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Abstract Analysis of high-resolution multibeam bathymetry and seismic profiles in the
Noggin Passage region, north-eastern Australia, has identified a small area (Noggin block)
in the upper-slope offshore Cairns that may potentially collapse and generate a tsunami
wave. The Noggin block extends from 340 to 470 m depth covering a roughly circular
(2.4 km long and 3.7 km wide) area of about 5.3 km?. The well-defined margins of the
block correspond to different bounding seabed features. These features include steep
headscarps, small landslides and a group of aligned circular pockforms up to 500 m wide
and 20 m deep. Slope stability simulations indicate that the Noggin block is stable under
normal present-day gravitational conditions on the upper slope. However, block failure
may result under external loads, such as those produced by earthquakes. Failure modelling
shows that critical peak horizontal accelerations of 0.2-0.4 g could lead to the collapse of
the Noggin block. In north-eastern Australia, these acceleration values would involve
earthquakes generated at short hypocentral distances and short periods. The collapse of the
potential sediment slide mass of about 0.86 km? (162 m average thickness) may lead to
the formation of a landslide-generated tsunami wave. Semi-empirical equations indicate
the collapse of this mass would yield a 7-11-m high three-dimensional tsunami wave.
These waves could reach an estimated run-up height at the coast of 5-7 m. Our first-order
approach highlights the potential consequences for nearby coastal communities, the need
for better sediment characterisation in the study area, and the systematic identification of
other areas prone to slope failures along the Great Barrier Reef margin.
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1 Introduction

Submarine slope failure is a common process acting in different oceanographic settings
(Hampton et al. 1996), and it plays an important role in shaping seafloor environments and the
exchange of sediment between the shelf and the deep-sea basin (Canals et al. 2004). Triggered
by diverse mechanisms (Sultan et al. 2004), submarine landslides have captured the attention of
many researchers due to their potential to generate large and catastrophic tsunamis (Driscoll
et al. 2000; Tappin et al. 2001; Fryer et al. 2004), and therefore, their study has important
implications for assessing the potential tsunami hazard facing populated coastal areas.

The Australian coast has experienced modern tsunamis (Rynn and Davidson 1999;
Dominey-Howes 2007), although the overall risk along this coast is lower than in many
other parts of the world (Middelmann 2007). However, the Indian Ocean tsunami on 26
December 2004 highlighted the fact that large catastrophic tsunamis could potentially
strike the Australia coastline. Since then, there has been an ongoing effort to understand the
level of onshore hazard caused by tsunamis to the Australian coast (Sexton et al. 2009).
Additional information is provided by the tsunami geological record (Bryant and Nott
2001) and probabilistic studies (Burbidge et al. 2008). Modelling studies have also pro-
vided a general context for the offshore (at the 100-m depth contour) tsunami hazard for
Australia (Geoscience Australia 2008).

Most of the known Australian tsunamis have an earthquake-induced origin far from the
Australian coast (Dominey-Howes 2007). For example, in 2007, the earthquake-generated
(M,, 8.1) Solomon tsunami reached the north-eastern coast of Australia, but just as a small
wave of less than 1 m in height (Queensland Government, Environment and Resource
Management 2007). Numerical modelling suggests that the effects of the Solomon tsunami
waves produced were diminished due to the refraction and reflection caused by the pres-
ence of the reef matrix of the Great Barrier Reef (Baba et al. 2008). However, landslide-
induced tsunamis can be triggered much closer to the shore than co-seismic tsunamis
generated far from the coast. So, despite their lower energy release (Ruff 2003), their high
run-up and flooding may result in significant localised destruction along nearby coastlines
(e.g. Sissano Lagoon, Papua New Guinea; Kawata et al. 1999; Synolakis et al. 2002).

Therefore, another step in the development of any tsunami hazard assessment on the
Australian coastline is to develop a model describing other sources of tsunamis (e.g.
submarine landslides), and the probability of that source in generating a tsunami of a given
size at a given location. In this study, we have identified an area in the upper-slope offshore
Cairns in north-eastern Australia that may potentially collapse and generate a tsunami
wave. Here, we provide data about the location and morphology of this study block (herein
called the Noggin block), basic slope stability simulations, an estimation of the maximum
tsunami wave and run-up height, and discuss the triggering factors and the future inves-
tigations needed to test the reliability of any eventual slope failure.

2 Geological setting and sedimentology

The north-eastern Australia margin is a passive continental margin that constitutes a large
depositional area of carbonate and terrigenous sediments, from shallow-water shelf
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environments to deeper slope and basin settings. The study area is located in the central
part of this margin, in the Noggin Passage region, about 100 km south-east offshore Cairns
(Fig. 1). The shelf here is a gently dipping surface, about 65 km wide, with the shelf break
located at about 102—109 m depth (Abbey et al. 2011). The outer shelf includes a series of
submerged features such as barrier reefs, lagoons, pinnacles and terraces (Abbey et al.
2011; Webster et al. 2011). The shelf is connected to a moderately steep (4—7°) continental
slope. Regionally, the slope is excavated by a submarine canyon system perpendicular to
the shelf margin that extends to the base of the slope at about 1,400 m. The area studied in
detail is located <5 km to the north of the Gloria Knolls landslide scarp (Beaman and
Webster 2008; Webster et al. 2008a) and includes the slope areas surrounding Noggin
Canyon 17 (Fig. 1).

Modern surface sediments on the slope and basin comprise terrigenous siliciclastic and
bioclastic carbonates with a variable proportion and spatial distribution along the margin
(Dunbar and Dickens 2003; Francis et al. 2007). Subsurface sediments comprise different
sedimentary units that extend from the Pleistocene to the Middle Miocene (Davies et al.
1991). Slope sediments collected during the ODP Leg 133 (Sites 819, 820 and 821; Fig. 1)
at similar depths to the study area (250-600 m) comprise Pleistocene units consisting of

Fig. 1 Hillshade map of the study area in the Noggin Passage region, north-eastern Australia margin, from
high-resolution multibeam data (RV Southern Surveyor voyage SS07/2007) and other data sources (see
Beaman 2010). The continental margin offshore Cairns is shaped by a submarine canyon system and large-
scale landslides. Canyons are labelled with numbers. Inset shows the location of the study area in detail.
Location of ODP Leg 133, sites 819-821 is also marked
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variable proportions of pelagic oozes, mixed carbonate-siliciclastic hemipelagic/pelagic
sediments, and skeletal packstones, grainstones and floatstones (Davies et al. 1991). These
units are organised in several fining- and coarsening-up sequences with increasing- and
decreasing-up carbonate content. Although these ODP sites are located about 70 km to the
north of the study area, it is reasonable to assume that this general subsurface stratigraphy
extends to the study area.

3 Data and methods

Multibeam bathymetry and seismic reflection data were collected by the research vessel
RV Southern Surveyor during September—October 2007 (SS007/2007; Webster et al.
2008a, b). The high-resolution bathymetry map was obtained using a Simrad EM300
multibeam echosounder (30 kHz), later processed using Caris HIPS and SIPS software and
gridded to 30-m pixel resolution. Regional bathymetry data come from different sources
and used to generate a 100-m resolution grid for the Great Barrier Reef and Coral Sea
(Beaman 2010). Bathymetry grids were imported into ESRI ArcMAP 9.3 to create slope
maps and bathymetric profiles. Digital elevation models (DEMs) were generated using
Fledermaus V7.2.1 software. All these datasets were used to study the detailed surface
morphology and 3D structure of the Noggin block. Seismic reflection data were acquired
from the continental slope using Topas PS18. The SEG file profiles were imported to
Kingdom V8.6 software for visualisation and interpretation. Submarine canyons identified
within the Noggin Passage region have been numbered from north to south (Fig. 1).

Geomechanical models for the potential failure of the study block were run with Slope/
W software, by means of the generalized limit equilibrium (GLE) method (Fredlund and
Krahn 1977; Fredlund et al. 1981). Several depth profiles were produced in order to
simulate possible scenarios of instability development and to determine the initial slide
plane. The position of the most critical initial failure surface was constrained using a wide
range of entry and exit points at the slope. Static simulations were firstly simulated,
followed by simulations under seismic loadings using the pseudo-static method, which
considers the seismic accelerations in terms of equivalent static forces (Terzaghi 1950). In
both cases, a factor of safety (FoS), defined as the ratio of the resisting forces to the
disturbing forces, was determined. The effect of other destabilising processes, such as fluid
or gas seepage on slope stability, has not been included in these simulations; however, they
are considered within the discussion.

4 Results

4.1 Slope and block morphology

4.1.1 Slope

The study area covers the slope around Noggin Canyon 17 (Fig. 1) between 150 and
1,250 m depth (Fig. 2). The head of this canyon is excavated into a gently inclined (<2.5°)
upper-slope shoulder to seawards from the modern shelf break at between 102 and 109 m

depth. This uppermost slope area extends down to about 250-300 m where the gradient
then becomes steeper. Depth profiles show a gaussian (sigmoidal) slope, with the steepest
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Fig. 2 a Hillshade map of the study area in detail, from high-resolution multibeam data (SS07/2007) and
gridded at 30 m. This study focused on the area close to the Noggin Canyon 17 (Noggin block; dotted line).
This block covers an area of about 5.3 km? in the upper slope. Adjacent landslides and debris indicate that
slope failure is a common process in this region. Black dashed lines indicate the position of depth profiles
shown on the right. White dashed line marks the location of the seismic line shown in Fig. 4. b Depth
(black) and gradient (dashed grey) profiles along selected locations. Composed profile 1-2 shows the
sigmoidal shape of the original slope. Profiles 3 and 4 illustrate the morphology of the slope shaped by
landslides L1 and L2, respectively

gradients (8°-16°) between 300 and 1,100 m, and then decreasing at deeper waters with
gradients less than 4° (Fig. 2b).

In the study area, downslope from the canyon area, several slope failures have modified
the seafloor morphology. Two main submarine landslides (L1 and L2) are observed in the
middle and lower slope nearby the canyon valley. The northern slope failure (1) com-
prises a 3-km wide headscarp between 650 and 900 m depth (Fig. 2 profile 3-3'). This
steep (24°-26°) headscarp has a surficial height of 150-250 m and is partly connected with
the lower canyon. Downslope from the headscarp, the seafloor is covered with collapsed
debris of various sizes, several 100 s of m long and a few m high. The southern landslide
(L2) consists of a 2-km wide spoon-shaped feature starting at 400 m and extending to the
base of the slope with an average gradient of 10° (Fig. 2 profile 4-4’). This feature also
shows a narrow gully located through its axis, and small debris found at the base of the
slope. Narrow slope gullies are also observed to the north of Noggin Canyon 17.

In addition, a much larger slope failure, known as the Gloria Knolls landslide scarp, is
located south of the study area (Fig. 1). This landslide significantly modified the shelf and
slope areas by removing about 32.6 km® of material (Beaman and Webster 2008).

4.1.2 Noggin block

Starting at a depth of 340 m and extending down to 470 m, a 2.4-km long and 3.7-km wide
sediment block has been identified at southern part of the head of Noggin Canyon 17. The
centre of the block is located at 17°11.44’S, 146°41.62'E (Figs. 2, 3a). This block has a
roughly circular shape, covering an approximate area of 5.3 km? in the upper slope, and is
easily distinguished from the surrounding slope area. The margins of the block are clearly
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Fig. 3 a Southerly looking 3D view of the Noggin block site and location of depth profiles across this
block. Seismic profile shown in Fig. 4 is marked as a white line (I-II). The block is limited by a series of
pockforms (see upper left inset), headscarps and a canyon branch that suggests sediment disruption and
destabilisation processes. These processes are also revealed by the presence of adjacent slope failures.
b Depth (black) and gradient (grey) profiles across the study block used in slope stability simulations

defined in the bathymetry data by different bounding features (Fig. 3a). The northern flank
of the block corresponds to a headscarp 20 m in height, with a gradient of 9°, and partly
forms the southern wall of Noggin Canyon 17. To the east, the block has a steep flank of
about 15° that passes downward to an 8° slope. The southern boundary is defined by
several aligned circular depressions (pockforms) <500 m apart. These depressions are
100-500 m long and 5-20 m deep, increasing in size from east to west. The western flank
of the block is connected to one of the canyon branches. On part of this northern side
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Fig. 4 Seismic line (SS072007_012_003) along the slope showing part of the western boundary of the
Noggin block. This profile shows small slide masses with steep headscarps close to Noggin Canyon 17 and a
pockform

boundary, there appears to be a small slide (Fig. 4), leaving a headscarp surface up to 40 m
in height and gradients of 15°-18°.

4.2 Slope stability and failure simulations

High-resolution bathymetry has allowed us to define the surface boundaries of the Noggin
block on the seafloor. Slope stability and failure modelling were simulated in several depth
profiles across the block and slope (Fig. 3b) in order to delimit the lower surface or the
most critical slide plane in the case of block collapse. In the absence of direct measure-
ments of sediment strength parameters (cohesion and friction angle), modelling scenarios
were carried out using a range of strength values for the sediments in the study area. In
each case, effective friction angles of 30°, 25°, 15°, 7.5° and 3.75° were used in a Mohr—
Coulomb strength model (Table 1). A cohesion value of 0 kPa was initially used for all
simulations with these friction angles. Additional scenarios with increasing sediment
cohesion and peak friction angles were also simulated. Although sediment cores from the
study area are not available, the unit weight of slope sediments can be considered similar to
that of sediments drilled in comparable slope settings from ODP Leg 133 Site 820 (Davies
et al. 1991). In this site, the first 150 m below the seafloor corresponds to a bioclastic unit
that comprises unlithified, very fine, sand-sized wackestones and mudstones, interbedded
with bioclastic packstones. Average grain density in this interval is 2.75 g/em®, with
porosity values ranging from 40 to 68 % (average 51.75 %), and void ratios from 0.66 to
2.11 (average 1.10). These parameters provide an estimated average unit weight (y) of
18 kKN/m® (15-21 kN/m?).

@ Springer



Nat Hazards

Table 1 Strength parameters and resulting factor of safety (FoS) obtained in slope stability simulations for
different profiles across the study block (Fig. 3)

Cohesion  Friction FoS
(kPa) angle (°)
Profile  Profile  Profile Profile Profile Profile Profile Profile
a—a’ b-b’ c— d-d’ e -t g h-h’
0 30 5.024 5.03 4.666 4.496 4.775 4.501 4.227 3.617
25 4.058 4.062 3.769 3.631 3.857 3.635 3414 2.921
15 2.332 2.334 2.166 2.086 2.216 2.089 1.962 1.679
7.5 1.146 1.147 1.064 1.025 1.089 1.026 0.964 0.825
3.75 0.57 0.571 0.53 0.476 0.542 0.511 0.48 0.411
1.25 30 5.883 5.864 5.595 5.403 5.743 5.565 5.65 4.584
2 6.399 6.365 6.152 5.936 6.324 6.084 6.096 4.988
5 8.3 8.107 7.463 7.176 7.89 7.432 7.861 6.604
10 10.629  10.327 9.55 9.223  10.132 9.679 10.803 9.297
22 30 16.219 15578 14.56 14.105 15.514 15.01 17.865 15.76
25 15.07 14433 13.527 13.113  14.428 14.002 16919 15.008
15 12.989 12.389  11.68 11.342 12459 12.203 15.23 13.665
7.5 11.546 10978 10412 10.119 11.105 10.967 14.069 12.745
3.75 10.845 10.283 9.797 9.519 10449 10366 13.506  12.295
0 10.151 9.594 9.187 8.924 9.798 9.762 12949 11.851

Italicized values correspond to unstable conditions

Slope stability results (Table 1) indicate that the Noggin block is stable under the
general static conditions simulated. Only simulations with no sediment cohesion (c) and
low-friction angles (¢ = 3.75°-7.5°, Table 1) produce unstable conditions with a FoS < 1.
Therefore, some other destabilizing processes are necessary in order to trigger the collapse
of the Noggin block.

The effect of seismic loading on the sediment slope stability was also simulated.
Seismic shaking simulations were run using undrained conditions (¢ = 0) in order to
simulate short-term, rapid dynamic loading, and considering sediment cohesion of 1, 10
and 22 kPa. Increasing horizontal accelerations (K, expressed as a portion of the gravity
acceleration) were applied to the sediment until achieving a FoS < 1 (Table 2). The slope
stability under the action of an external load, such as an earthquake, is conditioned by the
sediment cohesion (Fig. 5). Simulations show that the Noggin block would collapse under
horizontal accelerations between 0 and 0.5 g depending of the sediment cohesion (Fig. 5).

The geometry of the modelled slide under different seismic loading conditions is shown
in Fig. 6a. Profile d—d’ was selected to show the morphology of the slide plane as it crosses
the middle of the Noggin block (Fig. 3). The most critical scenario under seismic shaking
(¢ = 10 kPa, undrained conditions and K;, = 0.2 g) leads to the formation of a very deep
slide surface, involving a slide mass of up to 600 m thick (top slide in Fig. 6a). This
geometry does not match the geometry of adjacent landslides (L1 and L2) found in the
study area (Fig. 6b). However, simulations with a K;, = 0.4 g with FoS between 0.879 and
0.986 (unstable conditions) generate slide geometries more similar to those in adjacent
landslides (middle slide in Fig. 6a). Similar surfaces are also found in simulations under
drained conditions (¢ = 30, ¢ = 0) and moderate seismic horizontal accelerations
(K;, = 0.2 g) (bottom slide in Fig. 6a).
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Table 2 Factor of safety (FoS) obtained in slope stability simulations in different depth profiles under
various horizontal accelerations produced by seismic events

ki,  Cohesion (kPa)

Profile a-a’ Profile b—b’ Profile c—’ Profile d-d’

1 10 22 1 10 22 1 10 22 1 10 22

0 0.461 4.614 10.151 0.436 4.631 9594 0418 4.176 9.187 0.406 4.056 8.924
0.1 0144 1443 3.174 0.138 1.383 3.042 0.141 1413 3.108 0.113 1424 3.133

0.2 0.849 1.868 0.817 1.798 0.839 1.847 0.851 1.872
0.3 0.598 1.315 0.577 1.270 0.594 1.307 0.599 1.317
0.4 1.014 0.981 1.005 1.015
0.5 0.825 0.799 0.815 0.825
0.6
0.7

k,  Cohesion (kPa)

Profile e’ Profile f—f Profile g-g’ Profile h-h’

1 10 22 1 10 22 1 10 22 1 10 22

0 0.445 4.454 9.798 0.444 4437 9.762 0.589 5.886 12949 0.539 5387 11.851
0.1 0.146 1.458 3207 0.151 1507 3314 0211 2107 4673 0211 2116 4.656

0.2 0.863 1.900 0.886 1.949 1.255 2.760 1.299  2.859
0.3 0.608 1.337 0.626 1.378 0.892 1.962 0.936  2.058
0.4 1.031 1.064 1.520 1.606
0.5 0.838 0.867 1.238 1.314
0.6 1.045 1.112
0.7 0.903 0.963

Simulations were run considering undrained conditions and different sediment cohesion values. Italicized
values correspond to unstable conditions

Fig. 5 Factor of safety (FoS) for 12
simulated slope failures across

selected depth profiles (Fig. 3)

under seismic loading (horizontal

acceleration Kj,) expressed as a

portion of gravity acceleration. 8 ‘\ O Profile h-h’
Slope is more stable with < Profile d-d’
increasing sediment cohesion. FoS A Profile a-a’

Note that the most probable

sediment cohesion values

(10 kPa) suggest slope instability 4
under horizontal accelerations

higher than 0.2 g

stable
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Fig. 6 a Depth profiles (d—d’) showing the geometry of the modelled slide mass and location of the study
block. Simulated slide surfaces correspond to undrained (¢ = 0) and drained (¢ = 30) conditions, different
horizontal accelerations and cohesion values. b Reconstructed depth profiles across landslides L1 and L2
showing the geometry of the slide mass. Note that some instable simulated geometries in a are comparable
in size and shape to the geometries of previously failed slopes

4.3 Tsunamigenic potential

Modelled surfaces with similar geometries to the adjacent landslides indicate a significant
volume of sediment up to 250 m thick (162 m average; Fig. 6) could slide under adequate
conditions. Considering the average thickness, the slope stability simulations involve a
potential sediment slide mass of about 0.86 km>. The collapse of such a sediment mass
may lead to the formation of a landslide-generated tsunami wave.

Many tsunami generation and run-up models have been developed, including some
specifically applied to submarine mass failures. In this study, in order to estimate the
tsunami wave amplitude that could be generated over the top of the eventual slide of the
Noggin block, semi-empirical equations based on two- and three-dimensional numerical

@ Springer



Nat Hazards

simulations have been used (Grilli et al. 2002; Grilli and Watts 2005; Watts et al. 2005).
We have assumed the simplest case, a translational slide. For translational slides with no
basal friction, and strong fluid dynamic drag, the maximum three-dimensional tsunami
amplitude (1,) is given by Grilli et al. (2002), Grilli and Watts (2005), Watts et al. (2005):

T\ (bsin0\ > |
Ny = So(0.0574 — 0.0431 sin 0) <Z) (1”;“ ) (1—52-2(“1))( id > (1)

w+ Ao

where S, is the distance of motion for translational failures,

T

So Zzb(s—l-l) (2)
0 is the angle of the slope, T is the maximum thickness of the failed mass, b is the length of
the slide mass, d the average depth above the centre of the slide mass, s is the sediment-
specific gravity, w the slide mass width and A the tsunami wavelength,

[ mbd(s + 1)
fo = 2sin0(s — 1) ®)

Table 3 provides the selected parameters for the study case and calculated tsunami
amplitude, distance of motion and tsunami wavelength following Eqs. (1)—(3). These
numerical equations are valid within a range of 0 €[5,30°], d/b €[0.06,1.5], T/b €[0.008,0.2]
and s €[1.46,2.93] which are satisfied by values expressed in Table 3. Two different
scenarios were considered: Case 1, a slide thickness equal to a simulated thickness
(T = 250 m), which is similar to the material failed in adjacent landslide L.1; and Case 2, a
slide thickness of 150 m, which is about the value of the estimated failed mass in adjacent
landslide L2 (Fig. 5b). According to the predictive equations above, the mass failure of the
Noggin block would yield at the generation point a characteristic three-dimensional tsu-
nami wave elevation of about 11.2 m for the first case and a 6.7-m elevation for the second
case. Therefore, we can expect tsunami amplitudes at the origin of between about 7-11 m.

The estimated maximum tsunami amplitude is considered to be similar to the maximum
tsunami run-up (R =~ 1, &~ 7-11 m) according to the correspondence principle (Watts
et al. 2003, 2005). However, due to shoaling and amplification effects, run-up height is
usually higher than the tsunami wave height at the origin. For long waves and following
the Green’s Law, Ward (2011) proposes that the run-up height (R) can be broadly esti-
mated by:

R = n,(d)**d'? (4)

with 7,(d) the wave amplitude at depth d. This approach yields a run-up height of
16.5-24.5 m at the coast for initial waves of 7 and 11 m, respectively (Table 3).

Table 3 Input parameters for simulated study block landslide and estimated output tsunami characteristics
for two study cases

Parameter s T(m) bm w@m dm 0¢) S,m A,(m 1#,(m R(m)
Case 1 1.85 250 4,900 3,500 600 9 21,936 16,796 11.2 24.5
Case 2 1.85 150 4,900 3,500 600 9 21,936 16,796 6.7 16.5

s sediment-specific gravity, 7 maximum thickness of the failed mass, b length of the slide mass, w width of
the slide mass, d average depth above the centre of the slide mass, 6 angle of the slope, S, distance of
motion, 4, tsunami wavelength, 7, three-dimensional tsunami amplitude, R tsunami run-up
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The site-specific effects on tsunami wave propagation along the adjacent coast are here
complicated by the presence of coral reefs. Baba et al. (2008) simulated the propagation of
the 2007 Solomon Island tsunami into the GBR and found that the coral reefs decreased the
amplitude of the first incoming wave by half or less. If we apply such a decrease to the
Noggin block case, a tsunami wave 3.5-5.5 m high would still generate a significant run-
up at the adjacent coast (about 5—7 m for an average water depth of 20 m). More accurate
run-up estimations would need precise data including period, size and direction of the
incoming waves, number of waves, beach and coastal morphology and bottom friction,
which are beyond the scope of this study.

5 Discussion
5.1 Block collapse

Our morphological analysis of the high-resolution bathymetry data offshore Cairns, north-
eastern Australia, has identified a well-defined area in the upper slope that could collapse
under certain conditions. This area is characterized by a group of small, aligned, circular
seabed features (pockforms) and by headscarps with slide masses clearly observed at their
base (Fig. 3a). These seafloor features are indicative of sediment disruption, probably
suggesting initial destabilisation processes, and can be considered as a precursor to a larger
sediment failure.

Within the previously stated data uncertainties, the slope stability simulations show that
the Noggin block is apparently stable under normal present-day gravitational conditions on
the upper slope. However, instability conditions were found when seismic loading was
considered. Calculated critical earthquake accelerations that may trigger the Noggin block
failure range from O to 0.5 g, depending on the assumed sediment cohesion. The most
realistic scenario considers a maximum cohesion value of 10 kPa for the slope sediments, as
the slide plane geometries observed in adjacent landslide scarps are similar to those sim-
ulated in failure analyses. This maximum value is also in agreement with values of
0-9.57 kPa for marine, low-energy, fine-grained sediments (Koloski et al. 1989), and with
values used in some slope stability models dealing with hemipelagic slope sediments
(7 kPa, Urgeles et al. 2007). Peak horizontal accelerations (PHA) of 0.2-0.4 g are necessary
to trigger the failure of the Noggin block considering a sediment cohesion of 10 kPa.

In Australia, as in other tectonically stable margins, the estimation of earthquake ground
shaking effects is limited due to the paucity of data, especially for large earthquakes.
Recently, Australian-specific ground-motion prediction equations (GMPE; McPherson and
Allen 2006; Somerville et al. 2009) show that these equations are consistent with the
western North American GMPE of Chiou and Youngs (2008). Using these equations, and
considering that the maximum earthquake magnitude elsewhere in Australia is estimated to
be My, 7.0-7.5 &£ 0.2 (Allen et al. 2011), earthquakes that may produce peak ground
accelerations (maximum horizontal acceleration at ground surface induced by an earth-
quake) of 0.2-0.4 g should generate at short hypocentral distances and short periods
(Table 4). Figure 7 shows the occurrence of earthquakes in the Cairns region in recent
times (1866-2011; Earth Systems Science Computational Centre (2011); Geoscience
Australia 2012). Many of these earthquakes have occurred in offshore areas underneath the
shelf and upper slope at relatively short distances from the study area (<50 km). Overall,
these earthquakes are of too low magnitude to generate the critical peak horizontal
acceleration. However, the occurrence of unexpected larger seismic events able to trigger
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Fig. 7 Hillshade map of the study area offshore Cairns showing the distribution and magnitude of
earthquakes events from 1866 to 2011 (Earth Systems Science Computational Centre; Geoscience
Australia). Yellow star marks the location of the Noggin block. Observe that some of these recent
earthquakes have occurred relatively close to the Noggin block at <50 km

the study block collapse cannot be discarded based only on the available recent earthquake
record. Furthermore, amplification effects due to local site conditions could increase the
local peak horizontal acceleration value (Venkatesan et al. 2003).

5.2 Tsunami generation and run-up heights

Based on slope stability simulations and equations derived from numerical models, a
tsunami wave about 7-11 m high could be generated in case of the catastrophic collapse of
the Noggin block. Although the area and sediment volume that could potentially be mo-
bilised during the landslide is small compared to other well-known large tsunamigenic
landslides (Moore et al. 1989; Fryer et al. 2004; Haflidason et al. 2004), similar tsunami
amplitudes corresponding to comparable or even smaller slide mass volume have been
estimated or modelled in other continental margins around the world (Rabinovich et al.
2003; McAdoo and Watts 2004; Tinti et al. 2007).

Although the site-specific effects on potential tsunami wave propagation controlled by
the local bathymetry and topography (here complicated by the presence of coral reefs) are
not included our simulations, the predicted coastal run-up heights do provide a tool for the
estimation of tsunami hazards in nearby coastal communities. Considering an approximate
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and variable tsunami wave speed (s = /gd) of about 20-370 km/h depending on the range
of shelf depths traversed, and that the nearest coastline is located at about 70 km from the
point source, the modelled tsunami wave would reach the coast in about 1 h. Despite the
sparse population along the coast here, more detailed tsunami modelling using a landslide
source is recommended.

5.3 Triggering mechanisms

Slope stability simulations have shown that the Noggin block is stable under static grav-
itational loading and that the block failure needs an external load; for example, the seismic
loading modelled here. Other factors, such as high sedimentation rates or gas hydrate
dissociation, may influence the static conditions (Baraza et al. 1990; Kayen and Lee 1991;
Nixon and Grozic 2006) by increasing the pore pressure in the sediment and thus reducing
the sediment stability. The presence of high pore pressures generated by groundwater
seepage may also trigger the Noggin block failure. Such a groundwater flow regime has not
been found in the study area due to the lack of available seismic data. However, the
presence of pockforms bounding the study block and adjacent slopes (Fig. 3a) suggests
that this possibility cannot be dismissed as a trigger and needs further research.

5.4 Limitations, constraints and future work

This study represents a first step towards a more detailed investigation of slope failure
dynamics and landslide-generated tsunami risk along the north-eastern Australia margin.
Uncertainties in our models relate mainly to input parameters due to the lack of available
data in the study area. Slope stability analyses assume a single layer of sediment with
uniform characteristics (cohesion, friction angle, unit weight). This may seem a simplistic
approach but even if short sediment cores were available, they would only provide
information about the geotechnical properties in the uppermost few m of the sediment
column, and therefore their variation with depth would still have to be estimated. Thus, a
single layer method using common strength values for upper-slope sediments can be
considered as a good starting point to recognise slope instabilities and thus represents the
worst-case scenario for a mass failure.

Another uncertainty concerns the triggering mechanism. Considering localised earth-
quakes as the potential triggering factor, we have simulated the short-term, rapid dynamic
loading by considering undrained conditions. However, the influence of this rapid dynamic
loading could also be evaluated by performing analyses of cyclic loading conditions which
can significantly increase the pore pressure and reduce sediment strength (Baraza et al.
1990; Leynaud et al. 2004). But, again, this requires in situ sediment property data to
estimate the over-consolidation ratio. Uncertainties derived from the limited ground
motion models in north-eastern Australia further influence the probability of occurrence of
the triggering seismic event.

One important factor that conditions the characteristic of a landslide-generated tsunami
wave is the initial acceleration of the failed mass, and the landslide kinematics depends on
the stress state and the shear strength properties of the sediment (Harbitz et al. 2006;
Bradshaw et al. 2007). Although such factors, as well as the influence of the local
bathymetry and basal friction on the run-up height (Li and Raichlen 2003; Gedik et al.
2005; Hsiao et al. 2008), are necessary to conduct precise numerical modelling in local
areas, these models can benefit from the initial approach presented in this study. The
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propagation of the incoming tsunami wave will likely attenuate due the complex reef
system in the GBR. However, our approach may represent the worst-case scenario, and
therefore, this study area could be considered for further detailed tsunami risk assessment.

Evidence of other slope landslides on the GBR margin has been identified with failed
areas up to 178 km? in area and about 32 km® in volume of collapsed material, such as the
Gloria Knolls landslide scarp located about 5 km south of the Noggin block (Beaman and
Webster 2008; Puga-Bernabéu et al. 2011). This large slope failure is similar in scale to
submarine landslides identified along the New South Wales margin, south-eastern Aus-
tralia, which are considered as tsunamigenic landslides (Glenn et al. 2008). The potential
collapse of the smaller-scale Noggin block may represent a local, small point source for
tsunami generation, but given the presence of much larger slope failures in adjacent areas,
its importance at the regional scale cannot be dismissed.

In summary, while our modelling approach needs better characterisation of the in situ
but currently unavailable sediment properties, we have identified an area of potential
instability area on the upper slope of the GBR margin. Our first-order simulations of slope
failure and the resulting tsunami wave highlight the potential consequences for nearby
coastal communities, while underscoring the need for further study. Future effort should
focus on obtaining detailed sediment core and subsurface geophysical information over the
study area, along with obtaining more comprehensive high-resolution multibeam coverage
of the entire GBR margin to identify other areas prone to slope failures.

6 Conclusions

Based on our detailed morphologic analysis of high-resolution bathymetric data, slope
stability simulations and semi-empirical equations, we draw the following conclusions:

1. The Noggin block covers an area of 5.3 km? in the upper-slope offshore Cairns. This
block is bounded by headscarps, slide sediment masses and a group of aligned circular
depressions. These seabed features are indicative of sediment disruption and can be
considered as the precursors of a larger sediment failure.

2. Slope stability simulations indicate that the Noggin block is stable under present-day
normal gravitational conditions on the upper slope. However, destabilizing external
forces such as earthquakes may lead to the collapse of the Noggin block.

3. Critical peak horizontal accelerations of 0.2-0.4 g would lead to the failure of the
Noggin block. In north-eastern Australia, these values would correspond to
earthquakes generated at short hypocentral distances and short periods, which have
not been observed in instrumental records (i.e. the last 150 years).

4. The potential collapse of the Noggin block (about 0.86 km®) could generate a three-
dimensional tsunami wave height of about 7-11 m at the inception point. Such a wave
would reach a maximum run-up height of 16.5-24.8 m at the nearby coast. However,
the complex reef morphology of the GBR shelf would likely attenuate the incoming
tsunami and reduce either the tsunami height or the run-up by half or less.
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