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[1] The present geological setting west of Svalbard closely parallels the situation off mid-Norway after the
last glaciation, when crustal unloading by melting of ice induced very large earthquakes. Today, on the
modern Svalbard margin, increasing bottom water temperatures are destabilizing marine gas hydrates,
which are held in continental margin sediments consisting of interlayered contourite deposits and
glacigenic debris flows. Both unloading earthquakes and hydrate failure have been identified as key factors
causing several megalandslides off Norway during early Holocene deglaciation. The most prominent event
was the Storegga Slide 8200 years B.P. which caused a tsunami up to 23 m high on the Faroe and Shetland
islands. Here we show by numerical tsunami modeling that a smaller submarine landslide west of
Svalbard, 100 m high and 130 km wide, would cause a tsunami capable of reaching northwest Europe and
threatening coastal areas. A tsunami warning system based on tiltmeters would give a warning time of 1–
4 h.
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1. Effects of Global Warming on the
Arctic

[2] Continental margins that are influenced by
glacial processes are subject to large-scale slope
failures primarily at their trough mouth fans. The
Norwegian Margin has experienced slope failures
north of the North Sea Fan (Storegga Slide) [Bugge
et al., 1987; Haflidason et al., 2004, 2005]. The
8.2 ka B.P. Storegga slide was associated with a
very great earthquake such as the one that ruptured
the whole crust over several hundred km
[Arvidsson, 1996]. Other failures occurred at the
termination of the Trænadjupet cross shelf trough
(Trænadjupet Slide) [Laberg et al., 2002], at the
end of the Andøya cross shelf trough (Andøya
Slide) [Laberg et al., 2000; Lindberg et al.,
2004], and on the Bear Island Fan (Bear Island
Slide) [Laberg and Vorren, 1993]. Except for the
Bear Island Slide all these slope failures occurred
after the last deglaciation. The reasons for these
slope failures are not fully understood, but the
vulnerable interlayering of glacial debris flows
and hemipelagic sediments, combined with mega-
quake seismicity due to postglacial rebound were
both probably important[Bryn et al., 2005;
Kvalstad et al., 2005]. A vital facilitating factor
for destabilizing submarine slopes appears to be
development of pore water overpressure for exam-
ple after gas hydrate dissociation [Vogt and Jung,
2002; Micallef et al., 2009].

[3] In this paper we investigate what would happen
if the Kongsfjorden Trough Mouth Fan (KTMF)
failed. The KTMF is located in the Fram Strait on
the west coast of Svalbard (Figure 1), and is one of
the few trough mouth fans that have not failed
since the last deglaciation.

[4] By the end of this century, averageArctic surface
temperature may increase by 5!C [Kattsov et al.,
2004]. Climate warming is causing loss of polar ice
and glacier retreat [Rignot and Kanagaratnam,
2006], and the reduction of ice load is already
causing low-frequency earthquakes that are signifi-
cantly stronger than ice flow–related earthquakes in
the past [Ekström et al., 2003; Turpeinen et al.,
2008]. Isostatic readjustment to the reduced ice load
will cause the lithosphere to flex back or snap, as in
the Storegga event [Arvidsson, 1996] potentially
triggering a megaearthquake capable of setting off
submarine landslides.

[5] As well as sudden events, sea-bottom warming
will also destabilize gas hydrate deposits

[Westbrook et al., 2008b]. Similar rapid warming
happened before to NW Europe at the end of the
last glaciation. Gas hydrate dissociation releases
free gas, increases pore pressure, and reduces
effective stress and slope stability [Sultan et al.,
2004]. The system becomes primed for submarine
slope failure, set off by a triggering earthquake.
Although this mechanism is not proven so far,
there is geomorphological evidence of hydrate
involvement in the evolution of the Storegga Slide
[Micallef et al., 2009].

[6] The continental margins in the Fram Strait
closely resemble the Norwegian Margin prior to
the Storegga Slide (Figure 2): (1) both are charac-
terized by an interfingering of glacial debris flow
and interglacial hemipelagic sediments deposited at
the mouth of a cross-shelf trough [Vanneste et al.,
2005], (2) both have active fluid flow systems
[Knies et al., 2004], (3) both are major gas hydrate
provinces on the Atlantic Margin of Europe
[Westbrook et al., 2008a], and (4) both undergo
rapid uplift as the result of postglacial rebound. In
particular, the interlayering of glacial and intergla-
cial sediments makes the slope less stable as the
glacial sediments inhibit the normal dewatering of
the water-rich interglacial sediments and allow
pore pressure build up [Solheim et al., 2005]. As
a result the Svalbard glacial margin has previously
failed in giant landslides such as the Hinlopen
Slide 300 km northeast of the Fram Strait
[Vanneste et al., 2006]. The fluid flow and in
particular the warming of gas hydrates add to the
risk of overpressure generation in the sediments
[Sultan et al., 2004].

[7] The present rate of uplift in Svalbard is 4–
5 mm/a [Sato et al., 2006]. This is a superposition
of the signal from the last glaciation and the
present acceleration due to melting of ice.
Similarly, 100 km3/a ice are being lost from glaciers
in Greenland and Iceland [Luthcke et al., 2006]. A
rebound-related earthquake has triggered the Store-
gga Slide [Kvalstad et al., 2005] and it has been
shown that earthquakes becomemore frequent in the
Svalbard area as Greenland and Iceland adapt to the
diminishing load [Ekström et al., 2003].

[8] The sedimentation history and geometry, the
presence of gas and the likelihood for future earth-
quakes as a trigger are all important prerequisites
for a submarine landslide. However, whether the
slope is indeed unstable also depends on the
presence of weak layers, but their presence can
only be established by expensive deep sea drilling.
For this work we assume that these layers are
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present, because they developed in many other
trough mouth fans: off Hinlopen, in the Bjoernoya
Fan, off Andøya, in the Trænadjupet Fan, and in
the North Sea Fan. Obviously the risk for future
landslides is highest for the remaining fans that
have not failed yet. Current geological and geo-
physical data suggest that the fan off Kongsfjorden
has an active fluid flow system [Bünz et al., 2008;
Westbrook et al., 2008b] and that there is signifi-
cant seismicity in the area [Ekström et al., 2003].
Because such evidence is lacking for other trough
mouth fans in the North Atlantic, we propose that it

is the most likely site for a future failure of trough
mouth fans in the North Atlantic.

[9] The part of the slope off the KTMF that could
be affected by slope failure is 30 to 130 km wide in
east west direction including the KTMF proper and
the continental slope west of it including a conti-
nental promontory called Vestnesa. The north-
south extent of a potential landslide is somewhat
uncertain because the Arctic ice coverage limits the
geological information available for the western
side of the Yermak Plateau, but at least 130 km of

Figure 1. The Fram Strait is located between the major ice retreat areas of Greenland and Svalbard. Earthquakes
occur on the rims of the ice sheets and along the mid-ocean ridges. Shaded relief based on IBCAO.

Figure 2. Line drawing of a transect from the Svalbard shelf through the gas hydrate province into the Molløy Deep
[after Eiken, 1994].
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slope show a similar geological setting as the
margins that were affected by the Storegga and
Trænadjupet slides [Bünz et al., 2008; Westbrook et
al., 2008b].

2. Methods and Results

2.1. Tsunami Propagation

[10] We use the finite difference, fully nonlinear
Boussinesq code COULWAVE [Lynett and Liu,
2002] to calculate tsunami wave propagation. The
change in seafloor topography due to dislocation of
sediments is projected toward the sea surface. Thus
the tsunami wave is build up dynamically as the
slide propagates. We use North Atlantic bathyme-
try based on GEBCO (http://www.gebco.org), in-
terpolated to 2.5 km bin size.

[11] We approximate the sliding body with a two-
dimensional Gaussian surface. The lateral dimen-
sions define the ‘‘Full Width at Half Maximum’’
values of the Gaussian package. With the landslide
slopes of a Gaussian curve being very gentle, the
induced water movement is considered to be solely
vertical. The sediment movement itself is approx-
imated through a kinematic slide model. We adopt
a velocity profile based on Løvholt et al. [2005]
who composed the velocity function from sinusoi-
dal curves so that the acceleration and deceleration
curves are smooth. The velocity function is com-
posed of parts of sinusoidal curves in a way that the
acceleration/deceleration curve is smooth. The ve-
locity profile is symmetrical and the sliding stops
after approximately 1 h. The shape of the velocity
profile is relevant for the resulting tsunami
[Hornbach et al., 2007] but as there are no contra-
dicting geological constraints available for the study
area, the Løvholt et al. [2005] model which was
calibrated against the measured runup heights of the
Storegga Slide is the most appropriate analog.

[12] We model four slope failure scenarios at the
Svalbard margin. Scenario 1 consists of a 500 km3

landslide at the Svalbard slope that moves in
westerly direction into the Fram Strait. It is re-

stricted to the presently proven occurrence of gas
hydrates with a 100 km long headwall and 50 km
width [Vanneste et al., 2005; Westbrook et al.,
2008b]. The slide of 100 m incision transports
sediments over a distance of 95 km and stops in
the Fram strait, where the slope flattens out. In
scenario 2, we assume that a significant part of the
slope west of Kongsfjorden is unstable. The size of
this slide is based on the extent of contourite
deposits on the slope as imaged by new bathymet-
ric data [Bünz et al., 2008]. It involves an area of
130 km width and 70 km length and moves in
southwesterly direction. The landslide of scenario
2 mobilizes 1000 km3 of sediments, which is still
less than half of the Storegga Slide’s volume
[Haflidason et al., 2004]. The maximal slide height
is assumed again to be 100 m which is close to the
Storegga Slide’s 120 m [Kvalstad et al., 2005] and
significantly less than the Hinlopen Slide’s 1400 m
[Vanneste et al., 2006]. The mass movement stops
at a distance of 60 km downslope. In both scenar-
ios, the maximal velocity is assumed to be 35 m/s.
This celerity is based on the modeling results for
Storegga [Løvholt et al., 2005], which we assume
to be a good analog for the sediment properties off
Svalbard. The shape of the slide will also have an
effect on the resultant tsunami [Ward, 2001], but as
there are no further constraints on this we assume
oval shaped slides which will result in average
tsunami parameters.

[13] Exact parameters of an event are hard to
predict. So, scenario 3 and 4 include variations of
the important parameters volume, celerity and
initial acceleration. Scenario 3 is similar to scenario
2, the difference lies in the maximal slide speed
only. Scenario 4 uses the location and dynamical
properties of scenario 1, while moving twice as
much sediment volume. The parameters for each
scenario are listed in Table 1.

2.2. Modeling Results

[14] The maximum wave height distributions of
each scenario are presented together with the slide
form in Figures 3a, 3b, 4a, and 5a. While the wave

Table 1. Key Modeling Parameters

Scenario Volume Lateral Dimensions Travel Distance Peak Speed Maximal Froude Number Initial Acceleration

1 500 km3 50 ! 100 km 95 km 35 m/s 0.25 0.026 m/s
2 1000 km3 70 ! 130 km 60 km 35 m/s 0.35 0.039 m/s
3 1000 km3 70 ! 130 km 60 km 20 m/s 0.2 0.013 m/s
4 1000 km3 70 ! 130 km 95 km 35 m/s 0.25 0.026 m/s
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Figure 3. (a and b) Slide location, maximal wave elevation, and arrival times for scenarios 1 and 2, respectively.
(c) Synthetic tide gauge measurements at indicated locations and water depths. If receding waves exceed gauge
depths, the tide gauges saturate and water level history is recorded as negative water depth. Time series start at the
beginning of the slide movement.

Figure 4. (a) Slide location, maximal wave elevation, and arrival times for scenario 3. (b) Mareogram comparison
between scenarios 2 (35 m/s maximal velocity) and 3 (20 m/s).
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heights of scenario 1 are small, scenario 2 gener-
ates a large tsunami. Tsunami heights are
calculated for cities on the Norwegian coast, the
Faroe and Shetland islands, and Iceland. In this
context it must be noted that actual runup depends
strongly on local topography [Hornbach et al.,
2008], especially in fjords and can be significantly
smaller or larger than the computed maximal wave
heights. Mareograms for selected locations are
depicted in Figure 3c. The results show waves up
to 6 m. Although the Norwegian Sea coasts are
rocky and population densities are low, it is clear
that a tsunami of this size would cause significant
damage to communities in eastern Greenland, Nor-
way and Iceland.

[15] The comparison of scenario 2 and 3 (Figure 4b)
shows the influence of the slide speed.By decreasing
the maximum slide velocity from 35 m/s to 20 m/s,
wave heights lower by a factor of more than two
(Table 2). This nonlinear dependence can be
explained by describing the buildup phase of the
wave. If the slide moves much slower than the water
waves, the slide-induced uplift of the water surface
levels quickly. For fast slides, the uplift of each time
step superposes onto the wave, increasing its height
significantly. Therefore, the ratio of wave velocity to
slide speed, termed Froude number, can be regarded
as a measure for the effectiveness in tsunami exci-
tation of a slide (Table 1 and Ward [2001]). The
control of slide volume on a tsunami can be seen by
comparing scenario 1 and 4 (Figure 5b and Table 2).
An increase of the volume by a factor of two doubles

Figure 5. (a) Scenario 4 slide location, maximal wave elevation, and arrival times. (b) Mareogram comparison
between scenario 1 (500 km3 volume) and scenario 4 (1000 km3), where all other parameters are identical.

Table 2. Maximal Wave Heights

Scenario
Tromsø

(Depth 3.4 m)
Faroer

(Depth 4.9 m)
Akureyri

(Depth 12.7 m)
Shetlands

(Depth 5.5 m)
Trondheim

(Depth 4.2 m)

1 0.9 m 0.7 m 1.1 m 0.6 m 1.5 m
2 3.6 m 2.8 m 4.0 m 2.2 m 5.6 m
3 1.7 m 1.2 m 1.8 m 1.0 m 2.8 m
4 1.7 m 1.3 m 2.4 m 1.0 m 2.6 m
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the resultant maximum wave heights, indicating a
linear dependency within this parameter range.

[16] The slide direction strongly influences the
wave radiation pattern. The scenarios 1 and 4 with
a westward slide direction radiate a significant part
of the energy toward Greenland, leaving northwest
Europe with relatively small wave amplitudes. A
slide moving toward southwest (scenarios 2 and 3),
however, releases the leading wave energy directly
into the Norwegian Sea. Although the basin topog-
raphy has a defocusing effect on the tsunami, the
wave heights in northwest Europe double com-
pared to the slides in westward direction. Unfortu-
nately, the general southwesterly dip direction of
the Svalbard margin between Prins Karl Forlandet
and Vestnesa make a southwesterly direction for
the slide more likely than a westerly direction.

3. Implications for a Tsunami Warning
System

[17] With respect to the impact on coastal commu-
nities, a tsunami warning facility would be
worthwhile. Unfortunately, predicted surface dis-
placements (around 10 cm, maximum) can be only
marginally detected by real-time GPS observations.
Thus, the otherwise very efficient tsunami warning
technique based on near-field GPS observations
[Sobolev et al., 2007] is not suitable in this case.
We propose a new tool for Landslide Tsunami
Early Warning. The method is based on the fact
that a mass displacement of "1015 kg will lead to a
notable surface deformation. Following the as-
sumption of the elastic half-space, we estimate

the amount of surface tilting using an analytical
solution [Melchior, 1966].

a1;2 ¼
@u3
@x1;2

u3 ¼ $ 1$ n
2pG

þ f

g2

! "

F

F ¼
ZZ

P V1; V2ð Þ
R x1; x2; 0; V1; V2ð Þ dV1dV2

R x1; x2; 0; V1; V2ð Þ ¼ x1 $ V1ð Þ2þ x2 $ V2ð Þ2
h i1=2

These formulas allow to calculate the tilt signal in x
and y direction (a1,2) due to a load distribution (P).
We apply it to the initial and the final sediment
distribution. The measurable change in surface tilt
during the landslide is computed as the difference
between final and initial tilt signal. Further
involved variables and parameter are as follows:
u3, vertical displacement (z axis directed upward);
x1,2, point of observation; z1,2, point of load; R,
distance; f, gravitational constant (6.67 ( 10$11

Nm2 kg$2); g, standard gravity (9.81 ms$2); n,
Poisson ratio (0.25); G, shear modulus (7 ( 1010
Pa).

[18] As the deformation due to the slide involves
large lithospheric portions, the involved parameters
of the elastic half-space are evaluated at lithospheric
depths: The Poisson ratio of 0.25 is a lithospheric
average and the value of the Shear Modulus is
estimated at a depth of 100 km which corresponds
to the distance between tiltmeter and load. We
implement biaxial tiltmeters. One leg measures tilts

Figure 6. (a) Surface tilting in x direction for landslide of scenario 1. (b) X component of theoretical tiltmeter
measurements. For typical errors of 100 nrad, scenarios 1 and 2 are clearly distinguishable.
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in positive x direction (east), the other in positive y
direction (north).

[19] The overall tilt distribution for the x compo-
nent is depicted in Figure 6a. Tilt measurements of
hypothetical inclinometers positioned at Long-
yearbyen and Ny-Ålesund are shown in Figure 6b.
Occurring tilt amplitudes of the order of 1000 nrad
are extremely well within the accuracy range of
several nanorad for today’s tiltmeters [d’Oreye and
Zürn, 2005].

[20] For each of the four scenarios, Figure 7
depicts the components of the computed tilt vector
in x and y direction. The time series of the x
components for scenario 3 and 4 are very similar,
however, they can be distinctly discriminated via
the y component. Within these possible events, the
most hazardous scenario 2 can be clearly recog-
nized.

[21] By implementing inclinometers at Spitsber-
gen, a large submarine mass movement can be
reliably detected a few minutes after slide initia-
tion. We envisage a setup in which the tiltmeter
response and the range of likely tsunamis is mod-
eled for several realistic landslide scenarios before
installation of the tiltmeters. In this case tsunami-
relevant parameters like displaced mass, travel
distance and velocity will be accessible as soon
as the bulk of the mass has moved, i.e., approxi-
mately after 1 h. Obviously slow precursors or
runout of turbidites may occur over a longer time
span, but as the tsunami is linked to the main
acceleration of the bulk of the landslide only this

information is necessary for the tsunami warning
system (Figure 6b).

4. Conclusions

[22] From modeling different tsunami scenarios we
conclude that a landslide in the Fram Strait has the
potential to create a tsunami that would affect NW
Europe. Present global warming increases the
probability for such an event. We calculate the
effect that such an event would have on tiltmeters
and conclude that the installation of such instru-
ments on the west coast off Svalbard would be an
efficient warning tool that gives several hours of
advance warning before a tsunami would strike the
coasts of Norway, Iceland and the UK.
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