
with sulphate at the base of the sulphate reduction zone and the top of the
methanogenic zone (Martens et al., 1974) (Equ. 1).

(1) SO; +CH.— HS + HCO.+ H.,O
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In anoxic environments this Sulphate-Methane Interface (SMI) is generally
found at a depth where the concentrations of sulphate and methane reach their
minimum values (lversen and Jorgensen, 1985; Martens and Berner, 1977; Alperin et
al., 1988). This correlation is in part due to the rapid consumption of sedimentary
organic matter by sulphate reduction and early microbial production of methane during
burial (Borowski et al., 1999). At the SMI, the archaea grow in dense aggregates of
about 100 cells and are surrounded by sulphate-reducing bacteria (Boetius et al.,
2000). These aggregates were abundant in gas-hydrate-rich sediments with extremely
high rates of methane-based sulphate reduction, and apparently mediate anaerobic
oxidation of methane (Boetius et al., 2000). Borowski et al. (1996) have shown that a
substantial fraction of sulphate depletion is due to anaerobic methane oxidation driven
by methane diffusing upward from depth. The SMI (Sulphate-Methane Interface) is
shifted upward near the centre of a pockmark (Paull et al., 2002).

In the centre of the depression a correlation is observed between the high
concentration of methane in the bottom water (>20 pl/l) and the area of the seafloor
that was covered by carbonate mounds and beds of living mussels and tube worms. As
previously evidenced by MacDonald et al. (1989) in the Gulf of Mexico, the mussels
beds were sighted only in the centre of smaller depressions within the pockmark,
associated with 4 m high carbonate domes. Higher fluxes were likely to have been
occurring in the larger depressions where mussel’s beds are located (Olu et al., 1996).
The methane-dependant physiology of seep mussels (Childress et al., 1986) suggests
that their fine-scale distribution within a seep site is determined by the availability of
methane. The positive correlation between the abundance of mussels and the
concentration of methane in the near-bottom water is consistent with this expectation.
The strength of the correlation decreased with distance from the centre, which could
indicate that discharges of the methane that nourished individual beds are discrete
rather than pervasive. This would be consistent with the variability of methane
concentrations in bottom-waters samples.

Furthermore, Methane hydrates have been found outcropping on the
bottom above carbonate pavements. The main restriction for the occurrence of
hydrates is the presence/supply of sufficient amounts of stabilizing gas molecules
(Hyndman et al., 1992; Rempel et al., 1998). As outlined by Egorov et al. (1999), the
steady-state model for gas hydrates on the seafloor requires a methane flux from
below to compensate for its diffusive dissipation into the water. Gas hydrates
outcropping on the seafloor is consistent with a high methane flux escaping in the
centre of the depression.

In the similar vein, the fine-scale distribution of clams Vesicomydia should
be controlled by the source of reduced sulfur compounds (Brooks et al., 1987). The
clams are observed mainly in soft sediment and can survive on sulphide accumulations
where fluid discharges are either or relict, as described at the outer border of the Giant
Pockmark. Although the mussels are sometimes observed occurring on soft sediments,
they occur far more frequently in association with carbonate outcrops, as in the centre
of the depression. This could be due to active methane seepage localized along
discontinuities. Reduction of SO,% to H,S associated with oxidation of methane near
the bottom surface proved to be essential process for benthic sulphide-dependant
organisms (Larkin et al.,, 1994; MacDonald et al., 1989). Furthermore, methane
hydrates have been recovered at 6 m and below in the core C-3, suggesting that the
supply of methane is not sufficient to form hydrate at the bottom. This is consistent with
the idea that all methane migrating upward is consumed at the SMI and does not reach
the seafloor.

We propose here an evolutive model of morphological, chemical and
biological features within a Giant Pockmark (Fig. 9), in which the centre is dominated
by methane processes leading to methane-derived authigenic carbonates buildups and
to the development of methane-dependant bacteria and endemic fauna, while the
periphery is dominated by sulphide-dependent processes leading to the development
of clams Vesicomyidia-type fauna living on black reduced sediments and white
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bacterial mats. Thus, sulphate reduction is clearly fuelled by high methane fluxes from
below (Paull et al.,, 2002), while organic deposition from surface waters is not a
significant substrate source for sulphate-reducing bacteria (SRB) (Boetius et al., 2000).
Methane hydrates can only outcrop at the bottom 1) in the centre of a pockmark and 2)
if the upward flux of methane is enough to get through the sulphate-reduction domain.
This can be confirmed by the observation that high velocity vent sites are colonized
only by methanotrophic mussels (Aharon, 1994), in the centre of a pockmark if the
methane flux is strong, while vesicomyids occur in areas of low seepages or at the
outer border of a pockmark. Finally, methane-dependant and sulphide-dependant
patterns are concentrically organized at the bottom of the Giant Pockmark.

Figure 9: Evolutive model of morphological, chemical and biological features within a pockmark.
The centre is dominated by methane-derived authigenic carbonates buildups and endemic
bacteria and fauna. The periphery is dominated by sulphide-dependent Vesicomyidia-type
fauna living on black reduced sediments and white bacterial mats. In this model the upper
boundary of methane hydrates is concordant with the Sulphate-Methane Interface (SMI): the
hydrates can only outcrop in the centre of a pockmark if the upward methane flux is sufficient.

4 € Reduced black sediments with/without bacteria
==. Burrows

§ = Mussels (Mytilidea) living/dead
I == Clams (Vesicomyidea) living/dead

% ¢ Fluid seep (CHa, HS)

iy Vestimentiferan

| Gas Hydrates
5@ Carbonate crusts/domes -

Conclusion

In the Lower Congo Basin, a 800 m wide Giant Pockmark exhibits a broad
range of biological, mineralogical and chemical features on the seafloor, that are
sulphide-related or methane-related. The flux of underlying methane supports microbial
sulphate reduction leading to authigenic carbonate precipitation. A second product of



A.Gay et al — Seafloor features related to methane flux within a pockmark

the bacterially mediated sulphate reduction is hydrogen sulphide, partially trapped
within the carbonate as pyrite, and partially mobilized into overlying sediment pore
fluids to fuel the chemosynthesis of cold seep sulphide-dependant fauna. In this study,
we have shown that:

1) The small coalescent depressions within the Giant Pockmarks harbor living
or dead fauna, well or no developed carbonate buildup and high or low
methane concentration in bottom waters, suggesting that the vent moves
around laterally or that the fluid leakage is episodic.

2) Sedimentary facies at the bottom are concentrically arranged, with methane-
dependant features in the centre of the pockmark and sulphide-dependant
features at the periphery of the depression. However, shallow fractures or
discrete faults, maybe due to the collapse of the seep area, may drive fluids
at the periphery of the pockmark allowing that methane escapes in the
sulfide area.

3) The highest concentrations of methane (up to 20 pMol/l) in the bottom
waters have been measured near the centre of the Giant Pockmark
suggesting that the centre-zone may be the methane leak point.

4) Methane hydrates can outcrop at the bottom only in the centre of the
pockmark if the upward flux of methane is enough to get through the
sulphate-reduction domain.

Patchy and ephemeral occurrence of chemosynthetic fauna in areas of
venting or seepage has been widely attributed to spatial and temporal variations in the
supply of chemical nutrients (Suess et al., 1985; MacDonald et al., 1990; Beauchamp
et al., 1992; Borowski et al., 1999). In this case, based on a multidisciplinary study of a
Giant Pockmark in the Lower Congo Basin, we have shown that seafloor features at
the bottom might be linked to the intensity of methane migrating from deeper levels.

Quantifying the contribution of fluid seeps to the ecology of the continental
slope will be difficult; the true extent of fluid seepage is not well defined and the
processes for upward and/or lateral fluid migration are unclear, but this study contribute
to the understanding of the link between different spatial patterns of seafloor seeps and
the progressive mixing of methane migrating from underlying levels.
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