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Abstract: Pockmarks on the slope of the Lower Congo Basin are distributed along a meandering
band on seafloor coincident with a shallow buried palacochannel imaged from the 3D-seismic data-
base. Each pockmark originates systematically at the channel-levee interface and the seafloor
expression of the palacochannel’s sinuosity is mimicked by the sinuous trend of pockmarks. 3D-
seismic on the slope, calibrated by biostratigraphic data from cores of the Leg ODP 175, indicate a
seaward decrease of the sedimentation rate. We suggest that this condition induces a differential
loading of the hemipelagic cover over the palaeochannel and propose a model for episodic dewater-
ing of fluids trapped in the buried turbiditic channel. The consequence is a fluid flow caused by a
longitudinal pressure gradient along the buried channel. A hydromechanical model proposed for the
formation of shallow pockmarks indicates that the sedimentation rate cannot generate the overpres-
sure required for pockmark formation on the seafloor. Therefore, it is suggested that hydrocarbon
migration from deeper overpressured reservoirs is added to the pore fluid pressure in the shallow
subsurface sediments. Horizontal drainage by the turbiditic palaecochannel and vertical migration
along many vertical conduits (seismic chimneys) probably initiated at shallow subbottom depth. It
is concluded that these shallow processes have important implications for fluid migration from

deeply buried hydrocarbon reservoirs.

Pockmarks were first reported on sidescan records
from the Scotian Shelf by King & MacLean (1970).
Since their initial identification pockmarks have been
widely reported during offshore hydrocarbon explo-
ration and scientific surveys at water depths ranging
from 30 m to over 3000 m (see Josenhans et al. 1978;
Wermer 1978; Hovland 1981; Whiticar & Werner
1981; Hovland er al. 1984; Solheim & Elverhoi
1993; Baraza et al. 1999 for a detailed review). They
generally appear in unconsolidated fine-grained sedi-
ments as cone-shaped circular or elliptical depres-
sions ranging from a few metres to 300 m or more in
diameter and from 1 m to 80 m in depth.

Pockmarks generally concentrate in fields extend-
ing over several square kilometres where they often
appear as isolated patches named single pockmarks
or ‘eyed pockmarks’ (Hovland & Judd 1988). In
some cases, they have been identified along straight
or circular lines correlated with glaciomarine tills

(Josenhans et al. 1978; Whiticar & Wemer 1981;
Kelley et al. 1994) or suggesting a structural control
for fluid flow (Eichhubl er al. 2000). In particular,
structural surfaces along bedrock (Shaw er al. 1997),
salt diapirs (Taylor et al. 2000) and faults and faulted
anticlines (Boe er al. 1998; Soter 1999; Vogt et al.
1999; Eichhubl et al. 2000) create pathways for fluid
migration. These observations suggest that disconti-
nuities 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 ef al. 1999). 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. Many authors attempted to establish a link
on seismic sections between seafloor pockmarks and
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Fig. 1. Bathymetric map of the Zaire turbidite system, extending from the Zaire estuary to the deep sea fan. The shaded
circle represents the study area in the Lower Congo Basin. The three sites of the Leg ODP175 in this zone are

indicated.

buried anomalies such as seismic chimneys
(Heggland 1998) and acoustically ‘blanked’ layers,
which are interpreted as gas accumulations (Yun er
al. 1999) or gas-charged sediments (Hovland er al.
1984; Hempel er al. 1994). 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. On
the slope of the Lower Congo Basin, pockmarks are
not randomly distributed, but always associated with
fault zones, salt diapirs or gas hydrates intervals.
Moreover, detailed analysis of bathymetric maps
and 3D-seismic data permitted to characterize a
sinuous belt of pockmarks that mimicked a shallow
buried meandering channel of Pliocene age acting as
a horizontal drain for interstitial fluids. This paper
focuses on morphological aspects, distribution and
hydromechanical model of this new kind of pock-
marks. The later has to be regarded as an indicator of
overpressure at shallow subsurface levels that can
initiate fluidization features in unconsolidated sedi-
ments, if the seepage forces due to fluid flow are
larger than its own weight.

Geological setting

The West African passive margin was initiated
during the opening of the South Atlantic Ocean at
Early Cretaceous (130 My) (Jansen er al. 1984;
Marton et al. 2000). Subsequent to large accumula-
tions of evaporites (up to 1000 m) during the Aptian,
the post-rift stratigraphy is characterized by two dis-
tinct seismic architectures that reflect a major
change in ocean circulation and climate:

(1) From Late Cretaceous to Eocene time an
aggradational carbonate/siliciclastic ramp
develops in response to low-amplitude/low-
frequency sea-level changes and stable climate
(i.e. greenhouse period, Bartek er al. 1991;
Seranne et al. 1992; Seranne 1999).

(2) From Oligocene time to Present, sedimenta-
tion was dominated by the progradation of a
terrigenous wedge that reflects high-ampli-
tude/high-frequency sea-level changes and an
alternating drier and wetter climate (i.e. ice-
house period; Seranne 1999).

During the icehouse period, due to the global
climate cooling the increased terrigenous input to
the Atlantic Ocean rejuvenated deposition of a large
tubiditic fan off Congo and Angola slopes directly
fed by the Zaire River (Brice er al. 1982; Reyre
1984; Uchupi 1992; Droz et al. 1996). The total
thickness of the turbidite fan ranges from 8 to 10 km-
thick and extends from the Zaire estuary down to
4000 m water depth (Fig. 1). During flooding stages,
the Zaire river discharged high density bed load into
the submarine canyon that originates directly at the
river mouth, to feed a large sinuous channel-levee
system, far onto the lower fan (Jansen et al. 1984;
Uenzelmann-Neben 1998; Savoye er al. 2000). Only
fine materials, not confined to the canyon, are deliv-
ered to the Lower Congo Basin (LCB) from riverine
plumes (Cooper 1999). This suspended terrigenous
material is mixed with hemipelagic sediments on the
continental shelf and slope to feed the 2000-3000 m
thick progradational wedge that progressively over-
lays the abandoned turbiditic sandy-channels at the
base of the slope. During the ODP Leg 175 (1998),
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Fig. 2. Seafloor dip map in the study area. The grey-scale ranges from 0° in white (horizontal surfaces) to 30° in black
(sloping surfaces). The white lines indicate seismic profiles shown in the following figures. Pockmarks are not evenly
distributed on the seafloor: Area 1 is characterized by small pockmarks associated with underlying gas hydrates or
diapirs, and Area 2 shows a high concentration of larger pockmarks along a sinuous belt on seafloor (see text for

details).

three sites were drilled at various positions from the
shelfbreak (sites 1075, 1076 and 1077), which sup-
plied new information about the nature and age of
these sediments. Biostratigraphical analyses indi-
cate an overall continuous hemipelagic settling for
Mid-Pliocene sediments occurring at a rate of about
12 em/k.y (Giraudeau et al. 1998).

Data and methods

This study was primarily based on a 3D-exploration
seismic dataset acquired by the Total-Fina-Elf oil
company and combined with a bathymetric map and
a 2D seismic Pasisar profile (see below for details)
acquired during the ZAIANGO project. One of the
main objectives of the ZAIANGO project was to
better understand the Quaternary history of the Zaire
fan (Savoye et al. 2000). Additional data from the
Leg ODP175 on the West African Margin provided
useful information on stratigraphy, sedimentation
rates and mechanical properties of sediments (Wefer
etal. 1998b).

The bathymetric map was acquired with a Simrad
EMI12 dual multibeam. Complementary data have
been collected more recently with the Simrad
EM300 dual multibeam and provided higher vertical
and lateral resolution for acquisition in water depth
less than 3500 m. The profile CD (Fig. 4) was
obtained with the PASISAR system. The PASISAR
is a deep seismic streamer towed behind a conven-
tional SAR system developed by IFREMER for

high-resolution studies in water depths ranging from
200 to 6000 m (Savoye er al. 1995).

The 3D-dataset selected for this study covers an
area of 592 square kilometres with a line spacing
of 12.5 m and a CDP distance of 12.5 m. They
were loaded to a station and interpreted with the
SISMAGE software developed by Total-Fina-EIf.
3D seismic imagery allows extraction of continuous
horizons by propagation in the 3D block and attrib-
ute calculation (Kidd 1999).

Description of pockmarks on the Congo-
Angola slope

Pockmarks in the Lower Congo Basin seem ran-
domly distributed (Fig. 2). We observed more than
250 pockmarks in the study area, with an average
density of 0.42 pockmarks per km. They range from
100 m up to 800 m in diameter and from a few
metres to 40 m in depth. Most of them have a circular
shape in plan view, but the largest pockmarks are
elongated in one main direction. Detailed observa-
tions show that these large pockmarks are composite
features.

The dip map of the seafloor of the investigated
area extracted from the 3D-seismic (Fig. 2) delin-
eates two main zones of pockmarks characterized by
their distribution shape, size and density. Area | is
characterized by patches or isolated small pock-
marks that extend on a large domain of the northern
slope of the Zaire canyon; as opposed to Area 2,



where large pockmarks are distributed in a sinuous
belt at the right bank of the Zaire canyon. These two
domains are clearly associated with different buried
structures; First, the pockmarks of Area 1 that are of
more conventional origin are described, focusing on
the sinuous pockmark belt of Area 2 and the link
with a subsurface channel is discussed.

Pockmarks related to gas hydrates and salt
diapirs (Area 1)

Area | is characterized by small circular pockmarks,
ranging from 100 m to 300 m in diameter, and from a
few metres to a maximum of 20 m in depth (Fig. 2).
They are unevenly distributed and their abundance
varies considerably within the area. In particular,
pockmarks develop in areas covered by 1 to 3 km
regularly spaced linear depressions. These furrows
have a north/south orientation, perpendicular to the
regional slope with about 1 km in length and have an
average depth of 5 m; they are interpreted as regular
deformation by creeping of the superficial slope sed-
iments.

Numerous seismic profiles through pockmarks
show two superposed acoustic anomalies, vertically
elongated under the pockmarks (Fig. 3). The shal-
lowest anomaly is ovoid in shape with depressed
high-amplitude reflectors interpreted as a reduction
of the seismic velocities (pull-down effects) through
a gas-charged column. Such acoustic anomalies are
also called seismic chimneys and could be indicative
of fluid flow from deeper levels (Hempel et al. 1994;
Tingdahl et al. 2001). The deepest anomaly charac-
terized by acoustic turbidity corresponds to an
inverted cone shape, marked by a fadeout of the
reflectors. On both sides of this region the bright
reflectors shift upward. Profile AB (Fig. 3) shows a
high-amplitude reflection parallel to the seafloor
located at 250 ms TWT. This is a Bottom Simulating
Reflector (BSR), which is often considered as the
lower thermodynamic limit of the gas hydrates
stability zone (Shipley er al. 1979). BSR’s are char-
acterized by the reversed polarity compared to the
seafloor reflection, indicating a downward reduction
of seismic impedance and therefore of seismic
velocity. This contrast in impedance is probably due
to the presence of free gas entrapped below the gas
hydrate stability zone and the BSR can be consid-
ered as the interface between high-velocity gas
hydrates and the underlying gas-charged sediments
of low acoustic velocity. On this profile, the BSR is
deflected upward directly beneath the pockmark
depressions, suggesting a localized positive heat
flow anomaly. This dome-shaped anomaly could be
due to an ascending movement of fluids through the
sedimentary column.

Several giant circular depressions with a diameter

of 1000 m also occur within Area 1. They corre-
spond to the imprint on the seafloor of a normal
faulted network, due to the collapse above the diapir
crest (Stewart 1999). Similar diapir pockmarks and
BSR’s offshore Nigeria have been discussed by
Hovland et al. (1997), Heggland (1997) and Graue
(2000).

The sinuous pockmark belt (Area 2)

Area 2 is a 3 to4 km wide and 41 km long pockmark
band, crossing the study area from the SE to the NW
corner. Its southern boundary is coincident with the
right bank of the Zaire canyon. Pockmarks in this
area are 100 to 800 m long, with a maximum depth
of over 40 m. Some pockmarks are open-ended, sug-
gesting that they have formed from the coalescence
of several smaller pockmarks. They are mainly con-
centrated in the central part of Area 2, along a 22 km
long section. They are regularly spaced about 300 m
apart, along a sinuous belt.

The high-resolution PASISAR profile (Fig. 4)
crosses one of these pockmarks on the right levee of
the Zaire canyon. The reflections below the pock-
mark appear depressed and not enhanced, in contrast
to the observations made on seismic profiles in Area
1. Moreover, no inverted V-shape anomaly was
detected directly beneath the depressed zone. We
conclude that the down bowing of these reflections is
not an artifact, but the reflectors are physically
depressed and represent a chimney for ascending
fluids from underlying levels to the seafloor.

At about 200 m below seafloor, the chimney
branches on an ancient buried channel-levee system.
Reflectors are depressed down to the palaeochannel
and along the channel-levee interface. The base of
the chimney is located on the left edge of the channel
fill, where it seems to take root because of the lack of
any deeper sound-speed anomaly. The close rela-
tionship between the pockmark and the buried palae-
ochannel is evident on the PASISAR profile CD,
which has been performed by horizon mapping on
3D-seismic.

Mapping of the buried palaeochannel

Automatic picking of the base of the palacochannel
is difficult because of the irregular reflection pat-
terns. To map palaeochannels, two continuous hori-
zons with high amplitudes (Fig. 5) were combined,
one within the channel fill and one within the levee
system. The combination of the two horizons pro-
vides an isochronal map of the palaeochannel.

The dip map shown on Figure 6a clearly delin-
eates the channel trend that borders the present day
Zaire canyon from the SE to the NW. The sinuosity
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Fig. 3. Seismic profile AB in Area 1, extracted from 3D data, and interpreted line drawing. This profile crosses two
pockmarks, illustrating the close relationship between seafloor features, associated chimneys and the BSR. High
amplitude reflectors in chimneys are interpreted as gas-charged intervals.

of the palacochannel is characterized by regular,
smooth curves with a constant channel width of 800
m. The central axis of the palacochannel seems to
coincide with the meandering trend of pockmarks
identified on the seafloor (Fig. 6b). Moreover, pock-
marks within Area 2 are located above the edges of
the buried channel-levee system.

Spatial characteristics of the sedimentary
cover above the palaeochannel
The sedimentary cover above the palaeochannel as

constrainted by using a time-to-depth empirical func-
tion by seismic-well calibration provided by Total-

Fina-EIf. With this rule, the synthetic isochronal map
of the palaeochannel has been converted into an iso-
depth map and the sediment thickness above the
channel-levee system has been represented as an
isopach map (Fig. 7). This map shows the general
decrease of the sediment thickness, from 360 metres
in the SE to 20 metres in the NW, in agreement with
the sedimentation rates calculated from three cores
drilled in this area during the Leg ODP 175. The sed-
imentation rate decreases from the eastern shallower
site (site 1076) to the western deeper site (site 1075)
from 15 cm/k to 10 cm/k.y (Giraudeau er al. 1998).
This overall seaward decrease in sedimentation rate
indicates the progressive disappearance of terrige-
nous and hemipelagic input.
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Fig. 4. PASISAR profile CD showing the close relationship between pockmarks at the seafloor in Area 2 and a buried
palaeochannel. A vertically elongated zone of depressed reflectors up to 180 ms TWT below the seafloor is interpreted
as a seismic chimney. No acoustic anomalies have been identified at deeper levels, suggesting that the migration of

fluids started at the channel-levee interface.

Relationship between pockmarks,
palaeochannel and the sedimentary cover

As previously outlined on the dip seafloor map,
pockmarks are concentrated along 22 km in the
central part of Area 2 (Fig. 8). Arrows indicate the
real positions of pockmarks along the palaeochannel
axis. The general trend of the curve presents two
knick-points, which determine three individual
zones highlighted by three grey backgrounds:

(1) The distal zone in the NW part of Area 2 is the
zone of thinnest sediment cover. The thickness
varies from 15 m to 130 m. No pockmarks have
been identified on the seafloor in this zone.

(2) The central zone of Area 2 includes the major-
ity of pockmarks. Although the thickness of
overlying sediments varies from a minimum of
110 m to a maximum of 245 m, with an
average of 175 m. Pockmarks only appear
where the thickness of the sediment cover
ranges from 130 m to 240 m.

(3) The landward zone, in the SE part of Area 2, is

the zone of thickest sediments. This zone is
characterized by an average thickness of the
sedimentary cover ranging from 165 m to 260
m. Only four pockmarks occur in this zone, all
four in places where the sediment cover is less
than 240 m.

Morphological evidences for fluid seepages
on seismic profiles and dip seafloor maps

Different morphological features on seismic profiles
and dip seafloor maps have been observed on the
three previously identified sub-zones of Area 2.

The seismic profile GH (Fig. 9) in the distal zone
shows that some depressions are not located directly
over the channel axis (600 m or more), but systemat-
ically located at higher bathymetric levels. This sug-
gests that they are markers of ancient abandoned
meander loops, such as in the present Zaire canyon
(Babonneau et al. 2002). These perched meander
loops show crescent-shaped depressions of about
600 m length that are progressively buried due to the
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Fig. 5. Seismic profile EF in Area 2, extracted from 3D data, crossing the buried palaeochannel. This profile illustrates
the difficulty to map the buried channel by automatic horizon picking. Manual picking of the base of the channel would
be time-consuming. Two continuous high-amplitude horizons located near the top of the channel fill and near the top of
the levees were traced to map the palacochannel. This way, the general morphology of the palaeochannel is preserved.

upward increase of sedimentation rate. All parallel
horizons above both levees of the palacochannel are
truncated near flanks of the depression and display
top-lap structures, suggesting erosional or non-dep-
ositional features. Due to the presence of a construc-
tive dome, it is suggested that both depressions are
due to fluid escape, which locally prevents a normal
sedimentation rate. In the central zone, the entire
buried channel-levee system is pointed out by the
meandering track of highly concentrated pockmarks
on the seafloor (Fig. 10). It appears that their loca-
tion seems to be dependent on sediment thickness
above the palaeochannel. Pockmarks are mostly
concentrated in the distal part of this zone, where
long depressions result from the coalescence of two
(or more) smaller pockmarks, suggesting a peanut-
shaped geometry (i.e., composite pockmarks). In
this zone, no isolated seafloor pockmarks, nor buried
chimneys or fossil pockmarks have been identified
on seismic sections. These morphological features
indicate that fluid escape is currently active or has
been recently active. In the landward zone, only four
small pockmarks have been identified. However, dif-
ferent to the central zone, numerous buried struc-
tures such as chimneys and buried pockmarks (Long
1992) are visible on seismic sections crossing the

palaeochannel (Fig. 11). They are identified on
seismic profiles by depressed reflectors, horizontally
sealed by slope sediments at the present day. Buried
pockmarks are systematically located above channel
flanks and indicate the past activity for fluid seepage
above the channel-levee system. The few pockmarks
visible on the modern seafloor could indicate secon-
dary fluid migration through ancient reactivated
chimneys.

Mechanical model for overpressure in a
buried silty/sandy channel

The channel fill is generally characterized by a pre-
dominantly sandy/silty sediment. Stratified hemipe-
lagic sediments cover the channel-levee system,
leading to its progressive burial and compaction.
Overpressure development in sedimentary basins is
directly related to the types of sediment facies de-
posited (controlling lithology), sedimentation rate,
thermal expansion of fluids, transformation of clay
minerals and to hydrocarbon generation (Yu &
Lerche 1996) or bacterial methanogenesis. Among
these factors, sediment facies and sedimentation
rates are the main factors controlling fluid pressure
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Fig. 6. A Dip map of the two mapped horizons at the level of the palaeochannel (see Fig. 5). B Spatial correlation
between seafloor pockmarks and the channel extent. All pockmarks in Area 2 (black circles) occur at the channel flanks.
The meandering track of pockmarks at the seafloor represents the sinuous trend of the buried palaeochannel.

development in a basin. In this case, hemipelagic
mud with low permeability entraps the palacochan-
nel, characterized by higher permeabilities and pre-
vents efficient dewatering of pore fluids. A rapid
increase of the overburden pressure can lead to the
generation of excess pore fluid pressures (Bolton &
Maltman 1998), and fluids can escape from the
sand/silt body through the muddy cover, creating
pockmarks on seafloor (Cole et al. 2000). In this
case, pockmarks form in fine sediments and not in
sandy sediments as reported by Hovland in the North
Sea (Hovland & Judd 1988).

In a sedimentary column, an elementary volume
AV is subjected to three forces:

8))

)

€))

its own weight, Fg, due to gravity:
Fg=p..AV, (1)

where p,,, is the specific gravity (in KN.m™3);
forces of buoyancy, Fb, due to immersion in
water:

Fb=p.AV, 2

where p; is the specific gravity of fluid (gener-
ally 10kN.m?);
seepage forces, Fs, due to fluid flow:

Fs=i. p.AV, 3)
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Fig. 7. Isopach map of the sediment cover of the palacochannel. The thickness decreases from 360 m in the landward
zone to 20 m in the distal zone, illustrating the progressive decrease of terrigenous sediment input.

where p; is the specific gravity of fluid and i is
the hydraulic gradient with [= 'Gradi h, where
h represents the head pressure.

Without any specific pathways where fluid may
circulate and/or accumulate, pore fluids can escape
up to the seafloor if sediments are fluidized: grains
become suspended in fluid, which can migrate
upward. Therefore, the balance between ascending
forces (Fs and Fb) and descending forces (Fg) must
be equal and the hydraulic gradient, i, must reach the
critical gradient, i_. For a vertical seepage, i is given
by the following equation:

Pear-dV = pr.dV +i_.p.dV

P = PP 4)

where p’ corresponds to the submerged gravity. The
equation (1) becomes:

i.=p/p. (5)
For fluid migration up to the seafloor, a vertically

critical gradient must be taken into account from the
top of the palaecochannel to the seafloor:

i=AWL=i.=p'/ p (6)

where Ah is the variation of head pressures between
the top of palaeochannel and seafloor and L repre-
sents the thickness between these two points,
Einsele (1977) and Bonham (1980) showed that flow
velocities during sediment compaction and the range
of compaction-driven fluid flow primarily depend on
thickness of the compacting sedimentary column.
During the Leg ODPI175, bulk densities were
measured and compiled on shipboard along each
core, every 4 to 50 cm. Lithostratigraphical and mag-

netostratigraphical analyses conducted in the Lower
Congo Basin show intercalations of hemipelagic and
terrigenous deposits that can be easily correlated
from site to site and sequences are regionally cross-
correlated. Cores from site 1077, the nearest site
from Area 2, should provide a good flashover of
mechanical properties in our study area. Although
sediment compressibility is reduced by several
orders of magnitude with increasing effective stress
during compaction (Neuzil 1980), real profiles of
sediment compressibility and bulk density have not
been integrated in any equation. For shallow pro-
cesses of compaction, an average bulk density for the
first 240 m is considered as a good approximation.
With a sediment thickness less than 240 m, fluids can
escape along discontinuities, such as the channel-
levee interface. Above 240 m thickness, the sedimen-
tation can seal the system, requiring an excess pore
pressure for pockmark generation. Equation (4)
yields an average value of 2.944 kN.m™? for the sub-
merged density. Equation (6) gives a variation of
head pressures, Ah, equal to 70.7 m, which is equiva-
lent to an excess pore pressure at the top of palaeo-
channel of 0.707 MPa (considering g equal to 10
m.s 2). This overpressure corresponds to the
minimum excess pore pressure needed for pockmark
formation with a sediment cover of 240 m.

Discussion

An excess pore pressure can be generated in a buried
layer by two processes: (1) a thick deposit of fine-
grained sediment with low permeabilities can create
overpressure in an underlying level. In this case the
sedimentation rate and associated lithologies are key
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Fig. 9. Correlation between seafloor morphology and a cross-section in the distal zone of Area 2. Left: dip seafloor
map. The white dashed line represents the axis of the buried palacochannel. Right: seismic section GH across the
palaeochannel (see Fig. 2 for location). Note that several curved depressions are visible on seafloor corresponding to
the hemipelagic fill of abandoned meanders. They may represent areas of non-deposition due to fluid seepage.

parameters. A model described by Dugan (Dugan &
Flemings 2000) predicts that significant overpres-
sures will originate where loading is rapid. Due to
the low permeabilities of the hemipelagic cover,
fluids are preferentially entrapped in the sandy/silty
body of the buried channel, which can lead to an
excess of pore pressure and later to the up-dip migra-
tion along bedding planes, i.e. up the flanks of levees
and basin fill.

Effect of the sedimentation rate for generating
overpressure

The vertical stress due to an additional load is:
7

where p,,, is the bulk density (in KN.m ) and d is the
thickness of the new deposit (in m). The average
bulk density for 240 m in the core 1077 is 12.944

0, = ped
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Fig. 10. Correlation between seafloor morphology and a cross-section in the central zone of Area 2. Left: seafloor dip
map. The white dashed line corresponds to the palacochannel axis. Right: seismic section EF (see Fig. 2 for location).
Channel flanks are highlighted by a sinuous trend of pockmarks at the seafloor. Pockmarks and underlying chimneys

seem to take root at the channel-levee interface.
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Fig. 11. Correlation between seafloor morphology and a cross-section in the landward zone of Area 2. Left: seafloor dip
map. The white dashed line represent the axis of the buried palacochannel. Right: seismic section IJ (see Fig. 2 for
location). Only four pockmarks have been identified in this zone. All other pockmarks seem to be sealed. This zone
may represent an area of episodic seepage due to the high sealing capacity of the hemipelagic cover.

kN.m™? and the vertical stress corresponding to the
overpressure is 707 kN.m™2. Equation (7) gives a
value of d equal or superior to about 56 m. This
thickness represents the last 56 m of the sediment
cover (240 m), which has been deposited very
quickly over the palaeochannel, leading to the over-
pressure. The dissipation time of overpressured
fluids, ty, depends on the hydraulic diffusivity D,
(1.107® m%s™! in the study area, calculated from
ODP data, ODP175 initial report, in Wefer er al.
1998b), on the maximum vertical distance of dissi-
pation z (the dissipation can be performed upward or

downward, so z=240/2=120 m) and on the time
factor T, (in%):

_Tvg.(2)?

Dz ®

tg

T, is related to the consolidation rate U (in %).
Values of T, are available from pre-calibrated curves
or can be expressed from a Fourier series (see
Appendix for details). For a consolidation rate of
50%, T,s505,=0.197 and Equation (8) gives a time
dissipation of 9000 years. For a consolidation rate of



99%, T 995 =2, the time dissipation is 91,000 years.
The average sedimentation rate at the site 1077 is
about 10 cm/k.y and reaches 20 cnv/k.y for the last
200000 years (Wefer er al. 19984). Based on a
maximum sedimentation rate of 20 cm/k.y, 56 m
would have been deposited in 275,000 years. The
overpressure would have already dissipated when
the sediment thickness reached 56 m.

Thus, the sedimentation rate appears insufficient
to explain an overloading effect capable of produc-
ing the excess of pressure needed to expel fluids up
to the seafloor. Only repeated overflow deposits
from the Zaire canyon could build up a thick sedi-
ment cover rapidly reaching 56 m. Biostratigraphical
analyses of all sites in the Lower Congo Basin indi-
cate an overall continuous hemipelagic sedimenta-
tion, characterized by the absence of (or only minor)
post-depositional sediment transport. Only one thin
and isolated Bouma D/E turbidite sequence has been
identified (Pufahl ef al. 1998, and site 1075 descrip-
tions).

Fluids migration from deeper levels as a key
parameter

Pockmark structures are commonly attributed to
fluid venting from overpressured biogenic/thermo-
genic methane, oil or other pore fluids. In the slope
of the Lower Congo basin, the hemipelagic sedi-
ments play the role of an impermeable seal over the
turbiditic palaeochannel. If fluids migrate from
underlying levels, they are preferentially entrapped
in higher permeability layers, represented here by
the sandy/silty linear body (Hovland & Judd 1988;
Tinkle er al. 1988; Mann & Mackenzie 1990;
Premchitt et al. 1992). In these conditions, the
channel acts as a drainage pipe, and the supply of
ascending fluid from deeper overpressured reservoir
can exceed the pore pressure limit of 0.707 MPa nec-
essary for fluidization, upward migration and pock-
mark formation on the seafloor. This hypothesis
implies that fluids migrating up to the palaeochan-
nel, partly originate from deep thermogenic pro-
cesses (Brooks et al. 1999). The expected nature of
fluids escaping from seafloor pockmarks should be a
mixture of interstitial water, shallow biogenic gases
(produced by bacterial degradation of organic
matter) and thermogenic gases or oil from deep
buried reservoirs, A discontinuous BSR is evident on
3D-seismic data in Area 1, directly superposed
beneath deep-buried palacochannel bodies (Figs 5
and 10). This is in contrast to Area 2, where no dis-
tinct BSR is evident beneath the shallow buried
channel, indicating the lack of free gas trapped under
gas hydrates or the lack of gas hydrates themselves.
It is suggested that the chimneys directly expel all
fluids from the channel body reservoir. Pockmark

belt and associated shallow buried channel act as a
by-pass zone for free gases.

Due to the sandy/silty nature of the channel fill,
the overpressure is uniformly distributed along the
channel body. Dugan & Flemings (2000) developed
a two-dimensional model to generate overpressure,
in which the geometry of the reservoir and rate of
loading control lateral fluid transfer. This model pre-
dicts that significant overpressures will originate
where loading is rapid. Longitudinal flow occurs in
the palaeochannel because a pressure gradient
exists, due to the differential loading above it. The
gradient is assumed to be highly dependent on the
loading geometry, the bulk compressibility and the
hydraulic conductivity. The pockmark distribution
on seafloor is not dependent on the location of the
fluid sources under the palacochannel, because this
lateral gradient exists.

Conceptual model for fluid seepages above a
shallow buried palaeochannel

Area 2 is characterized by a seaward decrease of the
sedimentary cover above a shallow buried channel
axis, where three sub-zones have been identified as a
function of morphological features on the seafloor
and on seismic sections:

(1) the distal zone displays direct fluid escape
because the sedimentary cover is very thin
above buried meanders;

(2) the central zone has a medium-thick cover that
allows active fluid seepage creating new pock-
marks or re-using ancient chimney, that can
lead to vertically stacked pockmarks;

(3) the landward zone is characterized by a thick
sedimentary cover; pockmarks are sealed
because the rate of sedimentation exceeds the
seepage forces, but fluids can periodically
escape.

This pattern demonstrates that channel-related
pockmarks are active over a window of sediment
cover of thickness between 130 m and 240 m. This
active fluid window moves basinward during time
by slope progradation and pockmarks progressively
mimic the palaeochannel axis (Fig. 12).

Conversely, in the landward zone, numerous
fossil pockmarks and associated chimneys indicate a
past activity for fluid seepage (Hovland ez al. 1984).
The thickness between the channel-levee interface
and fossil pockmarks is of the same order as the
present day thickness of the cover observed in the
central zone of Area 2 (Fig. 10). This last observa-
tion suggests that leakage processes may stop where
there is a high seal capacity of the sedimentary
cover. If the mechanical model for expelling fluids
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Fig. 12. Conceptual model for fluid expulsion from a sandy/silty buried channel.

Fluid escape in the landward zone is assumed to be sporadic, because of a thick sediment cover and characterized by a
low pockmark density on the seafloor. Central and distal zones may be active for fluid seepage at the present day. This
‘active window” moves basinward in pace with slope progradation.

from shallow buried channel is clearly evidenced by
3D seismic profiles, the spatial link with deep over
pressured reservoirs remains more hypothetical. It
seems that at a greater depth, a rapid porosity col-
lapse may generate overpressure and lead to the
development of tensile fractures, veins and sand
injections contributing to fluid migration (Fisher ef
al. 1999). Some examples of similar features have
been reported in layered strata with strong perme-
ability contrasts from the Gulf of Mexico. In this
area, the overpressured fluids from the sand layers
migrate upwards in the overlying mud by fracture
permeability, following the minimum principal
stress (Bishop Stump & Flemings 2000; Cole et al.
2000). In the North Sea, buried craters have been
observed at a Pliocene horizon, which may have

been formed during an earlier period of sustained
gas seepage.

Hydrocarbon migration pathways are largely con-
trolled by the distribution of high permeability con-
duits, such as faults (Yu & Lerche 1996) and
sand-rich carrier sequences and their structural
dip or geometry (Burley et al. 2000). In particular,
Cartwright (1994) and Lonergan et al. (1998) de-
scribed thick mudstone-dominated sequences dis-
rupted by complex arrays of small extensional faults
distributed at intervals of 100500 m. The network
of faults is assumed to be produced by volumetric
contraction of fine-grained sediments; it may easily
drive fluids from underlying stratigraphic units up to
the seafloor.



Conclusion

This integrated study combining conventional seis-
mic profiles with 3D seismic blocks in the Lower
Congo Basin showed a close relationship between a
type of seafloor pockmarks and a buried palaeochan-
nel: these pockmarks seem to take root at the
channel-levee interface. They are systematically dis-
tributed on both sides of the buried channel body and
mimic the meandering track of the palaeochannel on
the seafloor. Six key results have been established:

(1) The buried turbiditic channel determines a hor-
izontal drain for lateral fluid flow.

(2) The seaward decrease of the sedimentary cover
activates a differential overloading responsible
of down channel fluid migration and pock-
marks development, when the thickness ranges
between 130 m and 240 m.

(3) A value of 707 kPa was calculated as the
minimum excess of pore pressure needed for
fluid bursting and pockmarks formation, for a
channel buried at about 240 m below seafloor.

(4)  As the sedimentary wedges build up the slope,
this open-window moves downward along the
palaeochannel axis.

(5) Considering the sedimentation rate in the study
area, the excess of pore pressure in the palaeo-
channel is supposed to be created by an addi-
tional fluid supply that migrates upward from
deeper levels.

(6) Discontinuities in the sedimentary column,
such as faults, erosional surfaces, or buried
chimneys may channelize deep fluids during
migration. Conversely, all sedimentary struc-
tures, such as channel bodies or sandy/silty
layers, concentrate fluids before redistribution
as intermediate reservoirs.

Finally, a new type of pockmark closely linked to
a buried palaeochannel has been described in the
Lower Congo Basin and a hydromechanical model
has been proposed, which implies the mixing of
shallow and deep buried reservoirs. These seismic
chimneys are the spatial link between source rock,
reservoir trap and shallow-gas anomalies; their
detection may be indicative of both potential zones
of geohazards and deeper prospective reservoirs
(Heggland 1998; Aminzadeh ez al. 2001; Tingdahl er
al. 2001).

Appendix

The process of consolidation is directly linked to the
rate of excess pore pressure dissipation. The one-
dimensional consolidation theory is governed by the
following differential equation (Terzaghi 1943):

u_ou

oz ot
where u is the pore water pressure, D, is the hydraulic
diffusivity, t is time and z denotes the position where
u is determined. The Terzaghi’s consolidation equa-
tion can be solved using analytical or numerical tech-
niques. The solution obtained depends on the
boundary conditions. For our case, with a soil layer
of height, 2H, the boundary conditions are:
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(a) complete drainage at top and bottom of the
layer;u=0atz=0and z=2H;

(b) the initial excess pore water pressure Au=u;is
equal to the applied stress increment Ao

The solution is obtained as a Fourier series, which
can be expressed in the following form:

U.=1- Eﬁ(%)fgtm
n=0

where U, is the degree of consolidation at time, t, at
depth z, and Ty, is a non-dimensional time factor. U,
and T are given by:

(10)

t
T,=D— 11
=Dz (n
U=-= (12)
u;

where H,, is the length of the longest drainage path.

Based on the numerical solution of equation (10),
and in order to define the time factor Tv as a func-
tion of the degree of consolidation U, Casa-
grande (1936) and Taylor (1948) determine a
‘pre-calibrated’ curve concerning the Time factor,
T,, which is given by the following equations:

U.>60%
Tv=1.78—0.933log(100— U,(%))

U(%) |2
U.>60% Tv=E(M}.

(13)

41 100 a4

From equations (11), (13) and (14) and for a given
hydraulic diffusivity D, and for a given drainage
path Hy,, it is possible to evaluate the time t needed to
obtain a specified degree of consolidation U,
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ymous reviewer are gratefully acknowledged for their criti-
cal reviews and their suggestions. We warmly thank P. Van
Rensbergen for his careful English edit and N. Babonneau
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