
Chapter 60

Coupled Modelling of the Failure
and Tsunami of a Submarine Debris
Avalanche Offshore Central New Zealand

Xiaoming Wang, Joshu Mountjoy, William L. Power, Emily M. Lane,
and Christof Mueller

Abstract Evidence of previous submarine mass failures in the form of excavation

scars has been widely documented in the Cook Strait Canyons of New Zealand.

Recent bathymetry surveying has identified a well-defined submarine landslide scar

and its associated debris deposit on the northern slope of southern Hikurangi

Trough. The newly acquired multi-beam data allowed determination of the location

and extent of the deposit, estimation of its volume, as well as reconstruction of both

the pre-failure bathymetry and the initial state of the mass failure. A dynamically

coupled two-layer model was used to numerically investigate this submarine debris

avalanche and its resulting tsunami impact on the coasts of central New Zealand.

The modeling results show a fairly good overall agreement with the observed debris

deposition and also suggest that tsunami associated with the debris avalanche quite

possibly inundated the coasts of central New Zealand, with maximum run-up

elevations of between 3 and 5 m in several nearby locations.

60.1 Introduction

The Southern Hikurangi Margin is where the Pacific plate is obliquely subducting

beneath the Australian plate at ~20 mm/year, transforming and colliding with the

intra-continental Alpine Fault of South Island, New Zealand (Wallace et al. 2004).

The abundant supply of sediment from rapidly rising mountains in association with

strong ocean currents, active faults and several submarine canyon systems, provides

an ideal set of circumstances favouring frequent occurrences of submarine mass
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failure (Fig. 60.1). Numerous past submarine mass failures have been identified in

this region, especially in Cook Strait Canyons, Kaikoura Canyon and Pegasus

Canyon (Lewis et al. 1998; Lewis and Pantin 2002; Mountjoy et al. 2009; Mitchelle

et al. 2012), and these canyon systems are recognised to present potential landslide

tsunami threat to the coast of central New Zealand.

Recently, a very well defined scar and its matching deposit were revealed in

unprecedented detail on the southern side of the Hikurangi channel (Fig. 60.1a).

Both the scar and the debris deposit remain well preserved, which provides a rare

opportunity to study the failure and the tsunami impact. In this study, we investi-

gated this submarine debris avalanche and the resulting tsunami with a dynamically

coupled two-layer model. The model simultaneously calculates the debris ava-

lanche and its resulting tsunami with a fully two-way coupled approach.

60.2 The Submarine Debris Avalanche

The submarine debris avalanche was identified off the northern apex of the southern

Hikurangi Channel, lying about 2500 m under water (Fig. 60.1), among other

submarine mass failures discovered during a recent Southern Hikurangi mapping

Fig. 60.1 Submarine canyons in central New Zealand. The submarine debris avalanche is shown

in A. The black contour in A outlines the rough range of the debris deposit
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cruise (Mitchell et al. 2012). Onboard the RV a Kongsberg EM302 swath mapping

instrument, operating at 30 kHz with 288 beams, provided a resolution better than

in the previous imaging (Lewis and Pantin 2002). The high-resolution data indi-

cates that the displaced debris remains well preserved on the channel floor,

suggesting that it must have occurred within the timeframe of present geomorphol-

ogy. The pristine status of the amphitheater-like scar and the matching deposit on

the relatively flat floor allows outlining the range of debris deposition, restore the

pre-failure bathymetry, and estimate the volume of the initial mass (Fig. 60.2). The

initial mass was estimated as approximately 2.5 km3, with a maximum thickness

about 250 m and over 6.0 km wide (Fig. 60.2e).

Past studies suggest that the sediment in this region ranges from fine-grained

sand to coarser granule sand and gravels (Lewis and Pantin 2002). The low

cohesion of such material and the widespread debris deposition on the channel

floor imply that the failure disintegrated and transformed into a debris avalanche

after its initiation. But it is not clear where the failure started and what caused

it. Due to its proximity to active faults, it is suspected that earthquake-induced

strong ground shaking was likely the trigger.

Fig. 60.2 (a) Post-failure bathymetry; (b) reconstructed pre-failure bathymetry; (c) bed surface of
the failure; (d) computed post-failure bathymetry; and (e) initial debris thickness before failure
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60.3 Numerical Model and Modeling Results

Debris avalanche has often been modelled with depth-integrated equations, owing

to the fact that the thickness of debris flow is usually over one order-of-magnitude

smaller than its spatial scales (Jiang and LeBlond 1992). In particular, Heinrich

et al. (2001) and Kelfoun and Druitt (2005) solved these types of equations in a

topography-linked local coordinate system. This approach reduces difficulties in

solving vertically integrated equations over relatively steep terrains.

In this study, a fully-coupled two-layer model was proposed to study this

submarine debris avalanche and its consequent tsunami. The debris avalanche in

the lower layer serves as forcing boundaries for tsunami modeling in the upper

layer. For simplicity while remaining effectiveness, the thickness-averaged

Eq. (60.1), similar to those of Heinrich et al. (2001), were used to describe the

debris avalanche with granular flow assumption.

∂h
∂t

þ ∂ husð Þ
∂ex þ ∂ hvsð Þ

∂ey ¼ 0

∂ husð Þ
∂t

þ α
∂ hususð Þ

∂ex þ ∂ husvsð Þ
∂ey

� �
¼ khgsinθx � khgcosθ

∂h
∂ex þ fex

þ fex 0 ∂ hvsð Þ
∂t

þ α
∂ hvsusð Þ

∂ex þ ∂ hvsvsð Þ
∂ey

� �

¼ khgsinθy � khgcosθ
∂h
∂ey þ fey þ fey 0 ð60:1Þ

in which h, us and vs denote the slope-normal thickness and the velocity compo-

nents in slope-parallel directions ex and ey, respectively; θ is hydrologic slope angle,
and θex , θey , are slope angles in ex and ey ; α relates to the over-thickness velocity

profile. In this study, α¼ 1.0, assuming a uniform over-thickness velocity profile.

Parameter k reflects the effect of water. k¼ 1.0 for terrestrial avalanches and

k¼ 1�1/ρs for submarine avalanches in which ρs is the density ratio of mass to

water. ρs¼ 2.15 was used here, which is an average of the values 1.85~2.45 found

in other studies. g¼ 9.801 m2/s.

In Eq. (60.1), f
0ex and f

0ey are counter-components of top interface friction

determined from Eq. (60.4) which also introduce two-way momentum exchange

between (60.1) and (60.3). fex and fey are frictional force components, determined

from a Coulomb-type friction law commonly used for granular flow simulations as

fex ¼ khg cos θ tanφ us= u
*

s

��� ���� �
, fey ¼ khgcosθtanφ vs= u

*
s

��� ���� �
ð60:2Þ

where u
*

s ¼ us; vsð Þ;φ is Coulomb friction angle, approximately encapsulating the

effects of basal and internal frictions. Without additional momentum input, debris
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does not move over a slope less than this angle. φ¼ 4.0�was adopted in this study,

estimated from the repose angle of the debris deposit.

This debris avalanche model was further coupled with the depth-averaged

Nonlinear Shallow Water Equation (NSWE) model in the well-established

COMCOT simulation package (Wang and Power 2011) to simulate the resulting

tsunami in the upper layer. In the Cartesian system (χ,y,z) with χ, y and z pointing

eastward, northward and upward respectively, the NSWEs read

∂H
∂t

þ ∂P
∂x

þ ∂Q
∂y

¼ 0

∂P
∂t

þ ∂P2

∂x
þ ∂ PQð Þ

∂y
þ gH

∂zw
∂x

þ f x ¼ 0

∂Q
∂t

þ ∂ PQð Þ
∂x

þ ∂Q2

∂y
þ gH

∂zw
∂y

þ f y ¼ 0

ð60:3Þ

where H stands for the vertical thickness of water column, H¼zw�zs, in which Zw
denotes water surface elevation and Zs is the top surface of debris. zs ¼ zb þ h=cosθ
where Zb represents the bed surface where the debris moves (Fig. 60.2c), and h and
θ are obtained from the debris avalanche model. P ¼ Huw and Q ¼ Hvw represent

volume flux components, and uw and vw are velocity components of tsunami in

x and y, respectively.
In Eq. (60.3), fx and fy are friction components at the water bottom determined

fromManning’s formula in Eq. (60.4), based on the relative velocity between debris

avalanche and tsunami. Manning’s roughness n¼ 0.015 was chosen for the sandy/

muddy floor in this study. The friction along the interface of avalanche and tsunami

motions, updated at every time step, serves as a feedback mechanism of momentum

exchange between the two processes.

f x ¼ gn2H�1=3 uw � uscos θxð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
uw � uscos θxð Þ2 þ vw � vscos θy

� 	2q

f y ¼ gn2H�1=3 vw � vscos θy
� 	 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

uw � uscos θxð Þ2 þ vw � vscos θy
� 	2q ð60:4Þ

The modified explicit staggered leap-frog Finite Difference (FD) scheme in

Wang and Liu (2011) together with Arakawa C-grids was implemented to solve

the NSWEs for tsunami evolutions. One advantage of this scheme is that numerical

dispersion, part of truncation errors in the discretized NSWEs, is manipulated to

resemble the weak physical dispersion property of classic Boussinesq equations,

with a high computational efficiency. This was used to account for the potential

dispersion effect of the tsunami generated from the deep channel. Based on Watts

et al. (2003), the characteristic wavelength of the tsunami with solid-block motion

assumption was estimated about 10–15 times larger than the channel depth, i.e.,

weakly dispersive waves. The characteristic wavelength will be even longer for the

fully deformable landslide in this case study.
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Equation (60.1) for avalanche-type motions were solved with the explicit

upwind FD schemes proposed by Kelfoun and Druitt (2005), however with more

general quadrilateral grids to discretize the terrain surface. The rectilinear grids in

Heinrich et al. (2001) and in Kelfoun and Druitt (2005) are hardly achievable for

complex terrains. The topography-linked quadrilateral grids were constructed by

vertically projecting the horizontal Arakawa C-grids onto the topographical sur-

face. Our tests indicated that this type of grid implementation allows easy coupling

with the existing tsunami model, and the model also produces satisfactory agree-

ments with analytical studies, e.g., those in Mangeney et al. (2000). One hundred-

meter horizontal resolution was used in the simulation, enough to capture leading-

order features of the debris avalanche and tsunami evolutions. In total, a 3-h

duration of avalanche and tsunami was simulated to investigate the resulting

tsunami impact on the coast of central New Zealand.

The computed final debris deposition and the maximum tsunami elevation are

shown in Figs. 60.2d and 60.3, respectively. The computed post-failure bathymetry

(Fig. 60.2d) reproduced the observation (Fig. 60.2a) fairly well, except for some

details. Close comparisons reveal that the largest discrepancies over 25 m occur

near the toe of the excavation scar and between the upper crown and bar-like scarp,

probably due to inaccurate reconstruction of the bed surface (Fig. 60.2c). Without

additional coring data, such reconstruction proves to be particularly challenging.

Furthermore, in this simulation the entire initial mass was assumed to fail simulta-

neously at the beginning. In reality, the failure might start from one part then spread

to other parts, e.g., in the type of a progressive or retrogressive failure.

Figure 60.4 shows the computed sequential snapshots of the debris avalanche

with the assumption of simultaneous failure of the entire initial mass. The results

suggest that in this failure scenario the most energetic process likely completed in

the first 5–6 min, however the whole process might last over 10 min to reach the

new equilibrium (Fig. 60.4). Tsunami might have been generated and affected most

of the coasts of central New Zealand, with maximum elevations up to 3–5 m above

Fig. 60.3 (a) Computed max tsunami elevation near the coast (zoom-in view of box A); (b)
Computed max tsunami elevation in central New Zealand
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ambient sea level in a few places from Kaikoura to Cape Campbell (Fig. 60.3). This

estimate of the tsunami size is conservative, i.e., a worst case, because of the

assumption that the failure started as a single large mass. Further investigation

and modeling are required to improve our understanding of the pre-failure bathym-

etry, probable failure sequence and the characteristics of the resulting tsunami.

60.4 Conclusion

A well-defined submarine debris avalanche in the southern Hikurangi Channel was

investigated to study its failure and the resulting tsunami impact on the coast of

central New Zealand, using a fully coupled two-layer numerical model. Newly

acquired high-resolution multi-beam data was used to reconstruct the pre-failure

bathymetry and restore the initial condition of the mass failure. The numerical

model generates a reasonable correspondence with the observed debris deposit

caused by the failure, although it is recognized that this initial model requires

further work and refinement. The modeling results also suggest that a related

tsunami of moderate size may have been generated. If this was the case, it would

Fig. 60.4 Computed sequential snapshots of vertical thickness of debris at about (a) 0.0, (b) 1.5,
(c) 5.0 and (d) 10.0 min into the simulation. Grey lines illustrate the bathymetry contours of the

bed floor at a 20-m depth interval
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have affected the coasts of central New Zealand, with elevations up to 3–5 m above

ambient water level in a few areas from Kaikoura to Cape Campbell.

The proposed model calculates debris avalanche and tsunami evolutions in a

fully coupled two-layer system. The avalanche-type mass failure in the lower layer

is computed with thickness-averaged equations in topography-linked coordinate

system, serving as forcing boundaries for tsunami modeling in the upper water

layer. Friction along the interface acts as a mechanism of momentum exchange

between the two processes. This case study demonstrates that the coupled model

can successfully model tsunamis by this type of mass failure.
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