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Abstract 17 

A synthesis of backscatter imagery coupled with a large 3D seismic dataset in the Lower Congo 18 

Basin (LCB) reveals a patchy distribution of features interpreted to be associated with fluid seepage from 19 

300 m to 2500 m water depth. With the exception of one region of anomalous backscatter positive relief 20 

mounds, all inferred seep sites occur in negative relief pockmarks. The extensive 3D seismic dataset in the 21 

LCB offers a unique opportunity to study the plumbing system that is feeding surface cold seep systems, and 22 

in general, to reconstruct the relationship between tectonics and fluid flow in continental margins. The fluid 23 

seeps in the LCB are associated with morphologically, stratigraphically or tectonically controlled focused 24 

fluid flow. The integration of the geophysical datasets, backscatter imagery coupled to 3D seismic, clearly 25 

indicates that fluid seeps are not randomly distributed, but their seabed organization reflects 1) the location 26 

of the underlying structure (reservoir or trap) where the fluids are coming from, 2) the geometry and 27 

morphology of the reservoir/trap, and 3) the discontinuities in the sedimentary column along which fluids 28 

have migrated. In the LCB seafloor pockmarks are always associated with underlying tectonic structures 29 

(fault zones, salt diapirs, polygonal faults) or buried sedimentary bodies (turbiditic channels, erosional 30 
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surfaces), whereas they never occur above sub-horizontal parallel-stratified fine-grained sediments. Even if 31 

triggering processes can not be clearly defined here, we propose a model of seafloor fluid seep organization, 32 

which represents a new tool for identifying the geometry of flow pathways and the underlying buried bodies 33 

where the fluids are originating from. This qualitative 3D model provides insight into the geohydrologic 34 

processes of continental margins. 35 

Keywords 36 

Fluid seeps, pockmarks, seepage, leakage, BSR, pipes, chimneys, gas hydrates, turbiditic channels, 37 

canyon, faults, diapirs, polygonal faults, backscatter, EM12, 3D seismic. 38 

1. Introduction 39 

Focused fluid migration in marine sediments is a widespread phenomenon which is increasingly 40 

gaining attention in the context of environmental discussions, even though it still is not well understood 41 

(Berndt, 2005). However, increased data coverage and the advent of new tools in oceanic exploration, such 42 

as backscatter imagery, multibeam swath bathymetry maps and 3D seismic data, can provide new evidence 43 

of relatively small-scale fluid seep structures on modern continental margins, and can help towards 44 

improving our understanding of the underlying processes. Fluid migration in sedimentary basins is an 45 

important process because 1) the input of greenhouse gases into the ocean/atmosphere system may be an 46 

important component of the atmospheric carbon budget (Judd et al., 2002), 2) the fluid expulsion at the 47 

seafloor may play a role in potential instabilities on slopes (Prior andColeman, 1984; Evans et al., 1996; Yun 48 

et al., 1999; Cochonat et al., 2002), representing a risk for human activities (Sultan et al., 2001; Elverhøi et 49 

al., 2002), and 3) fluid expulsion sites form the basis for a plethora of chemosynthetic benthic ecosystems 50 

that play an important role in the deep marine communities (Sibuet, 2003). Fluids can follow different 51 

pathways but the occurrence of fluids and gas seepage is manifested in the Lower Congo Basin by the 52 

presence of pockmarks on the seafloor. Since their initial identification on the Scotian Shelf by King and 53 

MacLean (King andMacLean, 1970), pockmarks have been reported repeatedly during offshore hydrocarbon 54 

exploration and scientific surveys in various depositional systems at water depths ranging from 30 m to over 55 

3000 m (for a detailed review see (Josenhans et al., 1978; Werner, 1978; Hovland, 1981; Whiticar 56 

andWerner, 1981; Hovland andJudd, 1988; Solheim andElverhoi, 1993; Baraza andErcilla, 1996; Rollet et 57 

al., 2006). They generally appear in unconsolidated, fine-grained sediments as cone-shaped circular or 58 

elliptical depressions, ranging from a few meters to 300 m or more in diameter and from 1 m to 80 m in 59 
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depth, and they generally concentrate in fields extending over several square kilometers. In some cases, they 60 

have been identified along straight or circular lines correlated with glaciomarine tills (Josenhans et al., 1978; 61 

Whiticar andWerner, 1981; Kelley et al., 1994) suggesting a geological control on focused fluid flow 62 

(Eichhubl et al., 2000; Cifci et al., 2003). In particular, structural surfaces along bedrock (Shaw et al., 1997), 63 

salt diapirs (Taylor et al., 2000; Satyavani et al., 2005), and faults and faulted anticlines (Boe et al., 1998; 64 

Soter, 1999; Vogt et al., 1999; Eichhubl et al., 2000; Dimitrov andWoodside, 2003) create pathways for fluid 65 

migration. These observations suggest that discontinuities or unconformities are much more effective for 66 

fluid migration than a simple diffusive seepage through the sedimentary column (Abrams, 1992; Brown, 67 

2000) and are responsible for focused fluid flow, fluid escape at the seafloor and pockmark development 68 

(Abrams, 1992; Orange et al., 1999). The crater-like nature of pockmarks suggests an erosional power of 69 

fluid venting (Hovland andJudd, 1988), commonly related to an overpressured buried reservoir of biogenic 70 

gases, thermogenic gases, or oil, interstitial water, or a combination of the three. However, time varying 71 

fluxes may be recorded into seafloor fluid seeps. An integrated study conducted on a giant pockmark of the 72 

Lower Congo Basin at 3200 m water depth has shown that the mineralogical, chemical, and biological facies 73 

are clearly related to upward fluid intensity (Gay et al., 2006c).  74 

The objectives of this study are: (1) to identify the main flow pathways for shallow and deep fluids 75 

through the sedimentary column of the Congo/Angola passive margin. We integrate high-resolution 3D 76 

seismic datasets and multibeam imagery within the Lower Congo Basin to determine the main fluid 77 

pathways and to characterize the expression of fluid expulsion on the seafloor; (2) to understand the 78 

underlying structural control on focused fluid flow structures. Drawing on the extensive database, we 79 

document how different structures such as normal and reverse faults, salt diapirs, shallow and deep turbiditic 80 

channels, and erosional surfaces can lead to fluid flow focusing. 81 

2. Geological settings 82 

Rifting of the Congo/Angola margin started in the early Cretaceous (144-140 Ma) and culminated in 83 

the opening of the South Atlantic Ocean around 127-117 Ma (Brice et al., 1982; Jansen et al., 1984; Guiraud 84 

andMaurin, 1992; Karner andDriscoll, 1998; Marton et al., 2000; Karner et al., 2003). Two major post-rift 85 

stratigraphic units overlie a thick Aptian salt layer. They reflect a major change in ocean circulation and 86 

climate (Séranne et al., 1992). From Late Cretaceous to Early Oligocene time, an aggradational 87 

carbonate/siliciclastic ramp developed in response to low-amplitude/low-frequency sea-level changes and 88 
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continuously hot climate (greenhouse period) (Séranne, 1999). This interval includes the Tertiary source 89 

rocks producing thermogenic oils and gas by cracking of organic matter (Burwood, 1999). From Early 90 

Oligocene to present time, the sedimentation is dominated by the progradation of a terrigenous wedge that 91 

reflects high-amplitude/high-frequency sea-level changes and alternating dry and wet climatic conditions. 92 

The high-frequency climate variations triggered deep incision and erosion and deposition of large amounts of 93 

terrigenous material in a turbiditic fan off Congo and Angola (Brice et al., 1982; Uchupi, 1992; Droz et al., 94 

1996). The important spreading of the Congo plume over the canyon edge has led to the deposition of mud-95 

dominated sediments on the slope, whereas turbidite currents are transferred to the deep-sea fan within the 96 

Zaire canyon (Bentahila et al., 2005). The Pliocene to Present sediments constitute a seal above the 97 

Oligocene-Miocene turbiditic interval (Burwood, 1999). 98 

Thermogenic hydrocarbons, produced in the pre-salt lacustrine sequence and in the clastic sediments 99 

and marls of Albian-Cenomanian Moita Seca source rocks (Cole et al., 2000), have migrated upward and are 100 

now preferentially trapped within the Oligo-Miocene silty-sandy channels (Gay et al., 2006b), constituting 101 

the most prolific hydrocarbon reservoirs in this area (Burwood, 1999). From early Pliocene time to present, 102 

the shelf and the slope were deeply incised (about 1000 m in the central part of the study area) by a canyon 103 

of the proto-Congo River (Fig. 1). The Zaire Canyon continues all the way down to the basin floor at 4000 m 104 

water depth (Jansen et al., 1984; Uenzelmann-Neben, 1998; Savoye et al., 2000), where it grades into the 105 

Zaire channel.  106 

One of the main tectonic features of the West African margin is the gravitational sliding of post-rift 107 

sediments above a décollement layer made up of Aptian evaporites (Duval et al., 1992; Lundin, 1992; Liro 108 

andCohen, 1995). In the Lower Congo Basin, gravitational processes created two structural domains each 109 

about 100 km wide (Fig. 2): an extensional domain on the upper slope, and a contractional domain located 110 

downslope (Duval et al., 1992; Rouby et al., 2002; Fort et al., 2004). The basinward translation of the post-111 

rift sequence over the Aptian salt layer is balanced by compression and salt extrusion along reverse faults at 112 

the toe of the slope, creating the Angola Escarpment (Fig. 2). 113 

3. Data and methods 114 

The bathymetry of the Congo-Angola basin was surveyed during the 1992-1993 GUINESS and 115 

1998-2000 ZAIANGO (ZAIre-ANGOla) projects. The main objective was to map and investigate the 116 

Pliocene/Quaternary sedimentary history of the slope and deep sea fan (Savoye et al., 2000). The 117 
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bathymetric/multibeam map was acquired with a Simrad EM12 dual bathymetric and acoustic imagery. At 118 

3000 m water depth, the processing of EM12 data provides a final terrain numerical grid with a 100x100 m 119 

horizontal grid and a vertical resolution of +/- 10 m. The primary objective was to create a mosaicked 120 

backscatter image from the multibeam data. After reprocessing, the final backscatter map is composed of 121 

pixels of 50x50 m each. The multibeam/backscatter data displayed in this study (Fig. 3) cover an area of 122 

about 12000 km². 123 

The interpretation of the bathymetric/multibeam data was performed in combination with high-124 

resolution 3D-exploration seismic data provided by TOTAL. The 3D-dataset selected for this study covers an 125 

area of 3300 km² with a line spacing of 12,5 m and a CDP distance of 12,5 m. The acquisition was 126 

performed using a dual 1530 cubic inch airgun, towed at a 3,5 m depth, fired at a 12,5 m interval and 127 

operated at 100 Hz. The data were loaded in an interactive seismic interpretation workstation and interpreted 128 

with the SISMAGE software developed by TOTAL. 129 

Additional data from the Leg ODP175 on the West African Margin (Wefer et al., 1998) and from 130 

recent studies in the Lower Congo Basin (Valle et al., 2001) provide useful information on stratigraphy, 131 

sedimentation rates and mechanical properties of sediments. 132 

4. Seafloor backscatter analysis 133 

The multibeam backscatter imagery, which extends from approximately 10° to 12° E and from 5° to 134 

6° S in the study area, shows high backscatter anomalies that are oblique or overlap the ship tracks, 135 

indicating they are not data acquisition noise (Fig. 3). These high backscatter features fall into several 136 

categories by appearance: large sub-circular to ovoid areas, linear to curvilinear bands, and irregular to 137 

rounded patches (Fig. 3). 138 

Wide sub-circular and ovoid areas are almost always associated with topographic mounds, which are 139 

part of the Angola escarpment salt diapir ridge. 140 

The continuous meandering strip that crosscuts the study area from about east to west corresponds to 141 

the bottom of the Zaire channel turbiditic system (Babonneau et al., 2002), which is in the extension of the 142 

Zaire canyon further upslope. Both steep flanks of the canyon can be imaged on the backscatter mosaic and 143 

they are separated from the main channel axis by low backscatter reflectivity interpreted as abandoned 144 

terraces (Babonneau et al., 2004). 145 
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Rounded features are typically a few hundred meters wide and the most common appearance is one 146 

with nearly uniformly medium to high backscatter all across the features. The highest backscatter anomalies 147 

are observed in the centre of the depression. Such circular features are commonly interpreted as pockmarks 148 

(Hovland andJudd, 1988), the depression owing to fluid escape at the seabed. On the Congo-Angola margin 149 

pockmarks exist in a depth range of approximately 400-3000 m, and they appear as black patches on the 150 

backscatter mosaic (Fig. 3). In the area covered by the 3D seismic data, we identified 194 pockmarks on the 151 

multibeam side-scan imagery, with an average density of 5,9 pockmarks per 100 km2. 152 

5. Pockmarks, fluid pipes and BSR on 3D seismic data 153 

The morphology of the pockmarks, their distribution and orientation are clearly revealed by a dip 154 

map of the seafloor based on the 3D seismic dataset (Fig. 4; see Fig. 3 for location). They range from 100 m 155 

up to 800 m in diameter, and from a few meters to 40 m in depth. Most of them have a circular shape in map 156 

view, but the largest pockmarks are elongated in one main direction. Detailed displays of 3D seismic data 157 

show that these large pockmarks are irregular and sometimes link to several amplitude anomalies underneath 158 

suggesting that they have formed from the coalescence of several smaller pockmarks. On the 3D seismic 159 

data-derived dip map of seafloor, we counted 672 pockmarks, with an average density of 20,4 pockmarks per 160 

100 km2. This means that only 29% of the pockmarks visible in the 3D seismic data could be identified from 161 

the backscatter imagery (depending on the resolution of both datasets: see discussion part for further details). 162 

Free gas can easily be interpreted from seismic records because even small amounts of gas within 163 

pore space significantly decrease the acoustic impedance of sediments and create anomalies such as acoustic 164 

turbidity, enhanced reflections (bright spots, flags) and acoustic blanking (wipe out) (Anderson andHampton, 165 

1980; Judd andHovland, 1992; Schroot et al., 2005). In the Lower Congo Basin numerous seismic profiles 166 

through pockmarks show two levels of acoustic anomalies, vertically elongated under the main depression 167 

(Fig. 5). The deep anomaly is an inverted cone shape in cross section and marked by lower amplitude 168 

reflectors and acoustic turbidity. On both sides of this region the bright reflectors shift upward. This pull-up 169 

may be due to fluid movement (structural) or to velocity effects caused by hydrate/carbonate cementing 170 

within the overlying pipe corresponding to the shallow anomaly. The pipe is ovoid in shape with depressed 171 

high-amplitude reflectors considered as a reduction of the seismic velocities (pull-down effects), even if this 172 

could be real depressions due to fluid expulsion (ancient pockmarks ?). Such acoustic anomalies are also 173 
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called seismic chimneys and could be indicative of fluid flow from deeper levels (Hovland andJudd, 1988; 174 

Judd et al., 1992; Hempel et al., 1994; Heggland, 1997; Tingdahl et al., 2001; Ligtenberg, 2005). 175 

At 250 ms TWT below seafloor, a high-amplitude reflection, parallel to the seafloor and 176 

characterized by a reversed polarity compared to the seafloor reflection (Fig. 5), is interpreted as a Bottom 177 

Simulating Reflector (BSR). It can be observed all over the Lower Congo Basin (Cunningham andLindholm, 178 

2000). It corresponds to the lower thermodynamic limit of the gas-hydrate stability zone (Shipley et al., 179 

1979). On the seismic profile CD (Fig. 5), the BSR is deflected upward directly beneath the pockmark 180 

depressions, suggesting a localized positive heatflow anomaly (Wood et al., 2002), which is consistent with 181 

an ascending movement of fluids through the gas-hydrate layers creating seismic chimneys (Lucazeau et al., 182 

2004). 183 

6. Pockmarks related to tectonic features 184 

6.1. Normal faults 185 

In the north-eastern part of the study area, the seabed is affected by curved depressions, 5 to 8 km 186 

long and a few meters deep. They are oriented NW-SE, parallel to the Cretaceous carbonate platform 187 

(Anderson et al., 2000). The dip map of Area 1 (see Fig. 4 for location) shows a continuous curved 188 

depression, 300 m wide and 20 m deep, at about 800 m water depth. The seismic profile EF (Fig. 6c) shows 189 

that this depression is related to a basinward, i.e. SW-dipping, normal fault. Such normal faults are located in 190 

the extensional domain created by gravitational sliding of the sedimentary cover over the Aptian salt. Five 191 

pockmarks have been identified along the fault depression on the seafloor dip map (Fig. 6a). However, only 192 

one of them is visible on the backscatter map (Fig. 6b). Associated with the pockmarks, there are acoustic 193 

disturbances on the seismic data. They have the shape of narrow vertical columns, 75 m wide, that seem to 194 

branch off the fault plane at about 150 ms TWT below seafloor. This suggests that the normal faults channel 195 

fluids upward from deep reservoirs, such as upper Miocene turbiditic channels (Gay et al., 2006b). 196 

In the northeastern part of the study area (Area 2: see Fig. 4 for location), at about 400 m water 197 

depth, two circular structures, 200 to 400 m wide and about 30 m high, are visible both on the dip map of 198 

seafloor as dome-like structures and on the multibeam reflectivity map as black patches (Fig. 7a & 7b). A 199 

sediment core collected from within the main dome-like structure shows carbonate-rich sediments and debris 200 

of cold-water corals interbeded with hemipelagic muds (Gay, 2002). The seismic profile GH (Fig. 7c) 201 
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reveals that they are located just above a deep-buried turbiditic channel that shows a rollover anticline at the 202 

hanging wall of a west-dipping normal fault. 203 

Despite the less permeable nature of the Quaternary-Pliocene sequence, this interval is affected by 204 

tight polygonal faults that have possibly channeled fluids from the west-dipping normal fault and fed the 205 

fluid seep site (Fig. 7d). In this area the gravity-driven normal fault does not affect the seabed. However, 206 

fluids coming from the upper turbiditic Miocene channels reach the seabed to form seafloor fluid seeps. In 207 

this case, polygonal faults act as a shortcut, as they represent preferential pathways for fluid migration with a 208 

high drainage potential at the node of three contiguous polygonal cells (Gay et al., 2004). 209 

6.2. Salt diapirs 210 

Diapirism and its association with fluid migration and gas-hydrate occurrences is relatively well 211 

documented for Blake Ridge (Dillon et al., 1983; Taylor et al., 2000), in the Fair Way Basin (Auzende et al., 212 

2000), in the Gulf of Mexico (McManus andHanor, 1993; Smith Enos andKyle, 2002) and on the western 213 

continental margin of India (Satyavani et al., 2005). In general, subsurface diapirs play a dominant role in the 214 

development of a growth fault network that provides major conduits for the upward migration of fluids and 215 

hydrocarbons to the seafloor (Roberts et al., 1992; Sager et al., 2003). The multibeam data from the Lower 216 

Congo Basin, at water depths ranging between 3000 m and 3200 m, show an elongated diapiric ridge with a 217 

trend of N160. This ridge corresponds to the Angola Escarpment south of the Zaire canyon (Fig. 1, 3 and 4). 218 

In this area, numerous shallow subseafloor salt diapirs are expressed on the seafloor as circular to ovoid, 1 to 219 

5 km wide features. This is due to steep angles on the diapir flanks compared to the regional seafloor. In 220 

Area 3 (Fig. 4), a large number of circular areas of anomalous dip are visible on top of the salt diapir mounds 221 

(Fig. 8a). Some cores taken within these areas have shown evidence of thermogenic oil and gas (Total, pers. 222 

comm.) and these depressions are interpreted to be associated with fluid seeps (pockmarks). However, only 223 

some pockmarks appear as high backscatter (black) patches on the multibeam acoustic map (Fig. 8b), 224 

indicating that most of them are now inactive. 225 

Numerous other salt diapirs show seafloor expression further north on the right (north) side of the 226 

Zaire canyon. In Area 4 (Fig. 4) a large number of pockmarks is concentrated on the top of a normal fault 227 

network associated with collapse above a diapir crest (Fig. 9a) and only some of them appear as high 228 

backscatter anomalies on the multibeam reflectivity map (Fig. 9b). The seismic profile IJ (Fig. 9c) shows 229 
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that the pockmarks are fed by fluid pipes characterized by high amplitude reflections. The base of the pipes 230 

seems to branch on a BSR with free gas beneath it. 231 

Similar diapirs, pockmarks and BSRs have been reported offshore Nigeria (Heggland, 1997; 232 

Hovland et al., 1997; Graue, 2000). The rapid ascending movement of a salt diapir does not allow the 233 

thermal equilibrium to be re-established and this may generate overpressure due to the sub-adiabatic uplift of 234 

the surrounding reservoirs and to the decrease of the lithostatic pressure from depth Z1 to Z2 (Fig. 9d). In 235 

such diapiric environments, fluid migration may be enhanced 1) by the collapse of sediments above the 236 

diapir head (Paull et al., 1993), 2) by a localized positive heat-flow anomaly along the diapir axis and in 237 

surrounding sediments (Xie et al., 2001; Lucazeau et al., 2004), 3) by the convection of fluid around and 238 

over the diapir induced by the thermal anomaly (Fu andAharon, 1998; Cartwright et al., 2001), 4) by 239 

permeability changes due to remineralization through precipitation from salt rich fluids, in particular barium 240 

and salt exchanges (Roberts, 1999) and 5) by hydraulic faulting at the top of overpressured uplifted 241 

reservoirs. 242 

7. Pockmarks related to erosional surfaces 243 

The ZAIANGO 1 and 2 cruises surveyed a large part of the Zaire Fan (Savoye et al., 2000; Droz et 244 

al., 2003) and showed that the fan surface is characterized by a multitude of inactive channel-levee systems 245 

(Fig. 3). Most of the channels and palaeochannels are meandering with variable sinuosity. The youngest and 246 

still active channel-levee system is located in the axial part of the fan and has been entirely surveyed down to 247 

the distal fan at 5000 m water depth. The shelf and the slope are deeply incised by the Zaire canyon from 248 

East to West, reaching a maximum relief of 1300 m near the shelf break and gradually decreasing toward the 249 

toe of the slope (Babonneau et al., 2002). 250 

7.1. Active Canyons 251 

Area 5 is located south of the Zaire Canyon, north of the Angola Escarpment, at 1700-1900 m water 252 

depth (Fig. 4). The dip map of seafloor in this area shows meanders at the bottom of the canyon and smooth 253 

flanks (Fig. 10a). The meanders are bordered by terraces that are locally discontinuous due to erosional 254 

processes within the canyon. The detailed analysis of the morphology, the seismic structure and the recent 255 

sedimentation along the Zaire upper-fan valley show that terraces are inner levees confined within the 256 

incised valley (Babonneau et al., 2004). Many terraces correspond to the infilling of abandoned meanders, 257 
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and aggradation by deposition of turbiditic sequences due to current overspill in the Zaire Canyon. A large 258 

number of pockmarks exist on the terraces, at the foot of the canyon flanks. They are 200-800 m wide, 259 

elongated, and located along the base of the main scarp of the canyon flanks indicating that the scarp-terrace 260 

discontinuity may have played a role in focusing fluids discharge (Fig. 10a). The lack of any high 261 

backscatter anomaly on the multibeam reflectivity map indicates that they are now inactive (Fig. 10b). 262 

7.2. Palaeo-canyons 263 

The present Zaire Canyon is the last erosional episode of a series of incision-infill cycles that started 264 

in the Pliocene. During these successive events, the canyon moved laterally creating a large valley, 15 km 265 

wide, whereas the present canyon is 5 to 8 km wide. In Area 6 (Fig. 4), the northern border of the valley is 266 

marked by a slope break, almost parallel to the canyon axis, visible on the dip map of the seafloor (Fig. 11a). 267 

This slope break is the result of differential compaction between recently deposited sediments within palaeo-268 

canyons and the surrounding sediments on the open slope. The seismic profile KL shows a BSR which tracks 269 

the seafloor below the present Zaire Canyon, indicating equilibrium of hydrates below the canyon (Fig. 11c). 270 

This means also that the canyon has been active for long enough to allow hydrates to be in thermodynamical 271 

equilibrium below it (Lucazeau et al., 2004). A large number of fluid pipes, bright spots and free gas beneath 272 

the BSR have been identified in this area. The slope break is highlighted by aligned pockmarks on the 273 

seafloor. Several of these pockmarks are visible both on the dip map and on the multibeam reflectivity map 274 

(Fig. 11a and 11b). The pockmarks are aligned over a steep erosional surface of a palaeo-canyon that incises 275 

into the upper Miocene sediments (Fig. 11c and 11d). They are associated with underlying chimneys that 276 

root on the erosional surface. As previously shown in the Lower Congo Basin, fluids are likely originate 277 

from Miocene palaeo-channels (Gay et al., 2006b). A plausible scenario consistent with known hydrocarbon 278 

accumulations in the LCB and this cross-section is that fluids migrate laterally and upsection along dipping 279 

permeable stratigraphic units, and more vertically along erosional unconformities or faults. The fluid 280 

chimneys appear to originate at a pinch-out of a turbiditic sequence, probably silty-sandy, on the erosional 281 

surface (Fig. 11d). 282 
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8. Pockmarks related to buried sedimentary bodies 283 

8.1. Shallow buried palaeochannel 284 

On the northern side of the Zaire Canyon (Area 7: Fig. 4), a large number of pockmarks are aligned 285 

along a sinuous belt from the southeast to the northwest (Fig. 12a). They are 100 to 800 m wide with a 286 

maximum depth of about 40 m. They are regularly spaced about 300 m apart, but some of them have formed 287 

from the coalescence of several smaller pockmarks. Despite the number of pockmarks visible on the seafloor 288 

dip map, relatively few of them appear as high backscatter anomalies on the multibeam reflectivity map (Fig. 289 

12b). On the seismic profile MN (Fig. 12c), the reflectors below the pockmarks appear deflected downward. 290 

They are not continuous and they are disturbed by acoustic blanking probably due to a recent ascending 291 

movement of fluids. These vertical anomalies are commonly interpreted as chimneys for ascending fluids 292 

from deeper levels (Fig. 12d). Systematic mapping of this area reveals that all chimneys root in an 293 

underlying turbiditic palaeochannel (Gay et al., 2003) and the pockmarks on the seafloor mimic the 294 

meandering track of the palaeochannel. 295 

The large number of pockmarks and their size represent an extensive system of dewatering from a 296 

shallow buried channel reservoir as demonstrated in the Black Sea (Naudts et al., 2006). They have probably 297 

expelled large quantities of pore fluids and biogenic gas previously trapped in the silty-sandy channel. This 298 

kind of fluid expulsion related to a palaeochannel is also described on the Niger delta front (Davies, 2003), 299 

where sediments are mobilized leading to sand injections within the overlying sediments and creating 300 

hummocky-depressional structures instead of pockmarks, and in the Black Sea (Naudts et al., 2006), where 301 

seeps occur along the margins of filled channels and in association with cut-and-fill delta deposits, 302 

corresponding probably to the initiation of dewatering or sand injections. These studies show that initial fluid 303 

migration pathways may be initiated early during the burial history of a sedimentary body. Such conduits 304 

may be re-used at greater depth by thermogenic fluids coming from source rocks (Gay et al., 2006a). 305 

8.2. Deep buried palaeochannels 306 

In the northern part of the study area (Area 8: Fig. 4), some pockmarks have been identified on the 307 

modern seafloor both on the seafloor dip map derived from 3D seismic data and on multibeam imagery (Fig. 308 

13a and 13b), indicating that they are still active. This has been confirmed by geochemical analyses 309 

conducted on cores taken within four of these pockmarks showing evidence of thermogenic fluids (Gay et 310 
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al., 2006a). The seismic profile OP shows a clear spatial relationship between a pockmark, an underlying 311 

chimney, the BSR and an upper Miocene turbiditic channel (Fig. 13c and 13d). In the Lower Congo Basin, 312 

turbidite sands are associated with four main stages of deposition (Oligocene, lower, middle and upper 313 

Miocene) (Gay et al., 2006b), whereas only three stages have been identified further south in the Angola 314 

basin (Anderson et al., 2000). Where the Oligocene-Miocene turbiditic channels are vertically stacked, 315 

thermogenic fluids ascending from deeper source rocks can migrate from one channel to the next and they 316 

are progressively concentrated in the upper Miocene channels. 317 

Syn-depositional major faults located above turbiditic sand bodies may periodically act as main 318 

vertical fluid escape pathways (Lonergan et al., 2000). As the base of the polygonal faults reaches the upper 319 

Miocene interval (Gay et al., 2004), they are probably connected locally to the syn-depositional faults, 320 

allowing fluids to migrate upward. The migration of fluids through the impermeable Pliocene–present cover 321 

leads to chimney development, free gas accumulation beneath hydrates, BSR occurrence over turbiditic 322 

channels and pockmark formation at the seabed. 323 

9. Discussion 324 

The evaluation of seafloor fluid seeps in a sedimentary basin requires a thorough understanding of 325 

the parameters that control the migration and the accumulation of fluids before redistribution to the seabed. 326 

The origin of shallow fluids (0-3000 m water depth) is commonly attributed to biogenic and/or thermogenic 327 

processes (Tissot andWelte, 1984). In both cases, the fluids are derived from organic matter either as the 328 

result of bacterial activity or of thermogenic processes, which are dependent on temperature and pressure. 329 

Different driving forces for fluid migration have been hypothesized including hydrocarbon generation, 330 

differential compaction, and tectonic compression. One way to understand these mechanisms, both as a 331 

process and in terms of timing, is through the use of basin modeling methods, commonly applied by the 332 

petroleum industry. However, such an approach does not take into account local heterogeneities observed in 333 

sedimentary basins. Geochemical analyses conducted on cores taken within seafloor pockmarks of the Lower 334 

Congo Basin have led to the conclusion that expelled fluids are a mix of biogenic and thermogenic gases and 335 

oil (methane and heavier hydrocarbons) coming from Oligo-Miocene turbiditic reservoirs (Gay et al., 2006a; 336 

Gay et al., 2006b). This observation suggests that the fluid migration history is not as simple as stated by 337 

basin-scale models of sedimentary basins. Moreover, despite the fact that very low permeability hemipelagic 338 

sediments overlying the Oligo-Miocene sequence should act as a seal barrier preventing further upward 339 
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migrations (Davis, 1992; Lee andChough, 2003), the occurrence of deep thermogenic fluids at the present 340 

day seafloor indicates that deep source fluids do somehow bypass the thick mud-dominated Pliocene seal. 341 

9.1. Fluid seeps imaging ambiguities 342 

 The topographic expression of fluid expulsion at the seafloor commonly includes build-ups, such as 343 

mud volcanoes/diapirs (and maybe carbonate mounds), and depressions, such as pockmarks (Hovland 344 

andJudd, 1988; Roberts et al., 1990; Kaluza andDoyle, 1996; Sager et al., 2003; Somoza et al., 2003; Loncke 345 

et al., 2004; Zitter et al., 2005; León et al., 2006). Most often these fluid expulsion features are recognized by 346 

their effects on the physiography of the seafloor and acoustic properties of near-surface sediments because 347 

both chemosynthetic communities and authigenic carbonates, that are commonly associated with them, may 348 

cause higher acoustic impedance and roughness than in the surrounding seafloor (Kaluza andDoyle, 1996; 349 

Sager et al., 1999; Vogt et al., 1999; Yun et al., 1999; Orange et al., 2002; Johnson et al., 2003; Klaucke et 350 

al., 2006). Such anomalies are usually the result of a near total reflection of sound owing to a hard sea 351 

bottom or attenuation owing to dispersion of the sound waves by gas bubbles (Behrens, 1988; Anderson 352 

andBryant, 1990). In the Lower Congo Basin, numerous morphological anomalies are imaged on both the 353 

3D seismic dip map and the backscatter imagery. However, video records from ROV dives show that some 354 

of the fluid seeps lack direct evidence of modern chemosynthetic activity or fluid leakage. Such seeps are 355 

interpreted to be now inactive seeps and to be no longer fed by fluids (Greene et al., 1999; Stakes et al., 356 

1999). Gravity cores taken during the ZAIANGO cruises (Savoye et al., 2000) show that authigenic 357 

carbonates and shell debris are now buried in shallow sediments where pockmarks still appear as black 358 

patches on backscatter imagery. This means that both active and recently active (but presently dormant) seep 359 

sites may create anomalies on backscatter data that can not be distinguished from each other. 360 

The backscatter energy recorded on EM12 multibeam data is a function of several parameters 361 

including a surface effect (micro-topography changes, steep angles or roughness) and a volumetric effect 362 

(porosity, bulk density or compaction rate) that can only be calibrated from regional slope (Johnson 363 

andHelferty, 1990; Kenyon, 1992; Blondel andMurton, 1997; Cochrane andLafferty, 2002). Furthermore, the 364 

multibeam backscatter signal may penetrate up to 10 m in mud-rich sediments and up to 4 m in sand-rich 365 

sediments (Liu, 1997). The high impedance combined with a high roughness of buried carbonate pavements 366 

and/or domes and shells within pockmarks will cause a strong reverberation and return a large amount of 367 

backscatter energy (Sager et al., 2003). Finally, the amplitude anomaly of multibeam data depends mainly on 368 
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the presence of carbonate building and chemosynthetic fauna in the first 10 m below the bottom of the 369 

depression. We propose here several correlations between backscatter imagery response and seafloor chemo-370 

biological facies (A to E) depending on the extent and recency of fluid expulsion activity (Fig. 14). 371 

Moreover, an episodic activity of fluid escape may allow more than one generation of seafloor fluid seep to 372 

form (MacDonald et al., 2000) and a low backscatter may correspond to a dormant site (Sager et al., 2003), 373 

which could be reactivated, for instance, by loading owing to sediment dynamics at the seabed (i.e. turbidite 374 

deposits) or to human activity (i.e. pipe-line or platform anchor). 375 

Such a model is a good approach to understand the seabed organization of fluid seeps and to define 376 

whether these fluid seeps are active or not. Using this model, a high backscatter anomaly indicates that fluid 377 

expulsion is active (chemosynthetic fauna and/or carbonate buildups present at the seabed) or has been 378 

recently active (dead or dormant site characterized by buried chemosynthetic fauna and/or carbonate 379 

buildups within the upper 10 m). This has to be verified by in situ visual observations or geochemical 380 

sampling. The model may explain why only 194 pockmarks (29%) have been identified on backscatter 381 

imagery, where 672 were recognized on the dip seafloor map derived from 3D seismic data. Even if the 382 

smallest pockmark identified on 3D seismic data is 200 m wide, this difference may be partly caused by 383 

different lateral resolutions between multibeam data (100x100 m) and 3D seismic data (12,5x12,5 m). 384 

9.2. Comparison between different types of pockmarks 385 

Of all identified seeps in the Lower Congo Basin, more than 99% are located in water depths deeper 386 

than 545-575 m (Areas 1 and 3 to 7) where they are clustered in certain morphologically determined 387 

locations, with only a few seeps were identified above this depth (Area 2). A recent study conducted in the 388 

Lower Congo Basin has shown that this depth (545 to 575 m water depth depending on bottom water 389 

temperature shift from winter to summer) corresponds to the outcrop of the BGHSZ (Base of the Gas 390 

Hydrate Stability Zone) at the seabed (Sultan et al., 2004). Even if gas hydrates are usually considered 391 

impermeable due to their ice-like nature, we have shown here that pockmarks occurring below 545-575 m 392 

water depth are commonly developing over a BSR. We have previously shown in the area that the BSR shifts 393 

upward near the chimneys, indicating an active fluid flow into the gas hydrate stability zone (Gay et al., 394 

2006b), even if free gas cannot easily move through the GHSZ without freezing into hydrates contributing to 395 

stop the flux. This observation strongly suggests a focused fluid flow rather than a diffuse fluid flow through 396 

the hemipelagic seal in the Lower Congo Basin. 397 
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Different mechanisms have been proposed for the driving forces that control the movement of fluids 398 

and the migration pathways that lead to the formation of modern seeps. However, in the Lower Congo Basin 399 

there can be only two reasons for fluids to cross the permeability barrier formed by less permeable gas 400 

hydrates hosted within layer-parallel mud-dominated low permeability Pliocene-Quaternary sediments. One 401 

reason may be a continuous feeding of the free gas zone by deeper fluids leading to overpressure below gas 402 

hydrates. Once the pore fluid pressure below or at the base of the GHSZ reaches the overlying lithostatic 403 

pressure, fluids and free gas will be periodically released, as shown for the fault valve behavior (Sibson, 404 

1992), creating pipes and seabed pockmarks. Another explanation is that the presence of a widespread 405 

polygonal fault system affecting the Pliocene-Quaternary sequence (Gay et al., 2004) may provide vertical 406 

fluid escape pathways (Gay et al., 2004; Trincardi et al., 2004; Hansen et al., 2005). The periodic release of 407 

fluids, which either exceed lithostatic pressure or a critical pore throat capillary tension, may explain why 408 

only a small percentage (29%) of pockmarks have an anomalous backscatter, suggesting that they are active 409 

or they have been recently active. Furthermore, based on video records during ROV dives, sediment and 410 

water sampling, and gravity cores analysis, we have shown that less than 2-3 % of the pockmarks are really 411 

active in terms of fluid release in the water column associated with living endemic fauna at the seabed and 412 

mineralogical precipitation (carbonate domes and pavements, pyrite, tubular concretions). This suggests that 413 

we are now in a dormant period in terms of fluid release and that the rate of fluid expulsions has been even 414 

much higher recently to create such number of pockmarks at the seabed. 415 

These observations show that fluid migration in the Lower Congo Basin depends mainly on two 416 

processes or their combination: 1) the gas hydrate system that inhibits fluid and gas migration and 2) the 417 

polygonal fault systems that favour fluid migration when fluids are periodically released. 418 

9.3. Geochemical constraints on the origin of fluids 419 

Geochemical analyses of near-bottom water and shallow sediments within pockmarks have revealed 420 

variable dissolved methane concentrations up to 400 nl/l, which are 30-40 times the oceanic background 421 

(Charlou et al., 2004). However, even if isotopic analyses (d13C=-70 to -86‰ relative to PDB) indicate a 422 

primarily microbial origin for the CH4 (Brooks et al., 1984; Tissot andWelte, 1984) generated through 423 

bacterial CO2 reduction (Claypool andKaplan, 1974), GC–MS analyses containing clearly recognizable oil 424 

fingerprints, elevated baselines (UCM>20 µg/g), a broad molecular weight range of n-alkanes with little 425 

odd–even preference, extract yields and relatively high fluorescence intensities (4000<Imax TSF<21,000) 426 
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could also be interpreted as an indication of the presence of thermogenic hydrocarbons (Gay et al., 2006a). 427 

The thermogenic signal is tenuous because of the biodegradation, which mainly depends on the time these 428 

hydrocarbon have spent in various reservoirs, such as buried turbiditic channels, gas hydrates and free gas 429 

trapped below it, and on the oxidization by bacteria in the first 10 m below seafloor, in the aerobic zone and 430 

in the sulphate reducing interval (Claypool andKaplan, 1974; Bernard, 1979; Devol andAhmed, 1981; 431 

Wenger andIsaksen, 2002). Nevertheless, geochemical analyses suggests that fluids reaching the seabed can 432 

be interpreted as a mix of biogenic and thermogenic gases and oils. 433 

However, even if the geochemical sampling is selected at favourable sites (within pockmarks 434 

overlying deep chimneys), a thermogenic co-signature of fluids in shallow sediments does not guarantee the 435 

presence of petroleum reservoir directly below the seafloor fluid seep. In this study, we have shown that deep 436 

thermogenic fluids may be driven along both lateral and steep discontinuities affecting the sedimentary 437 

column, such as major tectonic faults, shallow polygonal faults, erosional surfaces, and may be temporarily 438 

stored in various reservoirs and traps, such as salt diapirs, anticlinal structures, and shallow and deep buried 439 

turbiditic channels along which fluids can be remobilized. 440 

9.4. Model of fluid seeps organization and fluid pathways 441 

Despite the fact that faults and fractures have been widely recognized as primary conduits for fluid 442 

migration in mid-ocean ridge vents and in convergent margins (Ritger et al., 1987; Kulm andSuess, 1990), 443 

the control that such faults and discontinuities of stratigraphic, structural and diagenetic origin exert on 444 

subsurface pathways of fluid migration is still poorly understood and requires further constraints (Parnell, 445 

2003; Campbell, 2006). Based on a very large dataset extending from 300 to 2500 m water depth, we 446 

propose a 3D model of fluid migration on a continental passive margin where the distribution of seafloor 447 

fluid seeps is directly related to buried underlying features, such as major faults (normal and reverse), 448 

polygonal faults, salt diapirs, erosional surfaces (canyons and palaeo-canyons), shallow buried 449 

palaeochannels and deep buried stacked channels (Fig. 15). In this model, the ability of hydrate-rich 450 

sediments to inhibit upward fluid migration is balanced by the occurrence of shallow polygonal fault 451 

intervals in fine-grained sediments, which help fluid expulsion from deeper in the section, but their location 452 

helps control the actual location of a seep. 453 

Tectonic deformation controls the up-dip migration of fluid and gases from the deep basins to the 454 

margins along faults and discontinuities. The fluid migration is triggered by the interaction of several 455 
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processes including: 1) pore fluid overpressure: sand-rich turbiditic channels embedded within fine-grained 456 

sealing layers can preserve porosity, delay lithification and favour liquefaction and upward fluid migration 457 

(Osborne andSwarbrick, 1997); 2) overpressure in sand-rich reservoirs affected by hydrocarbon charges (Yu 458 

andLerche, 1996); 3) earthquakes; 4) differential compaction and folding across a thick sand body, that may 459 

generate upward propagating fractures at its edges, and downward propagating cracks over its crest 460 

(Cosgrove andHillier, 2000; Lonergan et al., 2000). 461 

Even though such triggering processes can not be clearly defined here, the model of seafloor fluid 462 

seeps organization provides a major tool in identifying the geometry of flow pathways and of the underlying 463 

buried bodies where the fluids are originate. This qualitative model can provide insight into shallow 464 

geohydrologic processes of both passive and active continental margins. 465 

10. Conclusion 466 

During the ZAIANGO project, we have collected bottom video records using ROV dives, sediment 467 

and water for geochemical analysis, and gravity cores above some high backscatter (black) patches, 100 to 468 

800 m wide, previously identified on the extensive EM12 reflectivity map acquired in the Congo/Angola 469 

Basin (Savoye et al., 2000). Although all these circular backscatter anomalies were not explored, one of  the 470 

main results of this collaborative project is that these anomalies are commonly associated with localized fluid 471 

seeps within negative-relief (pockmarks) and positive-relief (mounds) dip anomalies (Olu-Le Roy et al., 472 

2003; Charlou et al., 2004; Ondreas et al., 2005; Gay et al., 2006c). In this study, we examined geophysical 473 

signatures of numerous bathymetric and backscatter anomalies based on backscatter imagery coupled with 474 

3D seismic datasets in the Lower Congo Basin, from 300 m to 2500 m water depth, that we have interpreted 475 

as fluid seep sites. We have shown that: 476 

1) the seabed organization of fluid seeps clearly relates to the location and the geometry of 477 

underlying buried reservoirs/traps where the fluids are originating from ; 478 

2) discontinuities in the sedimentary section, such as faults, salt diapirs, erosional surfaces 479 

(active canyons and palaeo-canyons), polygonal faults, or buried chimneys may channelize deep 480 

fluids during migration and may allow fluids to migrate both laterally and vertically; 481 

2) sedimentary structures, such as shallow and deep turbiditic channels or sandy/silty layers, 482 

and gas hydrates may behave as either conduits or intermediate reservoirs, concentrating fluids 483 

before redictribution. 484 
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Despite the fact that gas hydrates may act as a regional seal in the area, a widespread polygonal fault 485 

system allows fluids to migrate upwards resulting in a patchy distribution of seafloor pockmarks and 486 

mounds. Only a third part of the pockmarks identified on 3D seismic data are imaged on the backscatter 487 

map, indicating that these high backscatter pockmarks are potentially active at the present day (the 488 

multibeam signal penetrates up to 10m in soft sediments or 4m in sand-rich sediments for a 12 Khz source). 489 

However, ROV dives and geochemical analyses have shown that only a few of these high backscatter 490 

pockmarks are currently active at the seabed (less than 2-3 %); the remaining high backscatter pockmarks or 491 

mounds are dormant, but show indications of recent activity in the 10m below the mudline. This suggests 492 

that we are now in a period of relative quiescence in terms of fluid seepage (low amount of active pockmarks 493 

vs total number of imaged pockmarks), but they have been periodically reactivated. The proposed 3D model 494 

of the plumbing system of a continental margin would help to define where these fluid seeps are supposed to 495 

occur in the near future, which is relevant for the risk assessment in offshore operations and for the global 496 

carbon budget as methane and carbon dioxide are the two main fluids escaping at the seabed. 497 
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13. List of figures: 825 

Figure 1: Bathymetric map off Congo, extending from the Zaire estuary to the deep sea fan, acquired 826 

during GUINESS (1992-1993) and ZAIANGO (1998-2000) projects. The shaded rectangle represents the 827 

EM12 multibeam coverage used in this study. The three sites of ODP Leg 175 are indicated. 828 

 829 

Figure 2: Line drawing of the profile AB. The post-rift stratigraphy is characterized by two levels of 830 

seismic architectures: (1) an Albian to Eocene sequence containing the source rocks and (2) an Oligocene to 831 

Present sequence containing the reservoirs (turbiditic channels) and the sedimentary cover (affected by 832 

polygonal faults). Deep thermogenic fluids migrating from the source rocks are preferentially trapped into 833 

the silty–sandy channels (Burwood, 1999). 834 

 835 

Figure 3: (to download a larger version, click on this link: www.elsevier_website) Multibeam 836 

backscatter mosaic of the Lower Congo Basin (see Fig. 1 for location). Dark areas represent strong 837 

acoustic backscatter (BS), whereas lighter areas show low backscatter. The meandering strip crossing the 838 

study from East to West corresponds to the modern Zaire canyon and channel. Wide circular features 839 

correspond to salt diapirs in shallow sediments or outcropping at the seabed, which are part of the Angola 840 

escarpment. Smaller rounded black patches are interpreted to be due to features associated with active or 841 

recent fluid seepage (pockmarks and mounds). 842 

 843 

Figure 4: Seafloor Dip map derived from the 3D seismic dataset (see Fig. 3 for location). The 844 

grey-scale ranges from white that represent flat surfaces (0°) to black corresponding to steep angles (30°). 845 

White rectangles represent areas 1 to 7 detailed in later figures. Fluid seeps are clearly visible on this map 846 
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where they appear as negative-relief circular depressions (pockmarks) or positive-relief circular domes 847 

(mounds) distributed all along the slope. 848 

 849 

Figure 5: Seismic profile CD (see Fig. 4 for location). This profile show two superimposed 850 

acoustic anomalies, vertically elongated under the pockmarks. The deep anomaly is characterized by low 851 

amplitude acoustic turbidity, whereas the shallow anomaly is ovoid in shape with depressed high-852 

amplitude reflectors. Such acoustic anomalies are commonly called seismic chimneys or fluid pipes, and 853 

could be indicative of fluid flow from deeper levels. 854 

 855 

Figure 6: Top left: Dip map of seafloor in Area 1 (see Fig. 4 for location) derived from 3D 856 

seismic data, showing aligned pockmarks on a fault scarp outcropping at the seabed. Top right: 857 

Multibeam backscatter imagery in Area 1 on which only one pockmark is visible as a medium amplitude 858 

backscatter. Bottom: Seismic profile EF extracted from 3D seismic data and its interpreted line-drawing. 859 

This profile shows that a major fault is cutting an upper Miocene channel-levee system, which may 860 

provide a source of thermogenic fluids. Note that the seafloor pockmarks occur on the hanging-wall of 861 

this southwest-dipping normal fault, and can be tied via vertical acoustic anomalies to the fault zone at a 862 

depth of 150 msTWT. 863 

 864 

Figure 7: Top left: Dip map of seafloor in Area 2 (see Fig. 4 for location) derived from 3D 865 

seismic data, showing two mounds that have been identified as reefs using ROV dives. Top right: 866 

Multibeam backscatter imagery in Area 2 on which two high backscatter anomalies are visible. Bottom: 867 

Seismic profile GH extracted from 3D seismic data and its interpreted line-drawing. Similar to Area 1, 868 

this system is located over a major fault that cuts an upper Miocene turbiditic channel. In this case, 869 

polygonal faults may provide a preferential conduit for fluids to reach the seafloor. 870 

 871 

Figure 8: Left: Dip map of seafloor in Area 3 (see Fig. 4 for location) derived from 3D seismic 872 

data, showing negative-relief dip anomalies (pockmarks) on the top of salt diapirs. Right: Multibeam 873 

backscatter imagery in Area 3 showing only a few backscatter anomalies associated with the pockmarks, 874 

indicating that these features are not active, and have not been active recently (except for those identified 875 

on both datasets). 876 
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Figure 9: Top left: Dip map of seafloor in Area 4 (see Fig. 4 for location) derived from 3D 877 

seismic data, showing pockmarks located on faults scarps with subtle bathymetric signature that are 878 

radially arranged. Top right: Multibeam backscatter imagery in Area 3 where the pockmarks appear as 879 

high reflectivity (black) patches. Bottom: Seismic profile IJ extracted from 3D seismic data. This profile 880 

shows that the pockmarks are located over a salt diapir. Fluids may have migrated along the faults 881 

associated with the top of the dome structure, due to the collapse of sediments above the top of the salt. 882 

 883 

Figure 10: Left: Dip map of seafloor in Area 5 (see Fig. 4 for location) derived from 3D seismic 884 

data, showing pockmarks located at the toe of the Zaire canyon flanks. Right: Multibeam backscatter 885 

imagery in Area 5 shows no backscatter anomalies associated with the pockmarks, indicating that these 886 

features are not active, and have not been active recently. 887 

 888 

Figure 11: Top left: Dip map of seafloor in Area 6 (see Fig. 4 for location) derived from 3D 889 

seismic data, showing numerous pockmarks aligned on a trend parallel to the Zaire canyon axis. Top 890 

right: Multibeam backscatter imagery in Area 6 showing that only some of the pockmarks are 891 

characterized by high backscatter. Bottom: Seismic profile KL extracted from 3D seismic data and its 892 

interpreted line-drawing. The seismic profile shows that the stacked seismic anomalies interpreted to be a 893 

fluid/gas chimney is located over an erosional surface corresponding to a palaeo-flank of the Zaire 894 

Canyon. Fluids may have migrated laterally from Miocene turbiditic channels to be trapped below the 895 

erosional surface dipping towards the modern canyon. Fluids may migrate up below the unconformity but 896 

may break out further up section to migrate to the seabed. 897 

 898 

Figure 12: Top left: Dip map of seafloor in Area 7 (see Fig. 4 for location) derived from 3D 899 

seismic data, showing pockmarks aligned along a sinuous meandering trend on the seabed. Top right: 900 

Multibeam backscatter imagery in Area 7 showing that only a few pockmarks appear as high backscatter 901 

(black) patches. Bottom: Seismic profile MN extracted from 3D seismic data and its interpreted line-902 

drawing. The pockmarks are located over the edges of a shallow buried turbiditic channel. The 903 

distribution of pockmarks mimics the meandering track of the underlying palaeochannel. 904 

 905 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

 

Figure 13: Top left: Dip map of seafloor in Area 8 (see Fig. 4 for location) derived from 3D 906 

seismic data showing aligned pockmarks. Top right: Multibeam backscatter imagery in Area 8 on which 907 

pockmarks appear as high backscatter anomalies. Bottom: Seismic profile OP extracted from 3D seismic 908 

data and its interpreted line-drawing. This profile shows that the pockmarks are located over a Miocene 909 

turbiditic channel. The fluids are interpreted to have migrated through the sedimentary column to be 910 

ponded below the gas hydrate layer where a BSR appear. The BSR is shifted upward, indicating an 911 

ascending movement of fluids concentrated in a pipe that projects to the seafloor pockmark. 912 

 913 

Figure 14: Block diagrams defining five chemo-biological facies at the seabed associated with 914 

fluid seep activity (vigorousness and timing of activity relative to today). Various combinations of facies 915 

with respect to fluid escape are interpreted to explain the backscatter intensity at the seabed. 916 

 917 

Figure 15: Conceptual 3D block diagram of a passive margin showing the plumbing systems of 918 

fluid migration. The organization of fluid seeps at the seabed is strongly dependent on the nature and 919 

shape of the buried reservoirs (i.e. turbiditic channels or salt diapirs) where the fluids originate. Their 920 

distribution is also linked to the location of major pathways, such as erosional surfaces or faults. In this 921 

model, the base of the gas hydrates stability zone tends to hinder vertical fluid migration whereas the 922 

polygonal faults may facilitate such migration. 923 

924 
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