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ABSTRACT

The thickness of the free gas column below the base of the gas hydrate stability zone is a proxy for the
pore pressure in the free gas bearing sediments underneath. In the study area the pore over-pressrues
derived under this assumption range between 0 and 1430 kPa = 30% which appear to be the typical
maximum over-pressure that the gas hydrate sediments can withstand before hydro-fracturing occurs.
A number of gas chimneys rise from the gas cloud to the seabed. Over-pressures of about 1000 kPa
are found under these gas chimneys. We interpret the fact that over-pressures under chimneys are
significantly below the maximum over-pressures as an indication of draining of the gas reservoirs by
gas blow-out events. The upslope prolongation of gas clouds at the base of the gas hydrate stability
zone away from known gas sources suggests that gas hydrate formation changes the permeability of
the host sediments and steers fluid migration pathways. Both the calculated over-pressure distribution
and the calculated free gas distribution indicate that gas hydrates significantly reduce permeability of
marine sediments on a basin-wide scale.

INTRODUCTION

Continental margins are dynamic environments. Fluids are migrating through the sediments because of
sediment compaction, in situ production of biogenic gases, and by thermogenic break-down of organic
carbon during burial and by heating of sediments due to volcanic intrusions (Berndt, 2005). When
rising gas-rich fluids enter the gas hydrate stability zone they form gas hydrates if temperatures are
low and pressures are high (Sloan Jr., 1998).

The way in which gas hydrate formation influences the fluid flow systems in continental margins is
still poorly understood. In particular, it is debated whether gas hydrates can significantly change the
permeability of sediments which would allow pore pressure build-up.

It is important to understand the effects of gas hydrates on fluid flow systems, because the presence of
gas hydrates has important consequences for their role in slope stability in a time of deep-water
exploration, for their mobility in response to climate change and for the risks associated with their
exploration as an energy resource after all 500 to 2500 Gt of carbon are stored in marine gas hydrates
and the free gas reservoirs associated with them (Archer and Buffett, 2005; Milkov, 2004). This is up
to half of all the carbon in the Earth’s carbon cycle.

In this paper we evaluate a large, high-resolution 3D seismic data set from the Angolan Margin
mapping the thickness of the free gas cloud beneath the bottom simulating reflector (BSR) as a proxy
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Fig. 1: Picking of seabed, BSR and gas bottom in the seismic profiles (top). The pressures shown in
the bottom diagram are excess pore pressures above hydrostatic pressure. The errors are based on
picking accuracy and uncertainties in velocities and density.

for over-pressure. This method has limitations but provides first order calculations of sediment pore
pressure over large areas (Hornbach et al., 2004). The objective of the paper is to (a) constrain the
effect of gas hydrate formation on sediment permeability and (b) test the hypothesis that gas chimneys
develop in the areas of highest over-pressure as a result of hydro-fracturing (Berndt et al., 2003).

DATA BASE

The study is based on high-resolution 3D seismic data acquired by BP Exploration from Block 31 in
1999 for exploration purposes. The 3D dataset has an inline and crossline spacing of 12.5 m. The 3D
dataset was processed by BP Exploration including poststack time migration. The frequency content of
the dataset is 90 Hz in the shallow subsurface which corresponds to vertical resolution of 10 to 12 m.
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Fig. 2: Overpressure map of the study area offshore Angola showing the magnitude of overpressure
under the BSR as derived from the free gas distribution under the Gas hydrate stability zone. Contours
show seabed depth in seconds TWT.

OVER-PRESSURES
The over-pressures determined from gas cloud heights (Fig. 1) in the study area vary between 0 and
1430 kPa + 30% (Fig. 2). There is a general trend of increasing over-pressure from the north to the

south with typical over-pressures rising from 400 to 1000 kPa in the north to 800-1200 kPa in the
south. Within individual gas clouds the over-pressure is commonly increasing upslope which may be

158



346|600 361600 37|6600

9316100

9301100

22 {A

26 7

(S) ks

Fig. 3: Distribution of free gas above one of the known gas reservoirs (circle). Note, that the gas cloud
is extending consistently extending upslope from the source and maintains its width of approximately
5 km. Bottom: Corresponding seismic line.

caused by gas migration and accumulation in the shallowest part of the gas clouds. The maximum
overpressures of 1200 to 1400 kPa likely indicate the maximum strength of the sediments above which
they fail by hydro-fracturing.

Seismic pipe structures, i.e. vertical columns of high seismic amplitudes from the top of the gas cloud
to the seabed, are abundant within the data set. These have been interpreted as the result of sudden gas
blow-outs by hydro-fracturing (Berndt et al., 2003; Bouriak et al., 2000). Although the pipes occur in
areas of high overpressure of typically 1000 kPa, they are most often not associated with the highest
over-pressures. We explain this observation by venting of the gas and decrease of over-pressure once
the pipes develop.
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GAS CLOUD DISTRIBUTION

Gas hydrate-related BSR occur mainly in the northern part of the study area. There is no spatial
relationship with the presence or absence of salt diapirs. As gas hydrate stability is dependent on the
salinity of pore water (Sloan Jr., 1998) this indicates that salt induced pore water salinity variations are
a fairly local phenomena.

Fig. 3 shows a detailed map of one of the gas clouds for which a known gas source could be identified
(circle in the western part of the gas cloud). There is a striking correlation of this gas cloud with the
local dip of the seabed. The gas cloud follows the seabed upslope from the source, first in a
northeasterly and then in a easterly direction. The 3D seismic data clearly show that this distribution of
the gas cloud is not controlled by lithological changes, i.e. the top of the gas cloud cross-cuts the
strata.

From the close spatial correlation of the gas cloud extent and the seabed we conclude that gas hydrates
in this area reduce the permeability of sediments. As the gas rises from the gas reservoir and reaches
the gas hydrate stability zone it forms hydrate which clogs the pore space and prevents deeper gas
from ascending further. The following gas then migrates upslope along the base of the hydrate stability
zone forming new hydrate. In the example shown in Fig. 3 this process continues for some 50 km. The
continuous width of the gas cloud is a measure for continuous permeability and steady state gas supply
and migration.

CONCLUSIONS

The distribution of free gas at the base of the gas hydrate stability zone on the Angolan Margin is a
proxy for pore pressure variations. Gas hydrates reduce the permeability of the sediments varying the
basin’s fluid flow system, and causing over-pressure by gas trapping. In cases where the over-pressure
exceeds the strength of the sediments, they fail by hydro-fracturing leading to blow-out of gas to the
seabed.

ACKOWLEDEGMENTS

The Authors would like to thank Sonangol, BP, Exxon-Mobil, Statoil, Marathon and Total for
permission to present the data in this paper. The views and opinions presented in this paper are those
of the authors and not necessarily those of any of the aforementioned companies.

REFERENCES

Archer, D., and Buffett, B. A. (2005). Time-dependent response of the global ocean clathrate reservoir
to climatic and anthropogenic forcing. Geochemistry Geophysics Geosystems 6,
d0i:10.1029/2004GC000854.

Berndt, C., Blinz, S., and Mienert, J. (2003). Polygonal fault systems on the mid-Norwegian margin: A
long term source for fluid flow. In "Subsurface Sediment Mobilization." (P. van Rensbergen,
R. R. Hillis, A. J. Maltman, and C. K. Morley, Eds.), pp. 283-290. Special Publication.
Geological Society of London.

160



Bouriak, S., Vanneste, M., and Saoutkine, A. (2000). Inferred gas hydrates and clay diapirs near the
Storegga Slide on the southern edge of the Varing Plateau, offshore Norway. Marine Geology
163, 125-148.

Hornbach, M. J., Saffer, D. M., and Holbrook, W. S. (2004). Critically pressured free-gas reservoirs
below gas-hydrate provinces. Nature 427, 142-144.

Milkov, A. V. (2004). Global estimates of hydrate-bound gas in marine sediments: how much is really
out there? Earth Science Reviews 66, 183-197.

Sloan Jr., E. D. (1998). Gas hydrates: Review of physical/chemical properties. Energy and Fuels 12,
191-196.

161



