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ABSTRACT

Mass-wasting episodes lead to significant changes in the pressure and temperature regimes within shallow
marine sediments and induce variations in the thickness of the gas hydrate stability zone. These variations are
marked by vertical migrations of bottom-simulating reflections that typically mark the base of the hydrate
zone. Using exploration seismic data from the Offshore Niger Delta, this study presents two examples
involving the vertical migration of the base of the gas hydrate stability zones induced by mass-wasting events.
The first is related to a slope failure surface along the forelimb of an active thrust-cored anticline with
considerable bathymetric relief. Sediment removal has induced both a decrease in overburden pressure and an
incursion of cooler temperature flux in strata in the anticline and led to a migration of the base of the gas
hydrate stability zone to deeper levels. The second case is related to a recent erosional event that has led to
sediment removal along a seafloor channel course. Evidence of ongoing migration of the base of the gas
hydrate stability zone to deeper levels is provided by the lateral termination of a BSR along channel wall, its
absence beneath the channel bottom and its apparent downward bend close to the channel fringes. Apart from
unroofing hydrate systems and releasing free gas into the ocean and possibly the atmosphere, mass-wasting
events on the seafloor, represent significant drivers influencing the formation of gas hydrates in shallow subsea
sediments and the thickness and depths of the gas hydrate stability zone.
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INTRODUCTION

Gas hydrates (GH) are clathrates of water and gas, frequently
methane, but also higher alkanes in some cases. They form in
conditions of high pressure, low temperature and high salinity
(Sloan and Koh, 2007: Collett, 2009). GH occur on land,
beneath permafrost regions, and at sea, in shallow sediments
along continental margins (Riboulot et al., 2018). GH is
considered a potential contributor to ocean acidification
(Valentine et al., 2001) and climate change (McGinnis et al.,
2006; Solomon et al., 2009; Dickens 2003) due to methane
gas release during GH dissociation, even though it is uncertain
what amounts of methane released from GH dissociation
reaches the atmosphere or what effects it might have on
climate (Kesser, 2014).

Many factors influence gas hydrate stability in marine
sediments and consequently can change the depth of the base
of the gas hydrate stability zone (BGHSZ). These factors
include pressure and temperature, gas composition and pore
water salinity (Sloan 2003; Holder et al., 1987; Collett, 2009),
capillary forces (Daigle and Dugan, 2011), and the pore size
and thermal properties of sediment (Clennell et al., 1999). GH
stability can further be disrupted in an otherwise static hydrate
system by several processes including (1) sudden and
significant increases in water-bottom temperature, tectonic
uplift, and rapid sedimentation (Bangs et al., 2005, 2010;
Foucher et al., 2002; Zander et al., 2017); (2) the rise of warm
and high-salinity fluids through the GHSZ (Boswell et al.,
2012; Minshull & White, 1989; Taladay et al., 2017; Tréhu et
al., 2004); and (3) changes in gas compositions (Andreassen
et al., 2000; Geletti & Busetti, 2011; Tinivella & Giustiniani,
2013) and the subsurface pressure regime (Pecher et al., 2017,
Tinivella & Giustiniani, 2013). Such disturbances of the
hydrate zone lead to changes in the thickness of the gas
hydrate stability zone (GHSZ). These changes can influence
the appearance of bottom-simulating reflections (BSRs) that
mark the base of the hydrate sediments. Rising warm and
high-salinity fluid lead to a shoaling of the BSR and the

interruption of its otherwise continuous character (Chen et al.,
2012, 2014; Crutchley et al., 2014; Hyndman & Davis, 1992;
Pecher et al., 2010). Other processes may produce multiple
BSRs that are spatially collocated but occuring at different
sub-bottom depths (Popescu et al., 2006; Zander et al., 2017).
All these factors lead to vertical migrations of the BGHSZ.

Pressure and temperature changes exert the greatest influence
on the migration of the BGHSZ (Sloan and Koh, 2007).
Increasing pressure serves to increase the stability of GH and
leads to a thickening of the BGHSZ and its migration to
deeper depths. Increasing sub-bottom temperature serves to
destabilize GH and thin the BGHSZ and thus shallow its base.
The pressure effect is generally assumed to propagate to the
GHSZ rapidly and influence the thickness of the GHSZ
immediately (Bangs et al, 2005). The temperature effect on
the other hand is believed to propagate to the BGHSZ over an
extended period that could be up to 10000 years (Bangs et al,
2005). The temperature effect therefore lags the pressure
effect in scenarios where both factors change. Increases in
overburden pressure can result from sea-level rise and
increased sedimentation due to mass wasting events (Ruppel,
2000; Davy et al., 2010). This results in a thickening of the
GHSZ and serves to move the BGHSZ to deeper levels.
Conversely, tectonic uplift of the seafloor, sea-level drop and
mass wasting events lead to decreased overburden pressures
and serve to move the BGHSZ to shallower levels (Sloan and
Koh, 2007; Ruffine et al., 2013). Increases in ocean bottom-
water temperatures and the accent of warm fluids from deep
strata into the GHSZ raise the temperature of the shallow
subsurface, destabilize GH and lead to a shoaling of the
BGHSZ (Hyndman and Davis, 1992; Pecher et al., 2010).

The migration of the BGHSZ is often evident in exploration
seismic data with the development of double BSRs; a vertical
or near vertical stacking of two or more BSRs (Posewang and
Mienert, 1999; Matsumoto et al., 2000; Foucher et al., 2002;
Baba and Yamada, 2004; Bangs et al., 2005; Popescu et al.,
2006; Paganoni et al., 2016). The shallower BSR is generally
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regarded as approximating the base of the current methane
hydrates GHSZ while the deeper BSRs could represent the
base of the biogenic hydrate stability zone in the climatic past,
or the base of the thermogenic hydrate stability zone, or BSRs
related to the sedimentary architecture of depositional
elements and much more (Bangs et al., 2005; Paganoni et al.,
2016). In situations where the GHSZ has shifted to deeper
levels, the deeper BSR will approximate the current BGHSZ
while the shallow BSR would indicate the previous BGHSZ
(Kroeger et al., 2023).

GH have been recovered from core from the seafloor of the
Offshore regions of the Niger (Ruffine et al., 2006) but their
presence in shallow sediments in the Delta, has been mostly
inferred from industry seismic data sets and seafloor sonar
data (Hovland et al., 1997; Brooks et al., 2000; Cunningham
and Lindholm, 2000; Sultan et al., 2007, 2010, 2011; Aminu
and Ojo, 2024). Aminu and Ojo, 2024, report the occurrence
of four (4) double BSRs in the Offshore Niger Delta. This
study presents two examples of the migration of BSRs
believed to approximate the BGHSZ that are related to mass-
wasting events from the Offshore Niger Delta region.

The Geology of the Study Area

The Niger Delta ranks among the most prolific Oil and Gas
provinces in the world. Geographically, its limits are defined
by latitudes 3°N and 6°N and longitudes 3°E and 9°E (Figure
1), and it extends across the southern coast of Nigeria into
parts of Cameroon. It is delimited to the west and to the north
by the Benin Flank and the by the Abakaliki High,
respectively. Its limit eastwards is marked by the Calabar
Flank. Offshore, the Dahomey Basin and the Cameroon
Volcanic Line mark the western and eastern limits of the Delta,
respectively. The sediment thickness contour of 2000 m or the
4000 m water depth is regarded at the offshore limit of the
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Delta (Weber and Daukoru, 1975; Tuttle et al., 1999). The
Niger Delta formed at the site of the triple junction occasioned
by the separation of the African and South American
continents and the opening of the South Atlantic Sea (Burke,
1972; Whiteman, 1982). Rifting was commenced in the Late
Jurassic and continued through the Cretaceous (Lehner and
De Ruiter, 1977; Tuttle et al., 1999). The Niger Delta has five
structural provinces that are the result of gravity-driven shale
tectonics (Corredor et al., 2005) (Figure 2): (1) a proximal
extensional province hosting regional and sub-regional
growth faults and controlled by downward and seaward
movement of the basal shale sequence; (2) a diapiric province
where faults planes provide opportunity for buoyant shales to
reach shallow sediments; (3) the inner fold and thrust belt with
an imbricated thrust system whose seafloor expression is an
arcuate convex-to-sea ridge; (4) a detachment fold province
with little deformation and; (5) the outer fold and thrust belt
comprising two convex-to-sea lobes. The initial
sedimentation across the Delta was constrained by the
bathymetry of the oceanic crust below (Corredor et al., 2005;
Aminu and Ojo, 2018) while subsequent deformation has
been the result of gravity and buoyancy-induced shale
tectonics (Wu and Bally, 2000; Bilotti and Shaw, 2005;
Corredor et al., 2005). Strain resulting from the lateral motion
of mobile shales beneath the extensional province is
transferred seaward and results in buoyancy-induced diapiric
motion of shales in the diapir province and compressional toe-
thrust structures in the more distal regions of the Delta (Bilotti
and Shaw, 2005; Corredor et al., 2005). Significant though
lesser influences have been exerted by sea level variations and
the rate of sediment supply, on the development of the Delta
(Doust and Omatsola, 1990). Maximum water depth in the
Offshore Niger Delta is greater than 4000 m (Tuttle et al.,
1999).
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Figure 1: Bathymetric image of the Niger Delta highlighting
Adeleye et al., 2020 and Aminu and Ojo, 2021 )

major structural elements and province outline (modified after
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Figure 2: Structural provinces of the Niger Delta. Sediment collapse on the continental shelf leads to diapiric shale movement
and toe-thrust structures in the more distal portions of the Delta (adapted from Corredor et al., 2005)

The Niger Delta Basin consists of three stratigraphic units; the
Akata, Agbada and Benin Formations (Frankl and Cordry,
1967; Short and Stauble, 1967; Avbovbo, 1978; Reijers,
2011). The Akata Formation is at the base of the stratigraphic
succession and comprises of transgressive marine shales. Syn-
rift clastic fragments of the oceanic basement below possibly
underlie the Akata Formation (Corredor et al., 2005; Sahota,
2006) (Figure 3). It is considered the major source rock of the
Delta. The Agbada Formation is a faulted sequence of
intercalated continentally derived sands and transgressive
marine shales. The Agbada Formation overlies the Akata

Formation (Avbovbo, 1978). It is the dominant reservoir rock
in the Delta, and its shale intercalations are regarded as a
potential second source of hydrocarbons (Nwachukwu and
Chukwura, 1986). The Benin Formation is the youngest of the
Niger Delta sequences. It overlies the Agbada Formation and
consists of massive, porous and usually unconsolidated, fresh-
water continental sands (Avbovbo, 1978; Reijers, 2011). The
Benin Formation is absent in the most distal deepwater
sections of the Delta (Cobbold et al., 2009; Maloney et al.,
2010).
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Figure 3: Stratigraphic column of the three conformable
formations of the Niger Delta (Modified from Tuttle et al., 1999)
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The study area is located in the Western Niger Delta in water
depths generally in excess of 1000 m (Figure 4a). This area
hosts the seafloor expressions of the most westerly extensions
of both the inner and the outer fold and thrust belts, with
multiple seafloor thrust-cored ridges whose axes trend in the
NNW-SSE (for the inner) and NW-SE (for the outer)
directions, respectively. The general bathymetric dip in the

Aminu

igure 4: Seafloor bathymetric image of the study area. @ Time structure map, (b) Chaos image. (Modified from Aminu and
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area is in the southwest direction. Two seafloor channels
traverse the area and follow the southwesterly dip of the
seafloor. Near thrust ridges, the channels take advantage of
saddles in the relay ramps between aligned thrust ridges to
maintain an essentially linear course. Indications exist that the
more northwesterly channel predates the second channel
(Figure 4b).
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0jo, 2024). The Chaos image indicates a greater reworking of the thalweg of the older channel relative to the younger one.
IFTB = Inner fold and thrust belt. OFTB = outer fold and thrust belt. See Figure 1 for the location of the study area

MATERIALS AND METHODS

The data used in this study came from a 3D digital seismic
merge actualized from independent oil and gas exploration
seismic surveys that had been acquired over decades of
exploration in the Offshore Niger Delta region. Individual
seismic surveys comprising the data merge were acquired at
different times and with varying acquisition parameters.
These surveys had been rep-processed over time with updated
and improved processing sequences and algorithms (Aminu
and Ojo, 2024). The digital seismic merge was generally of
high resolution with the exception of a few anticlinal
structures where the cores of the faulted structures are poorly
illuminated due as a result of variations in seismic resolution
and noise suppression quality from individual surveys that
make up the data merge. Data coverage was is roughly 79,000
sq km and record length was 8400 ms. The seismic
interpretation was carried out in Petrel. For approximate depth
estimation, a velocity of 1480 ms™ (Maloney et al., 2010) was
used for the water column.

RESULTS AND DISCUSSION

Seismic indications of shifts in the BGHSZ are interpreted
from the deep Offshore regions of the Western Niger Delta by
tracking double bottom-simulating reflectors. The shifts are
identified to be related to the two mass-wasting events, (i) a
slope failure on a thrust-cored anticline and; (ii) a recently
eroded seafloor channel.

(i) Thrust-cored anticline slope failure: In the western
region of the study area, in water depths greater than 2300 m

(>3200 ms twt), a thrust-cored anticline with an axial trend in
the NW-SE direction hosts a slope failure on its seaward face.
The axial span and anticline width are about 35 km and 7 km,
respectively ((Figure 4a). A N-S section across the anticline
(Figure 5) indicates a failure surface represented by a flat
seaward limb with a constant dip of roughly 50°. Arched-up
strata in the crest of the anticline terminate laterally along this
failure surface. In the anticline, two (2) vertically-stacked
bottom-simulating reflections are visible and can be tracked
through the data for several kilometers along the anticline.
Both BSRs exhibit reverse polarity reflection character
relative to the seafloor reflection. The upper BSR dips at a
considerable angle (likely greater than 25°) in the landward
direction and nearly terminates laterally at the slope failure
surface along with sediment strata in the apex of the anticline.
The deeper BSR cut across arched upper strata in the anticline
and occurs at as much as 300 ms (twt) beneath the upper BSR,
particularly in the region of the failure surface. The two BSRs
appear to converge in a 'weld' region in the back limb of the
thrust-cored anticline before soling out to flat-lying strata
further to the north. Seismic amplitude dimming occurs above
the upper BSR and in the region between the two BSRs.
Closer to the region of the weld, seismic amplitudes are
greater in the space between the two BSRs. The upper BSR
further exhibits greater amplitudes and higher lateral
continuity in the back-limb region closer to the weld. In the
regions proximal to the failure surface, the upper BSR is more
discontinuous and of lower amplitudes. Enhanced amplitude
reflections occur beneath the deeper BSR.
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Figure 5. N-S Seismic line through the thrust-cored anticline. The slump failure has resulted in a flat forelimb for the thrust

anticline. Two BSRs, BSRu and BSRp indicate the positions of the BGHSZ in the recent past and present. See Figure 4 for

spatial location.

(i) Recently Eroded Seafloor Channel: In the central region
of the study area, in water depths greater than 1850 m (>2500
ms twt), a recently eroded seafloor channel runs more than
100 km across the study area in the NE-SW direction (Figure
6). The channel is linear and shows little evidence of avulsion.
In plan view, its thalweg is smooth and shows little signs of
cut-and-fill structures indicating it is a recently eroded
channel compared to its neighbor, slightly northwestward, a
second channel with more a chaotic thalweg (Figure 4b). The
channel width is more than 1000 m. A N-S section along the
channel reveals a channel with multiple cut and fill trenches:
apparently, an initially broad cut and fill groove of the channel
with an asymmetric U-shaped cross-sectional geometry, has
been re-eroded along two separate axes that have produced
two embedded V-shaped cross-sectional grooves. On the
seaward southern side of the channel, multiple normal faults
that reach the seafloor, sole to a detachment level that appears
coincident with a BSR extending laterally southwards from
the channel fringes for more than 3 km. Faulted blocks
between these normal faults are rotated in a clockwise sense

that indicates a southward slip along the detachment. The
BSR is a strong reverse polarity reflection (relative to the
seafloor reflection) with strong amplitude and lateral
continuity cutting across sediment stratification. At the
southern fringe of the channel wall, the BSR is slightly
depressed to deeper levels before becoming indistinguishable
from sediment stratification. The northern projection of this
BSR is difficult to identify due to the presence of a thick mass-
transport deposit (MTD). The BSR is likely represented here
by a strong seismic reflection at the base of the MTD. South
of the channel, though the MTD is visible, it is much thinner
and occurs at a level much higher than the BSR. This entire
system sits above a sedimentary succession defined at depth
by rotated fault blocks bounded by blind normal faults within
the apex of a broad and gently dipping anticlinal structure. An
extensive erosional surface defines the upper limit of this
anticline. Southwards of this erosional surface indications of
a deeply eroded paleo-channel exist. This channel has an
asymmetric VV-shaped cross-sectional morphology.

Paleo seafloor

Seafloor channelling Erosional bottom N

Rotated |5 /-
faulted
blocks

. o2

Figure 6: N-S Seismic line through the recently eroded channel. See Figure 4 for spatial location. The original asymmetric U-

shaped channel morphology has been filled and re-eroded along two separate V-shaped trenches. Normal fault sloe to the BSR
on the southern side of the channel while an MTD possibly sits atop the same BSR north of the channel axis.
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Discussion

Figure 7 is a schematic model of the subsurface disposition
beneath the thrust-cored anticline presented in Figure 5. The
slope failure has removed sediments from the forelimb of the
anticline and has induced migration of the initial BGHSZ to
deeper levels. Pressure and temperature conditions are
important drivers of the stability of GH in shallow subsea
sediments (Sloan and Koh, 2007; Zander et al., 2017). A
reduction in lithostatic pressures as a result of sediment
removal leads to instability of GH within the GHSZ and
results in a decrease in the thickness of the GHSZ. This forces
a dissociation of GH at the BGHSZ and its migration to
shallower levels. BSRs approximating the BGHSZ therefore
tend to migrate upward to shallower levels where equilibrium
conditions exist (Haacke et al., 2009). The pressure effect is
believed to be instantaneous and occurs immediately after the
reduction in pressure gradient induced by the slope failure
(Bangs et al., 2005). Conversely, a lowering of temperature in
shallow sediments within the failed anticline occasioned by
the incursion of cooler bottom waters along the slope failure
surface would result in increased GH stability within the
thrust-cored anticline, forcing a migration of the BGHSZ to
deeper levels. This temperature effect operates on a longer
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time scale relative to the pressure effect and could require a
propagation time of up to 10000 years (Bangs et al., 2005;
Zander et al.,, 2017). In the case of this slope failure,
temperature changes propagating to deeper levels within the
thrust-cored anticline apparently have reached beyond the
upper BSR so as to cause GH dissociation at its location and
induce a migration of the BGHSZ to deeper depths as defined
by the position of the deeper BSR. This likely explains the
discontinuous signature of the upper BSR in the region
proximal to the slope failure surface. The more continuous
nature of the upper BSR in the region of the weld possibly
indicates that the temperature flux front created by the slope
failure is yet to reach the region of the weld. The dimmed
seismic amplitudes possibly indicate the presence of some GH
both above the upper BSR and in the intervening section
between the two BSRs, particularly close to the failure
surface. The higher amplitudes in the intervening space
between the BSRs closer to the weld region possibly indicate
the presence of free gas in this region. High amplitude
reflections beneath the deeper BSR could indicate the
presence of free gas beneath the newly formed BGHSZ
accumulated from focused flow along dipping sediment strata
deeper in the sedimentary succession.
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Figure 7: Schematic cross-section through the thrust-cored anticline shown in Fig. 5. A downward
propagating cool front has deepened the depth of the BGHSZ beneath the thrust-cored anticline
and a new BSR (BSRup) is forming beneath the initial BGHSZ defined by BSRu. Apparently, the
process is ongoing and both BSRs are in a state of thermal disequilibrium.

Figure 8 is a schematic model of the N-S section across the
channel presented in Figure 6. Channel erosion along the
course of the channel has resulted in the removal of hydrate-
bearing sediment and possibly enabled the escape of free gas
from beneath the GHSZ. This is indicated by the lateral
terminal of the BSR close to the channel wall. This BSR
occurs at a much shallower depth than the initial asymmetric
U-shaped channel eroded along the channel course and its
lateral projections along the channel would have been
removed during the erosional event that led to the channel.
The removal of sediments along the channel course and the
attendant reduction in overburden pressure normally serve to

migrate the BGHSZ to shallower levels. However, this effect
cannot occur as no sediments remain at the channel location
beyond the initial erosion of the U-shaped channel. The
incursion of cooler sub-bottom waters along the channel
course would have served to reduce temperatures in sediments
beneath the channel bottom and encourage a thickening of the
GHSZ. The BGHSZ there would therefore migrate to deeper
levels beneath the channel thalweg. Apparently, this process
is still ongoing since no BSR is observed beneath the channel
bottom. The BGHSZ is still in thermal disequilibrium and a
BSR making it is yet to form. However, this ongoing
migration of the BGHSZ to deeper levels beneath the channel
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course is indicated in the downward bend of the BSR close to
the channel fringes. It can be expected that when the BGHSZ
reaches thermal equilibrium and becomes quasi-static, a BSR
approximating its location will form in the channel fills that
occupied the initially eroded section. The BSR would
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describe a sagged trajectory beneath the channel course
relative to the BSR south of the channel. Such undulating
BSRs have been reported in the literature and have been
adduced to be the result of differential thermal fluxes along
their trajectory (Aminu and Ojo, 2021).

S

BSR Paleo seafloor

paleo-channel

Multi-stage N
active channelling

pBSR
trajectory

Rotated
faulted
blocks

Figure 8: Schematic cross-section through part of the seismic line shown in Fig. 6. Channel erosion
beyond the depth of the BSR apparently has removed hydrated sediments and unroofed free gas
beneath the BGHSZ. Thus a BSR is absent beneath the channel course. The downward bend of the
northernmost end of the BSR indicates a process of downward recalibration of the BSR beneath the
channel and in regions proximal to the channel axis.

Mass-wasting events such as slope failures and seafloor
channel erosion, represent important factors influencing the
dissociation of GH in shallow sediments, the thickness of the
GHSZ and the dynamic movements of the BGHSZ. Further,
they are important factors influencing the rate of release of
free gas into the ocean and ultimately the atmosphere, whether
it be free gas trapped beneath the BGHSZ or free gas resulting
from the dissociation of GH within the BGHSZ. They
therefore represent a potentially significant influence on the
local rates of ocean acidification and also climate change.
Such events should, therefore, be taken into account when
modeling methane release impacts on global climate.

CONCLUSION

Two examples of shifts in the base of the gas hydrate stability zone
from the Offshore Niger Delta have been presented in this study.
The shifts are related to mass-wasting events, specifically, a slope
failure event on the forelimb of a thrust-cored anticline and a
recently eroded channel course. Drastic changes in the pressure and
temperature regimes in shallow sediments related to the mass-
wasting events are adduced as the key drivers for the destabilization
of gas hydrates within the gas hydrates stability zone and the
consequent migration of the base of the zone to deeper levels.
Significant sediment removal accompanying both the slope failure
and the erosion along the seafloor channel served to both reduce
overburden pressures and enable the influx of cooler sub-bottom
water into sub-bottom sediments. The change in pressure and
temperature in the shallow subsurface induced destabilization and
dissociation of GH within the GHSZ and forced the BGHSZ to
seek a new equilibrium depth at deeper levels. In both mass-
wasting events presented in the study, the BGHSZs are yet to fully
attain a new equilibrium state though the slope failure case is
evidently more complete than the channel erosion situation. Mass-
wasting events, therefore, represent a key process affecting the rate

of gas hydrate dissociation in shallow subsea sediments and the
release of free gas into the ocean and atmosphere, and are potential
factors in ocean acidification and climate change. Accounting for
the impact of mass-wasting events in climate modeling should lead
to more reliable climate models.
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