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Abstract: 

Using a 3D seismic data volume, we present seismic evidence of the occurrence of multiple ‘equilibrium-state’ Bottom- 

simulating reflections (BSRs) in the Niger Delta. Three extensive BSRs define the current base of the gas hydrate stability zone 

(BGHSZ) in the study area. The BSRs demonstrate proximal and intricate relationships with a mud volcano, apexes of thrust 

anticlines, and fluid expulsion sites and are constrained by the overall geologic strike within the area. The gas supply for hydrate 

formation in shallow sediments is inferred to be an admixture of biogenically and thermogenically sourced gases and is largely 

related to ongoing advective processes from deep sources through multiple thrust faults that have been recently active. The hydrate 

zone serves to incorporate rising petroliferous and locally generated fluids as gas hydrates in shallow sediments while also serving, 

in conjunction with a mass transport complex, as a lateral seal that temporarily traps free gas beneath the hydrated sediment zone 

and channels it to focused flow conduits for intermittent release at the seafloor. Shallow normal faults and ‘permeability gateways’ 

within hydrated sediments and their associated seafloor vents serve as the ultimate pathways for fluids trapped beneath the GHSZ 

to reach the water column. The delineation of BSRs within the outer fold and thrust belt of the Niger Delta could serve as proxies for 

exploration and understanding fluid migration within the basin. 
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---------------------------*************************------------------------ 
1. INTRODUCTION 

In natural gas hydrate systems [1], Bottom-Simulating 

Reflections (BSRs) are reflections seen on seismic data and 

believed to approximate the base of the Gas hydrate stability 

zone (BGHSZ) within shallow sediments beneath the seafloor 

[2, 3, 4, 5, 6]. They mimic the seafloor topography and are 

marked by reverse reflection polarity (compared to the seafloor 

reflection) [7, 8]. They are generally characterized by increases 

in depths beneath the seafloor (sub-bottom depths) with 

increasing water depths [7, 8]. BSRs generally cut across 

sediment stratification/ bedding [3, 5, 7] and are commonly 

associated with the faulted crests of anticlines, sea mounds, 

mud volcanoes, fluid pipes and gas chimneys [6., 7, 9]. They 

are believed to arise by two possible mechanisms [10]: (1) 

accumulation of free natural gas beneath the gas hydrate 

stability zone (GHSZ) serves to lower the acoustic impedance 

across the hydrate saturated zone above and the free gas zone 

below, thus generating a strong negative polarity reflection [5, 

7, 11]. Alternatively, (2) since hydrates alter greatly the 

acoustic properties of sediments, the strong reflection could 

arise at the BGHSZ [12, 13]. The first hypothesis is generally 

favoured. 

The observation of hydrate-related BSRs in well-known 

petroleum provinces and frontier basins can have implications 

for hydrocarbon exploration [3, 7, 14, 15, 16, 17] and our 

understanding of the origin, nature and mechanisms of 

evolution of near-surface geologic features in marine 

environments [6, 18]. Where present, BSRs are frequently 

indicative of deep-seated geologic processes [6, 19]. They often 

indicate the existence of an active petroleum system [3, 6, 7], 

the presence of leaking reservoirs [17], the accumulation of 

hydrocarbons in shallow reservoirs [16, 20, 21] and an 

abundance of hydrocarbon migration pathways [19]. They are 

also indicative of potential seafloor hazards which can result 

from gas hydrate dissociation and dissolution, and the attendant 

changes in the mechanical properties of seafloor sediments [7, 

22, 23, 24]. Such changes pose safety threats to oil and gas 

installations on the seafloor. 

In the deepwater Niger Delta, widespread occurrence of gas 

hydrates has been inferred from oil and gas industry seismic 

data through the identification of BSRs [25, 26, 27, 28, 29]. The 

BSRs usually occur in association with fluid expulsion sites in 

the crest of thrust-related anticlines in the distal portions of the 

Delta, frequently in water depths greater than 1000 m [25, 26, 

27]. The plumbing system indicates the migration of 

thermogenically sourced gas and possibly other hydrocarbons 

through major deep-seated faults to the BGHSZ [29, 30]. 

Although geochemical analyses of gas hydrates recovered in 

piston cores from the Niger Delta point to a dominance of dry 

methane indicative of biogenic origins [26], in many cases, 
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heavier hydrocarbon fractions have been observed with stable 

carbon isotope signatures of the methane gas indicative of a 

thermogenic origin [26, 31]. 

In this study, we present the results of our study of multiple 

BSRs from the deepwater Niger Delta. We detail the character 

of the multiple BSRs and their associations with other geologic 

features in the study area and make deductions on gas migration 

and storage patterns within the region. 

 

2. REGIONAL GEOLOGICAL SETTING 

The Niger Delta is situated in southern Nigeria between 

latitudes 3˚N and 6˚N and longitudes 3˚E and 9˚E (Figure 1). 

The onshore limits of the Delta include the Benin Flank to the 

west and north, the Abakaliki High to the northeast, and the 

Calabar Flank to the East-north-east. The offshore extents are 

defined by the Cameroon Volcanic line to the east, the 

Dahomey Basin to the west and either of the sediment thickness 

contour of 2000 m or the 4000 m water depth contour to the 

south and southwest [32, 33]. 

The Delta sits at the site of the triple junction which formed 

during the opening of the South Atlantic Sea and the separation 

of the African and South American continents [34, 35]. Rifting 

is thought to have initiated in the Late Jurassic and ceased 

entirely before the end of the Cretaceous [33, 36]. 

 

 
Fig. 1: Bathymetric image of the Niger Delta highlighting major structural elements and province outline. The study area (in red polygon), is in the western Niger 
Delta. Water depth is generally more than 1400 m. Enlarged red polygon indicates spatial locations of seismic sections presented in this study. Red line indicates 
the position of the interpreted line shown in Figure 2). 

 

Five tectonically distinct structural provinces 
characterize the Delta [37]: from the hinterland 
seawards (Figure 2), these include (1) an extensional 
province, (2) a shale diapir province, 

(3) the inner fold and thrust belt, (4) a detachment fold 
province and (5) the outer fold and thrust belt. The 
initial disposition of the sedimentary succession across 
these provinces was constrained by the bathymetry of 
the oceanic crust below [37, 38]. Subsequent and 
dominant thin-skinned deformation in the Delta has 
largely been the result of gravity-driven shale tectonics 
[37, 39, 40]: First, the loading of poorly compacted, 
prodelta and delta-slope clays by the higher density 
delta-front sands resulted in the formation of shale 
diapirs. Second, a lack of lateral support for delta-slope 
clays encouraged basinward slope instability and 
allowed the sedimentary pile to glide seawards [33]. 
Stress and strain resulting from the downward and 
seaward motion of mobile shales beneath the 

onshore and transitional provinces were transferred 
seaward via a basal detachment level leading to the 
development ofcompressional toe-thrust structures in 
the more distal portions of the Delta [37, 40]. 

Fluctuations in sea-level and the rate of sediment supply 
from the hinterland have exerted lesser but significant 
influences on the development of the Delta [41]. 

The deepwater Niger Delta lies within water depths 
usually greater than 1000 m [37]. Its bathymetric 
expressions include multiple convex-to-sea thrust-
related deformation lobes that define the fold and thrust 
belts [39, 42] (Figure 1). These lobes are separated by 
an intervening plain with little deformation. Thrusting is 
active in the present and demonstrates both break- 
forward and break-backward imbricate sequences [37]. The 
study area is in Oil Producing License (OPL) 250. 

Three principal rock units¸ the Akata Formation, the Agbada 
Formation and the Benin Formation, define the litho- 
stratigraphy of the Niger Delta [43, 44, 45, 46]. At the base of 
the succession is the Akata Formation, a foraminifera-rich shale 
of marine origin is regarded as the principal source rock of the 
Delta (Figure 3). The Akata possibly overlies syn-rift clastic 
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Fig. 2: Interpreted regional seismic profile across the Niger Delta indicating its five tectonic provinces. Strain resulting from the gravity-driven collapse of 
sediments on the continental shelf is transferred to the deepwater sections along the basal detachment in the mobile Akata shales. The strain is diverted onto thrust 
ramps in the outboard provinces resulting in toe-thrust structures often with enhanced relief on the seafloor (Adapted from Corredor et al., 2005). 

 

deepwater sections of the Delta, the Benin formation is absent, 

grading seaward into deepwater clastics of the Agbada 

Formation [49, 50]. 

 
3. DATA AND METHODOLOGY 

In this study, we utilized a high-resolution 3D digital seismic 

volume provided by the Department of Petroleum Resources 

(DPR) Nigeria and Chevron Nigeria Limited. The seismic data 

was acquired in 1999 by Petroleum Geo-Services. Summary 

survey details and acquisition/processing parameters are 

presented in Table 1. The subset volume used in this study came 

as zero-phased post-stack time migrated volume displayed with 

normal polarity (North American convention) with data 

coverage roughly 460 sq Km and a record length of 7400 ms. 

Considering a sediment velocity of 1500 ms-1 [51], the vertical 

resolution of the seismic data in the near seafloor section (400 

m sub-bottom) ranges from 9 – 12 m. As data was post-stack 

and migrated, our analysis was limited to post-stack seismic 

sections and maps and seismic derived attributes. Interpretation 

was carried out in OpendTect 6.0.2. 
 

 

Fig. 3: Stratigraphic column showing the three conformable formations of the 
Niger Delta; Akata, Agbada and Benin. Syn-rift clastics, fragments of the 
oceanic crust, possibly underlie the sedimentary succession. The marine Akata 
shale is the source rock while the continentally derived clastic Agbada serves 
as the reservoir rock (Modified from Tuttle et al., 1999). 

 
fragments of the oceanic basement below [37, 47]. The Akata 

is conformably overlain by the Agbada Formation, a faulted 

paralic sequence of alternating continentally derived sands and 

marine shales (Avbovbo, 1978). The Agbada Formation is the 

dominant reservoir rock of the Delta. Its shale intercalations are 

regarded as a potential second source of hydrocarbons [48] and 

serve as seals for most reservoir configurations. Faulting of the 

Agbada Formation is the result of both gravity-driven extension 

in the hinterland and compression is the distal portions of the 

Delta [37, 40]. The Agbada is overlain by the Benin Formation 

which consists of massive, porous and unconsolidated, usually 

fresh-water continental sands [45, 46]. In the more distal 

 

 

TABLE 1. SEISMIC SURVEY SUMMARY AND 

ACQUISITION/PROCESSING PARAMETERS FOR OPL 250. 

S/No. Parameter Details 

1 Type 3D 

2 Geometry SLO, other. 

3 Size 1 264 sq.km 

4 Acquisition year 1999 

5 Water depth 1 400-2 400 m 

6 Shooting direction 0/180 

7 Vessels Ramform Explorer, 
Ramform Viking, Kondor 

8 Number of streamers 8 

9 Streamer length 4 500/9 255 m 

10 Streamer separation 100 m 

11 Shot interval 37.5 m 

12 Record length 15 500 ms 

13 Sample rate 2 ms 

14 Bin dimensions 12.5 x 25 m 

15 Fold 60 
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1500 ms-1 has been suggested elsewhere [51, 31] for shallow 

sediments in the Niger Delta. 
 

 
 
 
 

 
We interpreted multiple BSRs from the seismic data and 

created a BSR coverage map for the study area. We further 

generated seismic-derived attribute maps including semblance, 

fracture skeleton, instantaneous amplitude and an isopach map at the 

BSR depth representing thickness of sediments between the BSR 

and seafloor. Due to the lack of adequate velocity information 

for the study area, time to depth conversion for the seismic data 

could not be achieved. Seismic sections are therefore displayed 

in two-way travel-time (twt). For first order estimate purposes, 

a velocity of 1480 ms-1 [50] was assumed for the water column. 

For near-seafloor sediments, a local velocity curve (Figure 4) 

with velocity ranging from 1505 ms-1 at the seafloor to 1575 

ms-1 at 920 ms (twt) below seafloor (bsf) was utilized. Up to 

570 ms (twt) sub-bottom, velocity increase is slow in reaching 

a maximum of 1528 ms-1 indicating relatively unconsolidated 

sediments. A comparative near-surface sediment velocity of 

4. LOCAL GEOLOGICAL SETTING 

In the study area, the seafloor is dominated by two 

bathymetric rises (Figure 4 & 5); a hinterland anticlinorium in 

the extreme northeast and a foreland ridge in the seaward 

southwest limit. The anticlinorium consists of two major thrust 

systems with multiple fore-thrust fans and thrust duplexes 

(Figure 5). The summit of the anticlinorium is dotted with a 

mud volcano and several pockmarks including a string of 

overlapping oval pockmarks (Figure 4b). Two canyons are 

apparent on the anticlinorium. One canyon runs parallel to the 

forelimb of the anticlinorium in a northwest-southeast direction 

for a total length greater than 11 km and average width of 400 

m. The canyon thawleg hosts numerous standalone pockmarks. 
The second canyon is approximately 3.1 km in length and about 

345 m wide and sits on the southeastern fringe of the 

anticlinorium. This canyon is deeply incised and appears to 

empty into the foreland region of the anticlinorium. The 

seaward face of the anticlinorium further hosts a slump scar and 

a channel with a deep groove (Figure 4). Very low seismic- 

derived semblance attribute (SSA) values (Figure 6) are 

associated with the mud volcano, canyons, pockmarks, the 

 

 
Fig. 4: Seafloor map of the study area. The anticlinorium hosts a mud volcano, a slump scar, a deeply-grooved channel, strings of oval overlapping pockmarks 
and seafloor canyons. Pockmarks occur along canyon bottoms. Red polygons represent lateral extents of respective BSRs discussed below and shown in Figure 9. 

16 Processing Radon Demultiple, Gain 

recovery, Binning, 

Deconvolution and trace 

balancing, NMO 

correction, CMP stacking, 

Post-Stack Time 

Migration. 
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Fig. 5: SW-NE seismic line from the study area indicating the typical structural configurations in the study area (see Figure 1 for location). Active seaward verging 
thrust faults which sole to the regional Akata detachment deform the sedimentary pile and create pronounced relief structures on the seafloor including a foreland 
ridge and an anticlinorium in the hinterland region. The summits of thrust folds frequently show faulting which may result in crestal collapse that leads to 
pockmarks. Growth strata demonstrate onlap terminations (red arrows) on the back limbs of thrust folds. 

 

The position of the anticlinorium possibly coincides at depth 

with the location of a master ramp connecting the two 

detachment levels within the basal Akata Formation [37]. The 

seismic data is clipped beneath the anticlinorium and the nature 

of the master ramp could not be evaluated. The presence of 

master ramps (Figure 7) frequently lead to considerable fold 

amplification as earlier folded strata may be refolded and 

multiple thrust sheet are bandied within a single anticlinorium 

[37]. The foreland ridge is the result of a break-backward 

imbricate thrust system with the ridge thrust riding on the back 

of a more seaward lower angle thrust system (Figure 5). All 

thrust faults in the study area are seaward verging and sole to the 

upper Akata detachment level (Figure 5). The thrust systems of 

the anticlinorium and the foreland ridge have been active 

recently and create pronounced bathymetric reliefs on the 

seafloor. The crests of thrust folds are frequently faulted 

(normal faulting) and often have developed collapse features 

which lead to fluid vents on the seafloor (Figures 4 & 5). 

Between the two rises is an extensive piggy-back basin with 

gentle dips, where recent sediments have not been disturbed by 

tectonic activity. Another mini-basin exists seaward of the 

foreland ridge. A sub-aerial unconformity separates the sub- 

kinematic section and growth strata. Fanning limb dips 

(increasing stratal dips with depth) in growth strata indicate 

fold growth is accompanied by fold limb rotation. 

 
Fig. 6: Seismic-Derived Semblance attribute (SSA) over the seafloor. Very low 
(SSA) is associated with the mud volcano, canyons and their associated 
pockmarks, the anticlinorium forelimb and the thrust ridge shoulder. 

anticlinorium forelimb and the thrust ridge shoulder. 

Fig.7: Schematic of a master ramp connecting multiple detachment levels. Fold 
amplification and formation of anticlinorium is common where master ramps 
occur. 
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In the piggyback basin of the foreland ridge system, series of 

cut and fill channel structures are observed at multiple levels 

within the growth strata sequences (Figure 8). These structures 

consist of high seismic amplitude facies within channel bounds 

indicating fairly sand-rich fractions. They are often associated 

with an extensive levee system (indicated by adjoining low 

amplitude seismic facies). The Channel/levee systems 

generally sit on top of distinctive packages of high continuity, 

high amplitude seismic facies, and are marked at their upper 

limits by wavy and continuous high amplitude reflections 

marking the positions of erosional unconformities. Stratal 

thicknesses between successive unconformities are similar (in 

two-way transit time). Given that the sediments are in the 

shallow and relatively undeformed sequences, we expect that 

velocity variations are not significant and the thicknesses of the 

unconformity bound sequences are depth-wise similar. Growth 

strata on the back limb of the foreland thrust fold demonstrate 

onlapping terminations and fanning limb dips (Figure 5 & 8) 

characteristic of fold growth involving a component of limb 

rotation [52, 53]. The alternation between unconformities and 

leveed channels is indicative of a cyclic process of 

sedimentation involving repetitive sediment down-cutting, 

channel infilling/aggradation and subsequent sub-areal erosion 

[54]. This combination of cut and fill structures, growth strata 

onlapping fold limbs and successive unconformity-bound strata 

packages, are distinctive markers of a depositional process 

largely constrained by the alternation between active thrusting 

and cessation of thrusting on the associated thrust fault system 

[54]. During active thrusting on the associated thrust system, 

channels transporting sediments from the hinterland are 

diverted to run along the back limb of the thrust fold. In the 

process, they may incise deep grooves into growth strata in the 

piggyback basins behind the thrust system (Figure 4). The 

ensuing rapid uplift also results in the creation of 

accommodation usually at a rate that outpaces sediment influx 

(Shaw et al., 2004). Upon temporary cessation of thrusting, the 

incised channel grooves are filled with sand-rich fractions 

while finer grains may escape channel bounds to form levee 

systems. For much older (deeper) strata, sediment transport and 

aggradation were largely controlled by the configurations of the 

oceanic basement below [38]. 

5. RESULT 

We identified three zones of BSR occurrence within the 

study area (Figures 9 & 10). These BSRs (BSRs 1, 2 & 3) are 

laterally extensive and occur within the time range 211 to 569 

ms twt (214 – 429 m) below seafloor (Figure 10) in water 

depths ranging from 2224 to 3460 ms twt (1646 – 2561 m). The 

BSRs trend in the NW-SE direction and run along the hinge- 

line of major thrust systems. They are marked by high 

amplitude reverse polarity reflections (i.e. compared to the 

seafloor reflection which is marked by a strong peak displayed 

in white at the base of the water column) and increase in sub- 

bottom depths with increasing water depths (Figure 10). They 

are associated with the crests of thrust-related anticlines. BSRs 

1 and 2 are associated with the crests of the two major toe thrust 

structures of the hinterland anticlinorium. BSR 3 is located in 

the crest of the foreland anticline (Figure 9 & 10). In the center 

of the study area where thrust faults have not reached the 

seafloor, BSRs are absent. BSRs 2 and 3 have radii of curvature 

greater than the curvature of sediment strata within the thrust 

folds (Figure 10b and 10c) while BSR 1 has, for the most 

part,a flat disposition (Figure 10d). Consequently, BSRs 2 and 3 

cut across bedding stratification and tend to occur at shallower 

sub- bottom depths at the flanks of thrust folds than at fold 

hinges. BSR 1 also cuts across stratification when straddling 

strata arced upwards by buried and an active mud volcano 

(Figure 10d) and across sediment wedges on the back limb of the 

thrust fold (Figure 11). BSRs also occur beneath seafloor 

canyons (Figures 11). 
 

Fig. 8: Seismic profile (see Figure 1 for location) through the piggyback basin 
of the foreland thrust system. Cut and fill channel (v-shaped high seismic 
amplitude – green arrows) features and associated levees (low amplitude 

sections) generally sit atop unconformity-bound reflection packages. 
Continuous medium-to-high amplitude facies form the base of each package. 
Individual packages (yellow arrows) have similar thicknesses (in twt) 
indicating a relatively periodic depositional cycle involving channel incision, 
channel aggradation and sub-areal erosion. 

 
However, they appear unable to mimic the seafloor 

bathymetry beneath sections of the canyons with small radii of 

curvature (Figure 12). At such positions, the BSRs are 

relatively flat and occur at shallower sub-bottom depths. Where 

the radius of curvature is large enough, BSRs in the study area 

appear to reasonably respond to rapid changes in water depth 

and therefore mimic the seafloor bathymetry (Figure 11). BSRs 

within the study area often show increased seismic amplitudes 

beneath canyons (Figure 9c, 11c & 12). The BSR signatures at 

these locations are discontinuous in some sections. Breached 

sections are often vertically displaced and appear to relate to 

the throw on shallow normal faults (Figure 11). Breached 

sections generally lie beneath spaced pockmarks at canyon 

bottoms on the seafloor (Figure 4). 

Adjacent to the mud volcano (Figure 11), wedge sediments 

show high amplitudes which terminate at beneath BSR 1. The 

strata in the wedge are however continuous above the BSR, 

albeit with reduced amplitude. Contrary to observations in 

some earlier studies [2, 3, 7, 6], there is no general loss of 

reflection amplitude (blanking) for reflections between the 

BSR and the seafloor reflection in the study area. The only 

seismic blanking observed relates to vertical and near-vertical 

pathways from deeper strata beneath the BSRs to pockmarks 

and a mud volcano on the seafloor. These blanked zones 
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include: (1) a vertical and extensive low acoustic amplitude 

section (seismic chimneys) beneath BSR 1 which leads to 

pockmarks on the seafloor (Figure 13). This section appears to 

extend to sub-bottom depths greater than 750 ms (twt) within 

the reservoir prone Agbada formation and; (2) an acoustically 

transparent cone-shaped section beneath BSR 1 that extends 

from depths in excess of 2000 ms twt to an active mud volcano 

on the seafloor. At places within the acoustically transparent 

cone, partial stratification of the host rock can be observed. 

Shallow enhanced seismic amplitudes occur within the fore and 

back limbs of thrust anticlines (Figure 13). These enhanced 

seismic amplitudes signatures sit on either side of the 

acoustically transparent cone-shaped section. 

BSRs in the study area tend to sole out in flat-lying strata 

away from the thrust anticlines where water depths become 

invariable (Figure 12). They also are generally associated with 

en echelon cascades of normal faults (Figures 9 & 10). Surface 

fault scars show two principal trends: a trend parallel to thrust 

anticline strike (NW-SE) and another in the NE-SW direction 

(Figure 9b). Within shallow pipe-like features and the mud 

volcano conduit, significant shoaling of stratigraphic 

reflections is common (Figures 9d, 11 & 12). In a region 

beneath a string of aligned pockmarks atop the hinterland 

anticlinorium, BSR 1 experiences considerable shoaling and 

occurs at shallower sub-bottom depths compared to other 

locations (Figure 13). Here the BSR signature is also wavy. 

6. DISCUSSION 

We regard BSRs 1, 2 and 3 as representing equilibrium-state 

BSRs which we define here as quasi-stable BSRs marking the 

current BGHSZ within the study area. These BSRs indicate the 

presence of gas hydrates within shallow sediments within the study 

area and an abundance of free gas and migration pathways. The 

absence of BSRs in the center of the study area, where faults do 

not reach to shallow sediments, suggests that the occurrence 

and preservation of the BSRs, depends on the supply of free gas 

from below through faults [16, 29, 31]. It is also possible that 

free gas supply to the BGHSZ is from methane formed in 

shallow sequences and focused by structural dips towards the 

thrust ridges. Extensive blanking of the seismic section is likely 

due to the high flux of fluids rising from deep-seated strata 

within the 

Agbada formation (Figure 11 & 13). Seismic evidence of 

thermogenic fluids migration from deep strata comes from 

several sources; (1) a vertical and extensive low acoustic 

amplitude section (seismic chimneys) beneath BSR 1 which 

leads to pockmarks on the seafloor (Figure 13); (2) shallow 

reservoirs indicated by the enhanced seismic amplitudes occur 

within the fold limbs of thrust anticlines (Figure 13). and; (3) 

the acoustically transparent cone-shaped section. Since partial 

stratification occurs within the cone-shaped section, the 

blanking is possibly as a result of both mobilized shales and 

associated flux of petroliferous fluids rising from within the 

Agbada formation [6, 18, 55]. The seismic chimney and 

enhanced seismic amplitude reservoirs indicate the presence of 

free gas-bearing sediments beneath the BSR [6, 18]. The 

deeply-routed acoustically transparent zone indicates a 

significant proportion of the migrating fluid comes from deep 

sources and are likely thermogenic in nature [55]. Further, the 

mud volcano shows signs of ebullience into the water column 

(Figure 11). BSR 1 appears to act as a lateral seal across a 

sediment wedge. Inclined high amplitude reflections within 

thesediment wedge beneath the BSR probably indicate the 

presence of shallow gas accumulation. 
 

Fig. 13: (a) Seismic line through the more hinterland thrust system of the 
anticlinorium (see Figure 1 for location). (b) Instantaneous amplitude section. 
Free gas migration and storage indices within the study area include extensive 

acoustically blanked sections at depth, shallow anomalously high amplitude 
strata reflections within fold limbs and vertical seismic chimneys leading to 
strings of pockmarks on the seafloor. Beneath the string of pockmarks, BSR 1 
experiences a push-up possibly as a result of escaping warm petroliferous fluids. 
Amplitude section reveals fluid migration through shallow subtle faults and 
diffuse fluid-flow conduits (yellow arrows). 

 
The flat geometry of BSR 1 beneath narrower sections of 

canyons likely relates to thermal re-equilibration with depth 

Higher thermal gradients likely occur beneath narrower 

canyons relative to wider ones and therefore results in a lower 

hydrate zone thickness [56]. The presence of pockmarks at the 

bottom of these canyons could facilitate higher geothermal 

gradients at such locations as petroliferous fluids escaping 

through the pockmarks would convey high amounts of heat to 

shallower strata along the escape routes [55]. The relatively 

lower SSA for the volcano and pockmarks indicates ongoing or 

recent eruption activity on the mud volcano and pockmarks. 

Increased BSR amplitudes beneath canyon locations likely 

indicate the preferential accumulation of free gas at these 

positions. The presence of pockmarks above these 

accumulations presents further evidence of focused fluid flow 

and ebullience into the water column along the canyons. The 

BGHSZ (as indicated by the BSRs), often in conjunction with 

a mass transport complex (MTC) (Figure 10), acts as a 

temporary barrier to fluid migration from below, allowing free 

gas to accumulate beneath these locations and thereby 

increasing the acoustic impedance across the BSRs. Further 

accumulation may result in excessive fluid pressures [57] and 

consequent rupture of the BSR as to permit intermittent fluid 

release through the pockmarks [58]. Alternatively, the gas 

hydrate seals may be breached by episodic activity along 
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Fig. 9: Maps of BSR coverage for the study area; (a) time map, (b) fracture skeleton (beneath BSRs, (c) instantaneous amplitude and (d) isopachs. Implied fracture 
density is greater beneath BSRs. Minimum sediment thicknesses (in two-way time) occur beneath the mud volcano, the active pockmarks and the narrow channel 
on the southeastern edge of the anticlinorium. Maximum thicknesses occur on the limbs of the thrust ridge and the seaward face of the anticlinorium. The dashed 
black line indicates the location of the canyon which runs along the anticlinorium face while the dashed blue and yellow lines indicate the position of the second 
canyon. 

 

Fig. 10: Composite seismic panel showing the equilibrium-state BSRs 1, 2 and 3; (a) SW-NE seismic line (see Figure 1 for location); (b), (c) and (d) zoomed 
views of BSRs 3, 2 and 1, respectively. The BSRs occur in the crest of active thrust folds and are often associated with en echelon normal faults (white arrows) 
and high amplitude seismic reflection packages indicative of shallow gas accumulation. The high amplitude reflections often straddle the BSRs with decreased 
amplitude above. BSR 1 frequently acts, along with the mass transport complex (MTC) as an upper limit for the high amplitude reflections. White arrows indicate 
subtle normal faults. 

shallow normal faults [59], allowing fluids to escape to the 

pockmarks (Figure 11). The shallow normal fault cascades 

likely serve to convey rising thermogenic fluid through the 

GHSZ. Consequently, free gas of thermogenic origins can 

migrate from deep within the sedimentary pile through thrust 

fault networks at depth and normal faults and vertical acoustic 

zones within shallow strata (Figure 9) to reach the seafloor. 

Stratigraphic push-ups within pipe-like features and the mud 
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Fig. 11: (A) Seismic line through the mud volcano and a canyon with a large radius of curvature, (b) and (c) are close-up views of indicated inserts. Where the 

curvature radius is large enough, BSR 2 mimics the topography of the seafloor. Abundant free gas (indicated by inverted cone-shaped acoustically blanked section) 
migrates from deep strata and mobilizes some shale to emerge at the seafloor through a mud volcano. Partial stratification can be observed at places within the 
blanked section indicating the preservation of some form of layering. BSR 1 cuts across inclined strata and is often vertically displaced by shallow normal faults. 
Frequently, seismic amplitudes of inclined strata dim above BSR 1 and could indicate the BGHSZ serves as a partial barrier to rising free gas. 

 

Fig. 12: (A) Seismic line through an active pockmark and low radius of curvature section of the anticlinorium seafloor canyon. (b) and (c) are close-up views of 
indicated inserts. Where the radius of curvature of the canyon is small, BSR 2 maintains a flat disposition. Vertically displaced sections along BSR 2 lie beneath 
the locations of pockmarks at the bottom of the canyon. Free gas takes advantage of thrust fault planes (yellow arrows) to reach the seafloor. The major pockmark 
shows active ebullience into the water column while an adjacent one to its north appears relatively dormant. 
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volcano conduit could indicate the presence of massive 

hydrates [60, 61]. Alternatively, they may be due to authigenic 

carbonate precipitation [62] along the pipe walls and high- 

velocity mud within the mud volcano conduit compared to the 

host sediments. 

The shoaling of BSR1 beneath pockmark locations is most 

probably related to higher thermal fluxes at such locations 

(Figures 9 & 12). BSR shoaling beneath pockmark locations is 

thought to be driven by higher heat fluxes resulting from rising 

petroliferous fluids from deep within the sedimentary pile [a7, 

63, 64]. The greater heat flow rate serves to limit gas hydrate 

stability and shallow the BSR. Where the BSR disappears, very 

high geothermal gradients likely exist. This could entirely 

preclude the formation of gas hydrates in the sediments and 

consequently, the BSR may not occur. Alternatively, in the 

presence of hydrates within the sediments, rising warm fluids 

would penetrate across hydrate-bearing sediments, potentially 

through fracture networks and possibly induce hydrate 

dissociation. This could induce sufficient ‘perforations’ within 

the hydrate zone which in turn precludes the accumulation of 

free gas in sediments beneath the zone and the formation of a 

seismically detectable BSR at these locations. 

Gas supply for hydrate formation in the study area likely comes 

from deeply buried sources. The study area lies south of two major 

deepwater oil and gas discoveries, Bonga (>1500 m water depth) 

and Bobo (~2000 m water depth), the latter with indications of fluid 

migration through thrust systems connecting the basal Akata source 

rock detachment zone to fluid vents on the seafloor [49]. 

Although biogenic gas contributions cannot be ruled out even at 

considerable depths [65], available seismic evidence in the study 

area indicates an abundance of thermogenically sourced gas. Free 

gas migrates from depth, as is evident from the blanking of the 

seismic data, likely through extensive fracture networks that link 

multiple thrust fault fans at depth with shallow cascades of blind 

normal faults in the apexes of thrust-related fold anticlines [66], 

2007). The extensive seismic blanking at depths (>2000 m bsf) 

suggests the breaching of deep-seated reservoirs or the fracturing of 

over-pressured matured source rocks at depth. Both scenarios are 

plausible, particularly beneath the anticlinorium. Anticlinoria in the 

outer fold and thrust belt of the Niger Delta, are in general, located 

above basal master ramps which connect multiple detachment levels 

within the over-pressured Akata source rocks [37, 40, 49]. These 

master ramp locations favour the accumulation of excess pore 

pressures [40, 49], and involve the fracturing and partial destruction 

of the original rock fabric [50, 57, 67]. 

Rising gases are often temporarily trapped in shallow reservoirs 

within thrust anticlines from where they are released and further 

migrate through normal faults and acoustically blank zones to the 

BGHSZ (Figure 14). This is suggested by the observation of high 

amplitude reflection strata in the fold limbs of thrust anticline, 

interpreted as shallow free gas accumulations, particularly within 

the anticlinorium. The BGHSZ (often along with a mass transport 

complex) could serve as a second temporary barrier to the migration 

of the gases towards the surface. Free gas not incorporated into 

shallow sediments as hydrates ultimately reach the seafloor through 

multiple normal faults and possibly through permeability gateways 

perforated into hydrated sediments by rising high-temperature 

thermogenic gases [18, 21, 55 68]. Pockmarks and ebullient mud 

volcanoes on the seafloor serve as the final outlets for the gases into 

the water column. The GHSZ therefore, serves multiple functions: 
1) it serves as a hydrocarbon reservoir incorporating migrating free 

gas (both biogenic and thermogenic) into shallow sediments in the 
form of gas hydrates, a potentially huge energy reserve; 2) it serves as 
a temporary barrier to free gas migration from deep within the 
sedimentary pile. In this way, it likely encourages the accumulation of 
substantial amounts of free gas in the pore volume beneath the 
GHSZ and also the buildup of considerable pore pressure and; 3) 
The GHSZ serves to collect free gas for focused migration, releasing it 
through shallow fractures which breach the GHSZ and through 
vertical chimneys created by high temperature rising fluids which 
perforate the gas hydrate sediments. The presence of pockmarks at 
canyon bottoms vertically above displaced sections along 
equilibrium-state BSRs suggests focused fluid migration. 

 
7. CONCLUSIONS 

We have documented the occurrence of multiple ‘equilibrium- 

state’ BSRs in a region within the outer fold and thrust belt of the 

Niger Delta. The BSRs are extensive and occur within near-seafloor 

 
Fig. 14: Fluid migration cartoon for the study area. Fluid migration is multi-stage. Gases 
expelled from fracture over-pressured source rocks and reservoir rocks at depth migrate 
through regional thrust faults to reach shallower anticlines. The MTC and BSR act to 
temporarily halt upward migration. Within shallow gas accumulations beneath the 
MTC/BSR barrier, some gas likely enters into a hydrate phase. Breached sections of 
the MTC/BSR barrier lead to pockmarks on the seafloor which serve as the final outlet 
into the water column. Red and blue dashed lines indicate the upper and lower 
detachments of the Akata Formation respectively. 

 
sediments anticlinal fold apexes. The equilibrium-state BSRs define 

the current BGHSZ which plays three key roles; (1) it serves as a 

reservoir incorporating rising thermogenic (and possibly biogenic) 

fluids as gas hydrates in shallow sediments; (2) along with a MTC, 

it serves as a seal which temporarily halts further migration of rising 

fluids, creating thereby a second reservoir holding free gas in the 

sediments below the GHSZ and; (3) it collects and channels rising 

fluids for focused release at the seafloor. Gas supply for the 

formation and preservation of these BSRs likely is an admixture of 

both biogenically derived gases and migrating gases of thermogenic 

origin. The delineation of BSRs within the outer fold and thrust belt 

of the Niger Delta hold potential and could serve as proxies for 

locating regions of reservoir occurrence and understanding fluid 

migration within the basin. 
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