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ABSTRACT 

Double-BSRs are enigmatic seismic data reflections with implications on subsurface fluid migration and phase, 

and hydrate stability in shallow subsea sediments. From 3D exploration seismic data, we detail the occurrence 

of a double BSR from the Offshore Niger Delta. Identified in an earlier study, we delineate the areal extent of 

the double-BSR and model expected temperatures at the deeper BSR to provide constraints on its origin. The 

deeper BSR occurs at a minimum estimated depth of 114 m below the upper BSR. Temperature modeling 

results indicate Structure I hydrates are unstable at the current depth of the deeper BSR. The lower seismic 

amplitudes and discontinuous nature of the deeper BSR and its apparent hinterland tilt relative to the upper 

BSR suggest it marked the base of the gas hydrate stability zone in the climatic (GHSZ) and tectonic past when 

the pressure-temperature (P-T) conditions were significantly different. We propose that recent tectonic uplift 

on the thrust-cored ridge system considerably altered local P-T conditions which led to the dissociation of gas 

hydrates and consequent upward migration of the base of the GHSZ to shallower levels until it reached its 

present state, leaving behind a tilted relic of its former position. The relic likely benefited from low advective 

rates which encouraged its preservation through time. We further reckon that the tilt of the Relict BSR relates 

to the rotation of the fold limb during recent thrust activity and as a result we aver that Relict BSRs may record 

limb rotation on fault-bend folds.  
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INTRODUCTION 

Bottom-simulating reflections (BSRs) are reflections seen on 

seismic data in gas hydrate settings that are believed to 

represent the boundary between the Gas hydrate stability zone 

(GHSZ) within shallow sediments and the free gas zone 

beneath (Shipley et al., 1979; Kvenvolden, 1993; Shyu et al., 

1998; Zillmer et al., 2005; Collett et al., 2009; Petersen et al., 

2010). They are considered to be the result of one of two 

possibilities (Bangs et al., 1995): (1) the formation of gas 

hydrates in sediments at the base of the GHSZ serves as a 

barrier that temporarily halts the migration of free natural gas 

to the seafloor leading to the accumulation of significant 

amounts of free gas beneath the GHSZ. This gives rise to an 

acoustic impedance contrast between the gas hydrate zone 

above and the free gas zone below, thus generating a strong 

negative polarity reflection (Miller et al., 1991; Chi et al., 

1998; Zillmer et al., 2005) and; (2) Since hydrates 

considerably alter the acoustic properties of sediments, a 

strong reflection could originate at the boundary between gas 

hydrate sediments above and the zone below (Stoll & Bryan, 

1979; Hyndman & Spence, 1992). The former hypothesis is 

often generally favored and the latter is regarded as a special 

diagenetic scenario that produces a reflection of similar 

polarity with the seafloor. BSRs are characterized by a reverse 

polarity reflection (i.e. compared to the seafloor reflection) 

that mimics the topography of the seafloor reflection (Chi et 

al., 1998, Ecker et al., 2000). They are generally characterized 

by increases in depths beneath the seafloor (sub-bottom 

depths) with increasing water depths (Chi et al., 1998, Ecker 

et al., 2000) and are commonly associated with the apexes of 

seafloor thrust-cored folds, mud volcanoes and seafloor 

channels (Brooks et al., 2000; Paganoni et al., 2016; Aminu 

& Ojo, 2024). 

A double BSR (DBSR) is a scenario where two bottom-

simulating reflections are stacked vertically, one above the 

other (Bangs et al, 2005). DBSRs have been documented in 

several locations around the world (Posewang & Mienert, 

1999; Matsumoto et al., 2000; Foucher et al., 2002; Baba & 

Yamada, 2004; Bangs et al., 2005; Popescu et al., 2006; 

Paganoni et al., 2016,). Although the deeper BSRs have not 

been penetrated by wells, the upper BSR is usually believed 

to represent the current base of the Structure I (sI) GHSZ 

while the deeper BSR has been ascribed to four possibilities: 

(1) Relict BSRs which mark the position of the base of GHSZ 

in the climatic past and which are in the process of 

dissociation and migration to shallower level as a result of 

changes in climatic and or tectonic conditions (Bangs et al., 

2005, Popescu et al., 2006); (2) BSRs related to specific 

equilibrium compositions of gas hydrates which are stable at 

much elevated P-T regimes or greater depths and fluid flux 

rates (Posewang & Mienert, 1999; Andreassen et al., 2000; 

Paganoni et al., 2016, Pecher et al., 2017); (3) The lower 

boundary of a transition zone between gas hydrates and free 

gas (Baba & Yamada, 2004) and; (4) Diagenesis-related 

transition from opal-A to opal-CT (Hein et al., 1978; Berndt 

et al., 2004). Paganoni et al., 2016, provide core and well-log 

resistivity data evidence of the occurrence of Structure II (sII) 

hydrates in the interval between a double BSR from the 

continental slope of the Sabah province, Offshore NW Borneo 

margins. The study demonstrated that the upper BSR, rather 

than representing the base of the GHSZ instead approximates 

the boundary between sI hydrates above and sII hydrates 

below. Chemical fractionation of migrating thermogenic free 

gas was adduced for the elevated concentration of gas 

hydrates beneath the shallower BSR relative to the interval 

above it. The results indicated that for geological settings 

dominated by thermogenic gas migration, the hydrate stability 

zone may extend to much deeper levels than is suggested by 

the shallower BSR. A rare case of four vertically stacked 

BSRs within the levee deposits of a buried channel system 

was reported from the Black Sea (Popescu et al., 2006; Zander 

et al., 2017). The BSRs are related to the architecture of the 
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Danube deep-sea fan and have been adduced to be due to 

either the effects of past bottom-water temperature changes 

and sea-level variations (Popescu et al., 2006) or the 

temperature effects of rapid sediment deposition (Zander et 

al., 2017). It is suggested that the Danube fan is in thermal 

disequilibrium and that the dissociation of gas hydrates at the 

paleo-BSRs in an ongoing process since the last glacial 

maximum (Zander et al., 2017). Geletti & Busetti (2011) 

presented seismic evidence of a DBSR reflector in the 

Victoria Land Basin, western Ross Sea, Antarctica. By re-

processing multichannel seismic streamer data and using 

amplitude-variation with offset (AVO) modeling, they assert 

the possibility of free gas and gas hydrates at both the upper 

and deeper BSRs as they both occur within the hydrate 

stability zone in the area.  

In the Offshore Niger Delta, four DBSRs have been reported 

(Aminu & Ojo, 2024). These DBSRs generally lie in the distal 

Outer fold and thrust belts of the Niger Delta where the 

sedimentary succession is generally thinner and hydrocarbon 

reservoirs occur at much shallower sub-seafloor depths. The 

DBSRs occur in the apexes of thrust-cored folds that 

generally reach the seafloor having been tectonically active in 

the recent. In this study, we present, to the best of our 

knowledge, the first detailed report of a double BSR from the 

Offshore Niger Delta region. The aim was to charcaterize this BSR 

occurrence, adduce a probable interpretation of its origin and its 

potential relationship to recent thrust activity in the region. 

 

Regional Geological Setting 

The Niger Delta lies between latitudes 3˚N and 6˚N and 

longitudes 3˚E and 9˚E in southern Nigeria (Figure 1). The 

Delta is bound by the Benin Flank, the Abakaliki High, and 

the Calabar Flank to the west, north and northeast 

respectively. These collectively mark the onshore limits of the 

Delta. The Dahomey Basin and the Cameroon Volcanic line 

mark the western and eastern limits of the offshore extents of 

the Delta. The sediment thickness contour of 2000 m or the 

4000 m water depth contour to the south and southwest 

defines its seaward limits (Weber & Daukoru, 1975; Tuttle et 

al., 1999).

 

 
Figure 1: The province outline of Offshore Niger Delta. The study area is OPL 250 (red polygon) 

in the western Niger Delta. Water depth is generally more than 1400 m. The enlarged red polygon 

indicates the spatial locations of seismic sections presented in this study. Red line indicates the 

position of the interpreted line shown in Figure 2. (Modified after Aminu and Ojo, 2021a) 

 

The Delta is dominated by shale tectonics with gravity-driven 

collapse of the sedimentary column in the proximal regions 

leading to shale diapirism and thrusting in the more outboard 

regions of the Delta. This has resulted in five distinct tectonic 

provinces (Corredor et al. 2005) in succession from the 

onshore to the distal offshore; an extensional province, a shale 

diapir province, the inner fold and thrust belt, a detachment 

fold province and the outer fold and thrust belt (Figure 2). The 

initial disposition in these provinces was predominantly 

influenced by the bathymetry of the oceanic crust below 

(Corredor et al., 2005; Aminu & Ojo, 2018). Later thin-

skinned deformation has largely been the result of gravity-

driven shale tectonics (Wu & Bally, 2000; Bilotti & Shaw, 

2005; Corredor et al. 2005). Other significant factors that 

have influenced the development of the Delta include 

fluctuations in sea level and the rate of sediment supply from 

the hinterland (Doust & Omatsola, 1990).
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Figure 2: Regional seismic profile across the Niger Delta indicating its five tectonic provinces. Gravity-driven shale tectonics 

leads to differential strain across the structural provinces of the Delta (Adapted from Corredor et al., 2005). 

 

The stratigraphic succession of the Delta consists of three 

Formations (Frankl & Cordry, 1967; Short & Stauble, 1967; 

Avbovbo, 1978; Reijers, 2011). At the base of the succession 

is the Akata Formation, a foraminifera-rich transgressive 

shale of marine origin that underlies the entire Delta (Figure 

3).

 

 
Figure 3: Stratigraphic of the Niger Delta. Syn-rift clastic 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 (Aminu and Ojo, 

2021a). 

 

The Akata possibly in part, overlies syn-rift clastic fragments 

of the oceanic basement (Corredor et al. 2005; Sahota, 2006). 

It is the principal source rock of the Delta.  The Agbada 

Formation is a faulted sequence of alternating continentally 

sands and marine shales (Avbovbo, 1978). It conformably 

overlies the Akata and is the dominant reservoir rock of the 

Delta. Its shale intercalations serve as seals for most reservoir 

configurations and have been proposed as a potential second 

source of hydrocarbons (Nwachukwu & Chukwura, 1986) in 

the Delta. The Benin Formation consists of massive, porous 

and unconsolidated, usually fresh-water continental sands and 

overlies the Agbada for most of the Delta (Avbovbo, 1978; 

Reijers, 2011). In the deepwater sections of the Delta, the 

Benin Formation grades seaward into the deepwater clastics 

of the Agbada Formation (Cobbold et al., 2009; Maloney et 

al., 2010). 

 

MATERIALS AND METHODS 

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 for Operating 

License (OPL 250). The seismic data was acquired in 1999 by 

Petroleum Geo-Services. The seismic volume was zero-

phased post-stack time migrated with a data coverage of 460 

sq Km and a record length of 7400 ms. Summary survey 

details and acquisition/processing parameters can be found in 

Aminu & Ojo (2021a).  
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Earlier multiple BSRs were interpreted from the seismic data 

(Aminu & Ojo, 2021a) including four DBSRs (Aminu & Ojo, 

2024). Here, we identify and delineate the lateral extent of a 

double BSR. Further, we modeled expected subsurface 

temperature conditions at the BSRs earlier mapped in Aminu 

& Ojo (2021a), and at the double BSR identified in this study. 

We modeled the expected temperature (T) at the deeper BSR 

and equilibrium-state BSRs using the relationship (Berndt et 

al., 2004):  

𝑇(𝑧) =
𝑑𝑇

𝑑𝑧
ℤ + 𝐶     (1) 

Where dT/dz is the geothermal gradient for the area, ℤ is sub-

bottom depth and C is water bottom temperature. Depth 

ranges were calculated using a velocity of 1480 ms-1 

(Maloney et al., 2010) for the water column and a local 

velocity curve for near-surface sediments (see Figure 4 for 

curve and location). Up to 500 m sub-bottom, velocity 

increase is slow, reaching a maximum of 1518 ms-1 indicating 

relatively unconsolidated sediments. Similar estimates had 

been suggested for near-surface sediments in the Niger Delta 

(Adeogba et al., 2005; Ruffine et al., 2013) for shallow 

sediments. A water bottom temperature range of 2.5 – 3.5 C 

(Brooks et al., 2000) was considered and an average 

geothermal gradient of 58˚C km-1 (Brooks et al., 2000) was 

utilized. Although Brooks et al. (2001) acknowledge the 

challenge of obtaining a geothermal gradient trend for the 

Niger Delta, this temperature range and geothermal gradient 

represent typical values in the Niger Delta for water depths 

similar to those encountered in the survey area (Brooks et al., 

2000). As the velocity information was sparse, time-to-depth 

conversion for the seismic data was not done. Seismic 

sections are therefore displayed in two-way travel time (twt).  

 

RESULTS AND DISCUSSION 

Study Area Bathymetry 

Figure 4 is the revised seismic seafloor map from Aminu & 

Ojo (2021a). The study area hosts two thrust-cored 

bathymetric ridges (Figures 4 & 5): (1) an anticlinorium 

consisting of multiple thrust systems involving duplexing of 

thrust fans and possibly a master ramp and ; (2) A thrust-cored 

ridge in the distal part of the study area whose ridge axis hosts 

a kink. Both structures are southwest verging thrust systems. 

The seafloor further hosts a mud volcano, seafloor canyons, a 

slope slump scar, and multiple fluid vents with divergent 

morphologies operating on varying time scales. Details of the 

geologic disposition of the area and the nature of the geologic 

features can be found elsewhere (Aminu & Ojo, 2021a, 

2021b).

 

 
Figure 4: Seafloor map of the study area. The anticlinorium hosts a mud 

volcano, a slump scar, strings of oval overlapping pockmarks and seafloor 

canyons. Pockmarks often occur along canyon bottoms. Red polygons 

represent lateral extents of respective equilibrium-state BSRs from Aminu 

and Ojo, 2021a. Irregular yellow polygon represents the lateral extent of the 

deeper BSRD. (a) Time-map of BSRD. Dashed grey lines represent transects 

along which BSR depth relationships were evaluated. (Modified after 

Aminu and Ojo, 2021 

 

Equilibrium-State BSRs 

The three ‘Equilibrium-State' BSRs earlier identified (Aminu 

& Ojo, 2021a) generally occur in the apexes of thrust-cored 

anticlines in the anticlinorium and the outboard thrust ridge in 

the water depths range 1646 – 2561 m (Figures 4 and 5). BSRs 

1, 2, and 3 have area coverage of 20 km2, 50 km2 and 121 km2, 

and a combined acreage of 191 km2, representing roughly      

41% of the study area. Figure 6 is a plot of water depth against 

sub-bottom depths for BSRs 1, 2 and 3 sampled at regular 

intervals along the dashed grey lines in Figure 4. Sub-bottom 

depth increases with increasing water depth from BSR 1 to 

BSR 2 to BSR 3 (Figure 9a). However, considerable scatter 
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occurs within individual BSR plots, and BSRs 2 and 3, show 

overall trends of decreasing sub-bottom depths with 

increasing water depths. For BSR 3, this reverse trend results 

from reduced overburden pressures on the fold limbs which 

serves to decrease sub-bottom depths of the BSR and shallow 

the base of the GHSZ. Further contributions to the shoaling of 

the base of the GHSZ come from measurements of BSR sub-

bottom depths beneath canyon positions (plotted as yellow 

triangles) where the canyon’s radius of curvature is small. 

Reduced overburden pressures due to sediment removal and 

its substitution with the water column, at canyon positions, 

could make hydrates less stable and result in its dissociation 

at the base of the GHSZ (Kvenvolden, 1993) and consequent 

shoaling of the base of the GHSZ. The converse of this is true 

for sub-bottom depths of BSR 3 measured beneath locations 

with considerably enhanced relief on the ridge (plotted as 

green triangles). Increased overburden pressure enhances the 

stability of hydrates and moves the base of the GHSZ 

downward.

 

 
Figure 5: Field-wide seismic line indicating the typical structural configurations in the 

study area (see Figure 1 for location). Equilibrium-state BSRs 1, 2 & 3, occur in the faulted 

crests of thrust-cored anticlines. Thrust faults sole to the regional Akata detachment. 

Insert (a), (b) and (c) are zoomed-in images of BSRs 1, 2 and 3 respectively.  

 

For BSR 2, the decrease in sub-bottom depths with increasing 

water depths is due to measurements beneath canyon 

positions (plotted as yellow squares). This is true for sections 

of the canyon where the radius of curvature is small. BSR 2 

depths measured beneath such canyon locations plot at highly 

elevated geothermal gradients (Figure 6a), well beyond the 

suggested 58 ˚C/km average for the Niger Delta region 

(Brooks et al., 2000). This presents evidence of elevated 

temperature gradients at these locations and possibly suggests 

that pockmarks at the base of the canyon are actively venting 

thermogenic fluids from deep sources. The thermogenic fluids 

would convect warmer temperatures from deep sources. 

Alternately, if the canyon is recently formed, changes in 

geothermal gradients due to sediment removal would require 

a few thousand years to propagate to the base of the GHSZ 

(Bangs et al., 2010; Hornbach et al., 2008). Thus it is possible 

that the base of the GHSZ remains static at levels before 

sediment removal for a considerable period and occurs at 

significantly shallow levels. If measurements of sub-bottom 

depths beneath canyons are excluded from BSR 2 data, the 

plotted trend becomes almost flat, with relatively constant 

sub-bottom depths. The scatter is much less for BSR 1. 

However, sub-bottom depths beneath pockmark locations 

(plotted as red spheres) indicate a shoaling of the BSR beneath 

these locations. This probably results from higher geothermal 

gradients due to rising warm fluids which serve to make gas 

hydrates less stable and shallow the BGHSZ.
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Figure 6: (a) Sub-bottom depth versus water depth for equilibrium-state BSRs in the study area. (b) Subsea depth versus water 

depths. Pockmarks and canyons exert significant influence on BSR depths, making them shallower despite increasing water 

depths. Plot scatter is greatly reduced when subsea depth is substituted for water depths, but the shoaling and deepening effects 

of pockmark/canyons and ridge positions are preserved. Diagonal dotted lines in (a) indicate expected depth trajectories for 

the base of the GHSZ in the area for geothermal gradients 40˚–80˚ C/km. Colored polygons indicate sub-bottom/subsea depths 

at pockmarks (red), seafloor canyons (yellow) and ridges (green).  

 

Double BSR 

We observed a vertical stack of BSRs within the most 

outboard thrust-cored anticline. Apart from BSR 3, at least 

one deeper, albeit weaker reverse polarity reflection (relative 

to the seafloor) which cuts across sediment stratification exits 

(Figure 7). This reflection is persistent over several square 

kilometers (seismic inlines) at consistent but deeper levels 

beneath BSR 3. It occurs within the depth range 567 to 767 ms twt 

(445 – 602 m) below the seafloor and in water depths of 3189 to 

3286 ms twt (2360 – 2432 m). Vertically, its depth beneath BSR 3 

is in the range of 114 -189 m. This deeper BSR covers an area of 

10.7 sq Km (Figure 4). It shows weaker reflection amplitudes 

relative to BSR 3 and is less continuous. High amplitude 

reflections traversing sections of this deeper reverse polarity 

reflection from beneath have reduced amplitudes above it. 

Further, in the back limb of the anticline, the deeper BSR dips 

at higher angles towards the hinterland than BSR 3. 

Furthermore, it has a much shorter forelimb projection 

compared to BSR 3. Within the piggy-back basin of the 

anticline, the projection of the deeper BSR appears to parallel 

a high amplitude continuous reflector roughly 184 twt (139 

m) beneath the seafloor reflection (Figure 7). This high-

amplitude reflector has been identified as an unconformity, a 

paleo-seafloor, separating growth strata packages with 

differing dips (Aminu, 2018). We consider this observation a 

case of ‘double BSR’. The reduction in reflection amplitude above 

this deeper BSR suggests the presence of some free gas 

beneath it (Bangs et al., 2005). The increase in the dips 

between BSR 3 and the deeper BSR appears to compare well 

with the increase in dips between the seafloor reflection and 

the identified unconformity. Similar correlations between 

BSRs and paleo-seafloors have been made in the Black Sea 

region (Zander et al., 2017).

 

 
Figure 7:  Double BSR occurrence in the study area (see Figure 1 for 

spatial location). BSR 3 (the Upper BSR) soles out in flat-lying strata 

away from the fold limb. The deeper BSR (BSRD) dips at greater angles 

in the landward direction relative to BSRU and is less continuous and of 

lower amplitude. Normal faults (indicated by yellow arrows) traverse the 

BSRs.  

(a) (b)
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Temperature modeling 

Average estimated temperatures for BSRs 1 & 2 are within 

the hydrate dissolution curve of Brooks et al., 2000. For BSR 

3, the average estimated temperature is slightly beyond the 

curve. Comparatively, the calculated temperatures for the 

deeper BSR ranged from 28.9º C to 37.4º C for a gradient of 

58˚C km-1. Though the plots bear considerable scatter, 

computed average temperatures for equilibrium-state BSRs 

all plot around the pure methane hydrate stability/dissolution 

curve (Figure 8). The considered average geothermal gradient 

(58˚C km-1) possibly applies more accurately to the locations 

of BSR 1 & 2 where the presence of Seismic chimneys and 

associated pockmarks would rapidly convey warmer fluids 

from deeper sources and create elevated temperature 

gradients relative to BSR 3 location where such conduits are 

less abundant. This deviation underscores the need for site-

specific determination of geothermal gradients in the Delta 

(Brooks et al., 2001). Estimated temperatures for the deeper 

BSR plot considerably beyond the stability range for known 

gas hydrates in the region and may indicate gas hydrates 

(specifically, sI hydrates) are not stable at the deeper BSR. 

 

Origin of the Deeper BSR 

Temperature modeling results (Figure 8) indicate that the 

equilibrium-state BSRs occur at depths that confer upon them 

temperatures just within range of the stability boundary for pure 

methane sI hydrates within the Niger Delta. The deeper BSR exists 

at depths that confer upon it temperatures beyond this stability zone. 

This practically rules out the presence of sI gas hydrates below 

BSR 3. Although sII hydrates could form beneath an equilibrium 

state BSR (Paganoni et al., 2016), reported compositions for gas 

hydrates retrieved from the Niger Delta largely consist of sI gas 

hydrates with methane as the dominant gas (Brooks et al., 2000). 

The noted exception involves hydrates retrieved from a large active 

pockmark linked to a fault that extends more than 1000 ms (twt) 

beneath the seafloor (Ruffine et al., 2013). 

 

 
Figure 8: Subsea depths versus estimated subsurface temperatures for BSR 

locations in the study area superimposed on the plot of water depth versus 

temperature for seafloor gas hydrate dissolution data from Brooks et al. 

(2000). Estimates for equilibrium-state BSRs (red, blue and green discs), 

generally plot within acceptable error limits of the gas hydrate dissolution 

curve. Group averages are highlighted as red, yellow and green discs with 

thick black rims. Estimates for BSRD (28.9 – 37.4 ºC, brown dots – only 

lower end shown) plot well beyond the stability curve for gas hydrates. 

Purple dots indicate seafloor gas hydrate dissolution data from Brooks et 

al., 2000. 

 

Hydrates retrieved from regions without pockmarks are markedly 

biogenic in nature. It, therefore, is unlikely that the deeper BSR is 

related to BSRs associated with specific equilibrium 

compositions of gas hydrates (Posewang & Mienert, 1999; 

Andreassen et al., 2000) which involve propane-rich sI 

hydrates known to be stable at much higher temperatures 

(Sloan & Koh, 2007; Paganoni et al., 2016). The instability of 

gas hydrates at the deeper BSR depth would also eliminate the 

possibility that the BSR relates to the lower boundary of a 

transition zone between gas hydrates and free gas suggested 

by Baba & Yamada (2004). This leaves us with two 

possibilities as to the origin of the deeper BSR; (1) Relict 

BSRs which mark the position of the base of the GHSZ in the 

climatic and tectonic past (Bangs et al., 2005, Popescu et al., 

2006); or (2) Diagenesis-related transition from opal-A to 

opal-CT (Hein et al., 1978; Berndt et al., 2004). We argue 

based on observations in the current study that the deeper BSR 

is a relic of BSR 3 and not a diagenesis-related opal A/opal 

CT transition. The mineral transition from opal A to opal CT 

leads to an increase in acoustic impedance across the interface 

with depth and consequently, results in a positive reflection 

polarity (Hein et al., 1978; Berndt et al., 2004, Bangs et al., 

2005), i.e. same polarity as the seafloor reflection. The deeper 

BSR here is a negative polarity reflection which indicates a 

decrease in acoustic impedance across the reflector. This is 

typical of BSRs which define the base of the GHSZ where 

acoustic impedance drops in traversing the hydrate saturated 

zone above to the free gas zone below (Miller et al., 1991; 

Bangs et al., 2005; Popescu et al., 2006). Further, the 

relatively weaker amplitudes of the deeper BSR compared to 

BSR 3 and its less continuous signature favor an interpretation 

of a BSR already in the process of dispersion (Foucher et al., 

2002; Bangs et al., 2005). We therefore opine that the deeper 

BSR is a relic of BSR 3. If our interpretation is correct, the 
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continued survival of the Relict BSR must be contingent upon 

the availability of methane in the pore waters through time 

and a slow advective rate for the diffusion of the methane 

comprising the previous base of the GHSZ (Bangs et al., 

2005; Paganoni et al., 2018). Differential advection most 

likely occurs; highly discontinuous sections of the relict-BSR 

coincide with the projected locations of normal faults within 

the fold crest (Figure 7). Furthermore, most of the Relict BSR 

and certainly the more continuous sections thereof largely 

occur in the region of the back limb of the foreland ridge 

where faulting is less abundant (Figure 7). Greater advection 

rates can be expected to occur at the fold crests as a 

consequence of higher fault density relative to the back limb 

of the fold (Bangs et al., 2005). 

 

BSR tilt related to thrust activity 

Sea level rise and global warming conditions of the bottom waters 

since the last glacial maximum could also have exerted significant 

influence on the stability of gas hydrates globally (Bangs et al., 

2005; Popescu et al., 2006). These two phenomena have opposing 

influences on the stability of gas hydrates (Bangs et al., 2005). 

Rising sea levels result in increased overburden pressure (Bangs et 

al., 2005). This makes gas hydrates more stable and serves to move 

the base of the GHSZ to deeper depths. Warming of bottom 

waters confers the opposite effect, leading to shifts in BSR position 

to shallower subsea depths (Bangs et al., 2005). Bangs et al., 2005, 

modeled the expected combined effect of a sea-level rise of 120 -

130 m (global range according to Waelbroeck et al., 2002) since 

the last glacial maximum (~ 18 kyr ago) and concurrent 2.2 ºC rise 

in bottom water temperature (Waelbroeck et al., 2002) on the 

uplift of a relict BSR in the hydrate ridge area offshore Oregon. 

Their results indicate that such conditions taken together were 

sufficient to raise the deeper BSR to the position of the upper BSR 

(a 20 - 40 m rise) in their study area. The bottom water temperature 

rise utilized was P-T conditions for the Pacific Ocean. Global sea 

bottom temperatures were lower than they are today by 2-5°C 

(Labeyrie et al., 1992; Adkins et al., 2002; Mienert et al., 

2005). If we assume similar P-T changes for the South Atlantic 

Oceans since the last glacial maximum as Bangs et al. (2005), the 

combined effect of rising bottom temperatures and sea-level rise (a 

20 – 40 m rise), is insufficient to explain the observed uplift 

between our deeper BSR and BSR 3 (a minimum of 114 m).  

 

On the other hand, Bangs et al. (2005) suggest that rapid uplift 

occasioned by extreme tectonic events, such as seamount or 

ridge subduction, could serve to create sufficient conditions 

for the migration of a BSR over considerable intervals, up to 

100– 170 m within periods comparable to the period since the 

last glacial maximum. There is no evidence of such extreme 

processes beneath the foreland ridge in this study. However, 

considerable rapid uplift likely results from the somewhat 

periodic thrusting episodes on a thrust-cored fold in the study 

area (Aminu & Ojo, 2021a). The greater dip of the deeper BSR 

in the hinterland direction relative to BSR 3 points to recent 

fold growth accompanied by some component of limb 

rotation within the foreland thrust system. Probably, as the 

foreland thrust re-activated periodically and fold growth and 

uplift were accompanied by limb rotation, significant changes 

occurred in the Pressure-Temperature (P-T) regime within the 

area and the deeper BSR and growth strata on the back-limb 

of the anticline were tilted in the hinterland direction. Aminu 

& Ojo, 2021a, provide evidence of recent episodic thrusting 

and fold limb rotation on the outboard thrust-cored anticline 

in the study area. We believe that this uplift served to reduce 

the thickness of the water column above the foreland ridge. 

Reduced hydrostatic pressures in turn led to instability of gas 

hydrates at the base of the GHSZ and dissolution to free gas 

(Bangs et al., 2005). Consequently, the BSR migrated upwards to 

its current position, BSR 3, leaving behind a yet-to-fully disperse 

relic of its former position. The associated limb rotation tilted the 

deeper BSR in tandem with growth strata on the back limb of the 

foreland thrust fold.  

It is our preferred opinion that this recent activity on the foreland 

thrust led to significant sediment uplift within the foreland ridge and 

thus had a greater effect on the migration of the base of the GHSZ 

to shallower depths.  The combined effects of rising sea levels and 

the warming of bottom waters since the last glacial maximum 

certainly provided further contributions to shift the BSR upwards. 

If our submissions are correct, we propose that Relict BSRs, where 

preserved, may serve to document fold growth and the amount of 

limb rotation in fault bend folds that grow with a component of limb 

rotation. Increasing dips on double BSRs may, therefore, hold the 

prospect of utilization in ways similar to the use of the fanning limb 

dips (Schneider et al., 1996: Shaw et al., 2004) on growth 

sediments in resolving complex issues relating to the kinematics of 

fault activity. This certainly requires information on sedimentation 

rates and reasonable constraints on the identification of the seismic 

reflections representing the paleo-seafloor for which the Relict 

BSR served to define the base of the GHSZ.   

 

CONCLUSION 

We have presented the first detailed report of the occurrence of a 

double BSR in the Offshore Niger Delta. This distinctive 

occurrence involves two BSRs with differing dips separated by a 

zone of dimmed amplitude reflections. The upper BSR (earlier 

reported - Aminu & Ojo, 2021) in our view defines the current base 

of the Structure I GHSZ in the area while the deeper BSR defines 

the base of GHSZ in the geologic and climatic past. Seismic 

evidence coupled with temperature modeling results indicate the 

possibility of a significant change in the P-T conditions in the region 

and appear to favor an interpretation of a Relict BSR that is in the 

process of dispersion. Preservation of the Relict BSR is likely 

related to slow and differential advective rates for migrating 

methane-rich fluids. Further, we believe the Relict BSR possibly 

documents the amount of uplift of the BGHSZ since the last glacial 

maximum and the amount of fold limb rotation since the last major 

tectonic activity of the associated thrust fault. Relict BSRs may, 

therefore, serve as proxies for determining the amount of fold limb 

rotation within the study area. 
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