40444513495 ¢h01524
epharel  Date/Time ANZ0040347pm  Pagx 265292

285

Gas hydrate dissociation and sea floor collapse in the
wake of the Storegga Slide, Norway

Christian Berndt, Jurgen Mienert, Maarten Vanneste and Stefan Biinz

Two-dimensionul seismic data from the Mid-Norwegian margin provide evidence for sediment liquefaction and fluid mobilisation
within the sediments that were located at the base of the hydrate stability zone belore the Storegga Slide occurred. The disturbed
subsurfice sediments ure overliin by a prominent roll-over structure and sea Noor collapse. This indicates fluid escape from the formerly
hydrated sediment and suggests that the landslide caused a pressure drop strong enough to dissociate the gas hydrates. We caleulate that
this Muid escape must have taken place within less than 250 years after the slide, as the effect of pressure decreuse on hydrate stability was
later compensited by a temperature decrease, related to the slumping process, The volume of expelled fuids from the collapse structure

exceeds the volume of the gas hydrate dissociation products, implying that gas hydrate dissociation significantly affected the surrounding

sediments.

Introduction

Natural gas hydrates are clathrates of light
hydrocarbons, such as the greenhouse gas methane,
which are captured in water-ice crystals. They
occur under pressure/temperature conditions fre-
quently encountered in ocean sediments at waler
depths greater than 500 m. Kvenvolden (1993)
estimated that gas hydrates bound more than
half of the Earth's carbon that could potentially
influence climate. Therefore, it is necessary Lo assess
the mobility of this reservoir. So far, evidence for
natural gas hydrate dissociation is sparse and most
of the reported examples are from settings in which
gas hydrates dissociate slowly, as for example
in areas of rapid sedimentation (Dillon et al.,
1998; Milkov, 2000), tectonic uplift (von Huene
and Pecher, 1999) or ocean warming (Mienert et al.,
2001). Here, we present geophysical evidence
from the hydrated sediments of the Norwegian
Margin (Fig. 1) that gas hydrates have decom-
posed and released Auids adjacent to the side
wall rapidly alter the Storegga Slide event. Fast

fluid escape is a prerequisite lor rapid impact of

gas hydrate dissociation on climate, and may
support the ‘clathrate gun hypothesis® (Kennett
et al., 2003).

Geological background

The Mid Norwegian margin is a passive
continental margin that developed during the
continental break-up between Fennoscandia and
Laurentia, 54 Ma ago (Saunders et al., 1997). The
two lop-most sedimentary lormations relevant
for this study include the Miocene/fearliest
Pliocene Kai Formation and the Plio-/Pleistocene
Naust Formation (Dalland et al., 1988; Rokoengen
et al, 1995). The Kai Formation is generally
characterised by fine-grained hemipelagic oozes.
The overlying Naust formation is characterised
by pronounced changes in lithology. It encom-
passes sediments of the Plio-/Pleistocene glacial—
interglacial cycles consisting of debris  flow
deposits and hemipelagic sediments, respectively.
The main depocentres of the glacigenic deposits are
located along the shell break in front of glacial
trough-mouth fans (Dahlgren et al, 2002
Henriksen and Vorren, 1996; Vorren et al,, 1998).
Sediments deposited at the shell break were
remobilised and transported mostly downslope,
as the debris flows. Contour currents sustained
high sedimentation rates in the basin during
deglaciation and interglacials (Laberg et al., 2001).
The resulting hemipelagic contourite drift deposits
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frequently interlayer the glacigenic debris flow
deposits (Bryn et al., 2003).

One of the largest known submarine slides on
the continental margins, the Storegga Slide (Fig. 1),
cuts deep into the sediments of the Naust
Formation of the More Basin (Bugge et al., 1987).
This submarine slide had a maximum run-out from
the shell break to the abyssal plain of 800 km.
The eastern headwall reaches up to 300 m in height
and extends for about 300 km from north (o south,
along the shell break. The northern sidewall is up
to 100 m high and runs roughly in east-west direc-
tion along the border between the Voring and
the More Basins (Fig. 1). The submarine landslide
transported approximately 3400 km* of sediments
(Bryn et al., 2003), and occurred in up to 9 phases,
which took place within a very short period of time
at ~8.2 calendar ka B.P. (Bryn et al., 2003). The

triggering mechanism is possibly a combination of

various eflects, e.g. earthquakes and gas hydrate
dissociation. (Bugge et al, 1987) and (Mienert
et al., 2002) suggested that gas hydrate dissociation
contributed to slope instability as there is a bottom-
simulating reflector (BSR) in an area of ~4000 km’
in water depth of 550-1300 m (Biinz et al., 2003).
The BSR is shallowest with 860 ms two-way travel
time (twt) beneath sea surface (180 ms twi sub-
bottom depth) in the vicinity ol the headwall, and
deepest with 2150 ms twt (385 ms twt sub-bottom
depth) at the northern sidewall. On the continental

slope, the lithology of glacigenic debris flow
deposits and pre-glacial basin deposits of the Kai
Formation prevent gas hydrate formation, because
of reduced pore size, reduced water content and
fine-grained sediment composition (Biinz et al.,
2003). Towards the continental shelf, the shoaling
and the pinch out of the gas hydrate stability zone
terminates the area of gas hydrate growth.

Observations

In this study, we use two seismic reflection data
sets. The 96-channel data (Fig. 2a) are provided by
Norsk Hydro ASA, whereas we acquired the single-
channel data (Fig. 2b and ¢) in 1999 and 2000,
during the R/V Jan Mayen cruises. Both the data
sets image the top 500 m of the sediment with high
resolution, as the sleeve gun sources generaled
seismic signals with frequency bands lrom 10 to 130
and from 50 to 250 Hz, respectively. Both surveys
have been processed including Stolt migration.

The high-resolution seismic reflection data
show a distinet roll-over structure that is most
pronounced towards a normal fault that coin-
cides with the 110 m-high side wall of the submarine
Storegga Slide (Fig. 2a and b). The roll-over
involves the upper 150 ms twt of the seismic
section, whereas the underlying strata are undis-
turbed. The throw of the fault is of the order of
60 ms (wi or approximately 50 m. The seismic
character of the strata directly above the Top Kai
reflector (Fig. 2) at approximately 2.15 s twt is
chaotic, and this chaotic seismic facies continues
between 3 and 10 km downslope of the slide scarp.
Beyond this zone the seismic reflectors are undis-
turbed. The depth of the base of this chaotic facies
and the top of the undisturbed reflections coincide
with the depth of a BSR observed outside the
slide area, which has been attributed to gas
accumulation beneath gas hydrates (Mienert et al.,
1998). Whereas the chaotic facies coincides with the
laterally projected BSR on some lines (Fig. 2a), it
is located above the BSR on others (Fig. 2b).
However, if it is above the projected BSR, the top
of the Kai Formation bounds it al its base. Locally,
a BSR is visible within the slide area (Fig. 2c;
Bouriak et al., 2000).

The arca of the collapse structure varies
along the slide side wall between 7475 and
183000 m? (Fig. 3). The area of collapse along
individual transects is given in Table |. However,
the values for lines SG9801-305, SG9801-114 and
JMOO0-010 must be considered as not representative,
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(BSR) within the slide area (c) mimicks the sea Moor indicating that it has adapted to the new pressure/temperature conditions.

because the lines strike parallel to the collapse
feature. Therefore the typical area of collapse in any
given seismic cross-section across the collapse
structure is between 7475 and 56818 m”.

Discussion

Evidence for subsurface mass movement

The fact that the strata underlying the roll-over
structure remain undisturbed (Fig. 2a and b)
implies  that mass has been (ransported away

from the base of the roll-over structure. Subsurface
transport of mass in a direction perpendicular to
the seismic lines must have been minor, because all
parallel lines show a lack of material at the base
of the fault. Therefore, we conclude that most of
the missing mass must have escaped to the surfuce.
The most likely conduit for this transport is
along the fault as there is no seismic evidence for
other transport mechanisms, such as mud diapirs.
This does not exclude, however, that the intensity of
fluid flow might have varied along the collapse
structure. We interpret the chaotic seismic facies
between the base of the roll-over structure and the
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Tuable I Areas of sea floor collapse and gas hydrate dissociation. Dissociation length, length of observed chaotic zone in the seismic data:
Dissociation arei, product of dissociation fength and 8§ m.

Dissociation area

Selsmic Line Collapse area (m?) Dissociation length (i) (assuming 8 m) (mz) Ratio (%)

IM99-102 35100 + 40000 =75100 min. 4700 min. 37 600 mux. 199

SG9801-304 31800 1200 9600 33

JIMY99-101 7475 min. 2560 min, 20480 mux. 36

NH9753-205 14150 1200 9600 147

IN99-098 19550 2670 21 360 91

IM99-097 8200 + 5000 = 13200 7740 61920 21

IM99-096 43680 min. 9800 min. 78400 max. 58

NH9651-202 45500 min. 6900 min. §5200 max. 82

SGYS01-305 114000 560 4 2600 = 3160 25300 450 (striking the collapse structure)
JNMOD-025 56818 min. 5400 min. 43200 max. 131

INO00-026 21400 1900 + min. 1900 =min. 3800 min. J0 800 max. 70

IMOD-010 20400+ 11100 =31 500 2250 4 6750 = 9000 72000 43

SGYs0I1-114 91000 + 92000 = 18 3000 2800 + 3600 = 6400 51200 357 (stiiking the collapse structure)

Sum 657173 516660 127
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top of the undisturbed sediments to be the result
of liquefaction of the sediments and mobilisation
of Auids. Tt appears that both fault and roll-over
structure, developed as the resull of sediment
and Muid removal from the base of the roll-over
structure, as the seismic data show no indications
for a pre-existing fault at this location.

Mobilisation due to gas hydrate dissociation

The extent of the disturbed sediments is confined
to the vicinity of the fault and our data do not
show such features farther inside the slide area. This
localised disturbance would not be anticipated, if
the disturbance was caused by regional, seismicity-
related liquefaction. Therefore, it is more likely
that a different mechanism must have caused
these structures. The disturbed sediments lie at the
projected depth of the pre-slide gas hydrate stabi-
lity zone. This is evident from their location just
above the BSR observed outside the slide area
(Fig. 2a). The presence of gas hydrate-bearing
sediments is commonly inferred from the presence
of this characteristic reflector, which is caused by
the impedance contrast between hydrated sedi-
ments and free gas that is trapped underncath
(Pecher et al.,, 1996; Mienert et al., 2001). The
coincidence of the depth of disturbed sediments and
the base ol the gas hydrate stability zone strongly
suggests that the sediment disturbance is related
to gas hydrates. On lines on which the base of
the Naust Formation lics above the projected
base of the gas hydrate stability zone, the chaotic
zone starts not directly above the gas hydrate
stability zone, but higher up at the base of the
Naust Formation, We attribute this to the fact
that gas hydrates only exist within the Nausl
Formation and not in the Kai Formation (Biinz
el al., 2003). This supports the interpretation
that gas hydrate dissociation causes the sediment
mobilisation.

The lithostatic pressure decrease due to the
Storegga Slide event ~8.2 calendar ka ago, is a
possible explanation for a sudden shoaling of the
gas hydrate stability zone. Increased seismic ampli-
tudes at the buse of the BSR (Fig. 2) indicate
that gus is present underncath the gas hydrates.
This reservoir is most likely under close Lo critical
pressure (Flemings et al., 2003; Hornbach et al.,
2004) and it is reasonable to assume that the
pre-landslide conditions at the base ol the gas
hydrate stability zone were similar. The pore pres-
sure decrease due to the landslide depends on the
amount of this overpressure. For our argument we
assume that the pore pressure drop approximately

equals the difference in lithostatic pressures belore
and after the landslide, as close-to-critical pore
pressures scem to be normal for the free gas zones
under gas hydrates (Hornbach et al, 2004). A
stepwise decrease in pore pressure might be an
oversimplification as the pore pressure might be as
low as hydrostatic pressure during the depressur-
isation event. However, as a result of the pressure
decrease, the lowermost hydrated sediments were
no longer within the stability zone. Provided that
the surrounding sediments supplied enough
thermal energy, the hydrates started to dissociate
releasing  Nuids (hat could propagate upwards
through the fault. Subsequently the geothermal
ficld adjusted to the new conditions leveling oul
the temperature difference between the cold
bottom-water and the newly exposed, i.e. warmer,
sediments at the sea floor. The sediments progres-
sively cooled downwards until the conductivity-
controlled geothermal gradient was re-established.
Gas hydrate dissociation must have stopped when
the thermal signal had reached the pre-landslide
depth of the gas hydrate stability zone and
re-stabilized the gas hydrates. This is evidenced by
the observation of a re-adjusted BSR within the
slide arca (Fig. 2c).

Quantification of the thermal evolution

In order to estimale the maximum time of gas
hydrate dissociation, we calculate the thermal
evolution of the sedimentary column since the
sliding event. Because the landslide removed the
overburden and, consequently, exposed the warmer,
deeper material at the seabed, we assume that
an instantaneous sea floor temperature change
has imposed on a homogeneous conductive
medium (Vanneste, 2000). This does not take into
account the possible heat transport due to fuid
low. However, such heat transport will shorten
the time available for dissociation because it will
re-establish the thermal equilibrium faster than
conductive heat transport alone. For the caleulation
we also assume lithostatic pressures. This might
overestimate the effect of the pressure drop leading
to a larger thickness ol dissociating hydrates,
and hence, our calculations give an upper limit.
In case the pressure distribution is purely hydro-
static, removal of part of the overburden would not
resull in in situ pressure drop and hydrate would
net dissociate. Given these caveats, the temperi-
ture 7 as a function of time ¢, and the sub-bottom
depth = can be described by the initial conditions
and a complementary error function, Erfe (Carslaw
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and Jaeger, 1959):
z

Tz, 1) = Ty + Gz + ATErfe —
2V kt

with 7Ty the pre-landslide temperature at the slide
plane, G: the geothermal gradient, AT the tempera-
ture difference at the new sea floor exposed by the
slide, and k the average thermal diffusivity of the
sediments involved, The physical sediment proper-
ties used in the calculation are based on the logging
results of a piston core taken at the slide’s side wall
(Fig. 1) and from the seismic constraints (Table 2).
The calculations indicate that the landslide initially
moved the lowermost 8 m of sediment out of the
pre-slide gas hydrate stability zone initiating gas
hydrate dissociation within this layer (Fig. 4). After
60 years, the thermal signal reached the pre-
landslide depth of the gas hydrate stability zone
beginning to re-stabilise the gas hydrates at the top
of the 8 m layer and 180 years after the landslide,
the new base of the gas hydrate stability zone had
reached pre-landslide depth. At that time, gas
hydrate dissociation must have terminated. Our
model predicts that re-adjustment of the geotherm
still continues. Today, the base of the gas hydrate
stability zone is ~80 m deeper than the pre-slide
base. The error of these calculations depends
mainly on the thermal diffusivity, and is on the
order of 40%. The errors of the remaining para-
meters such as the parameters deduced from seismic
interpretation and the effects of additional physical
processes, such as latent heat generation, are small
compared to this. This implies that fluid escape
must have happened within a maximum of 180 4+ 70
years after the landslide and perhaps even faster.

Implications for fluid expulsion

Because the upper limit of gas hydrate dissocia-
tion is not imaged in the seismic data due to dis-
turbance of the sediments, it is necessary to use an
indirect approach to quantify the area of dissocia-
tion, along individual seismic transects. Therefore,
we mapped the length ol the zone where chaotic
reflectors and dissociation occurred (Fig. 3) and
multiplied the length with the theoretically expec-
ted height of § m, assuming in the absence of
a detailed information that this height is repre-
sentative for the entire collapse structure. The
area varies between 9600 and 78400 m’ for each
transect (Table 1).

Comparing the areas of gas hydrate dissociation
and the sea floor collapse as a proxy of how much
mass was mobilised due to gas hydrate dissociation,

Table 2 Modelling Parameters.

Property Value Reference

Piston core
JIM-00-548
Micnert et al., 1998

Bulk density 1850 kg/m?
Bottom wiuter nc
temperature
Thermal conductivity
Bulk specific heat
capacity
Geothermal gradient
Outside the slide area
Thickness of removed 110 m

1.2 W/mK
800-1300 Jikg K

Sundvor et al., 2000
Buntebarth, 1984
62 K/km Hydrate stability
conditions
Seismic line

sediments JM-99-098
temperature (°C)
0 4 T, 8 12 6 20
4 1300
pre-slide sea floor
e —— — ey —
", &% V'  prestide
"R phase
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Fig. 4 Thermal evolution at the foot of the Storegga Slide side
wall. Note the initial shoaling of the hydrate stability zone
immediately after the occurrence of the landslide and subsequent
deepening. Hydrate dissociation and fluid escape must oceur within
180 +/— 70 years after the sliding event. BHSZ, base of the hydrate
stability zone; T, temperature, TO, temperature dilference al the sea
Moor due to the slides.

yields percentages between 21 and 331% (excluding
the two strike lines). On an average, the collapse
area is slightly bigger (127%) than the sediment
layer in which dissociation has occurred (Table 1).
This implies that generally fluid volumes were
expelled from the sediments that were much
larger than the total volume of sediments in which
hydrate dissociation has happened on the basis
of theoretical considerations, because hydrates
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constitute only a small fraction of the total
sediment volume in this area (Andreassen et al.,
2003). As the uncertainty of the theoretical consid-
erations is up to 40%, this implies that fluids, in
addition to those released by gas hydrate dissocia-
tion, were expelled from the subsurface. There is no
evidence for sediment distortion underncath the
dissociation feature (Figs. 2 and 3¢), but the
sediments 50-100 m above the 8§ m thick basal
layer of the gas hydrate stability zone are disturbed
(Figs. 2 and 3c). Having this in mind, we conclude
that the gas hydrate dissociation caused liquefac-
tion of the overlying sediments within the gas
hydrate stability zone, and that not only the hydrate
dissociation products were expelled but also fluids
and sediments from the surrounding sediments
contribute to the amount of expelled Huid. As
there is no obvious seismic or side scan sonar
evidence of expelled sediments at the present seabed
we conclude that most of the transported material
was pore water and that enly little sediment made
its way to the surface.

Conclusions

Sea floor collapse within the Storegga Slide
region and above dissolved gas hydrates shows
that the gas hydrate reservoir is highly dynumic.
Our calculations show that it can release fuids
from the base of the hydrate stability zone to the
surface within decades. This makes the release of
methane due to submarine landslides a process
that potentially can influence climate. However,
ice core data from Greenland show that it takes
very large methane input, ie. of the order of
4000 Tg, to increase hte global mean temper-
atures by 0.3 to 1 K (Thorpe et al., 1998), and it
is not clear whether submarine slope failures,
such as the Storegga Slide events did release
enough methane from the gas hydrate reservoir to
the atmosphere to influence climate (Raynaud et al.,
1998).

The Storegga Slide head wall extends for 300 km
(Bugge ct al.,, 1987) and has developed simulta-
neously (Haflidason et al., 2001). So far, it is not
clear what caused the slope failure at such
large regional scale. The observation of induced
sea floor collapse in the wake of landslides
suggests a possible propagation mechanism: an
initial local slope failure, possibly induced by
an earthquake, may not only have started the gas
hydrate dissociation and fluid expulsion under
the initial slide area but also in the adjacent

parts of the slope, because the pressure drop will
also effect the vicinity of the slide. A subsequent sea
floor collapse and the rise of fuids perhaps,
decreased the sheur strength of the sedimentary
overburden leading to more regional slope failure.
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