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EXECUTIVE SUMMARY
The near-shore area of lakes Tekapo, Alexandrina, Pukaki, Ruataniwha and Ohau are used
to varying degrees for housing, recreation, transport and energy generation. However, the
hazard posed to lakeshore development and people by tsunami or seiches is currently poorly
understood. A tsunami is a sequence of waves caused by disturbances to the floor of the
waterbody, they are commonly triggered by earthquakes and landslides. A seiche is an
oscillating standing wave set up in an enclosed or semi-enclosed water body such as a lake;
seiches can be triggered by, amongst other mechanisms, ground shaking and seismic
waves. There are no historical records of tsunami and seiche occurring on these lakes,
however, the historic record is too short to fully assess the hazard. In this report we
investigate the potential sources of seiches and tsunami on lakes Tekapo, Alexandrina,
Pukaki, Ruataniwha and Ohau. Earthquakes (encompassing lake bed fault rupture and
strong ground motion from regional and local earthquakes), landslides and delta collapse are
the primary triggers of seiches or tsunami in lake environments.
Fault displacements across lake beds displace the water volume above and almost certainly
cause tsunami. Lakes Ruataniwha, Alexandrina and Tekapo all have mapped active or
potentially active faults crossing their lake beds. In the scenario of a lake bed fault rupture,
we estimate tsunami wave heights above still water height would be at least the vertical
displacement on the fault. The Ostler Fault could produce wave heights of ~3 m on Lake
Ruataniwha. The Irishman Creek Fault Zone could produce wave heights of ~2 m on Lake
Alexandrina. The Irishman Creek Fault or Forest Creek Faults could produce wave heights of
at least 2 and 3 m on Lake Tekapo. There are additional potentially active faults under Lake
Tekapo, but there is not sufficient data confirm their presence or to constrain the amount of
displacement that might occur on these faults.
Seiches can be triggered by coseismic displacement of the lake bed, or by seismic waves. A
several-metre displacement on the Ostler Fault may tilt the bed of Lake Ruataniwha. Rupture
of the Irishman Creek Fault Zone may tilt the beds of lakes Pukaki, Tekapo and Alexandrina.
Rupture of the Coal River faults and The Wolds faults and folds may tilt the bed of Lake
Tekapo. Coseismic tilting of the lakes would probably generate seiches but the size of such
waves cannot be estimated without numerical modelling. Several local faults and regional
seismic sources, such as the Alpine Fault and Puysegur subduction zone, could generate
significant ground shaking at the lakes of this study. The relationship between ground
shaking levels and seiche generation is poorly understood. Recent moderate to large distant
earthquakes did not appear to generate seiches on lakes Tekapo, Alexandrina, Pukaki,
Ruataniwha and Ohau perhaps suggesting they are not prone to seiching but we cannot
estimate the impact of an Alpine Fault earthquake or local earthquake.
Lakes Tekapo, Alexandrina, Pukaki, Ruataniwha and Ohau are located in an area with a
known history of very large landslides. Parts of the margins of lakes Ohau, Pukaki and
Tekapo have very steep slopes which, if subject to failure, could produce landslides capable
of creating tsunami waves within the lake. A preliminary landslide susceptibility assessment
based on slope angle data was carried out for each lake which identified potential landslide
sources areas; the tsunami generating potential of example landslides at these sites was
estimated based on landslide size, slope height and steepness, and location on the lakeshore. There are 3 potential landslide source areas around Lake Ohau, future landslides
from these area could produce tsunami waves with run-up heights of 0.5 – 25 m. There are 4
potential landslide source areas around Lake Pukaki, future landslides from these area could
GNS Science Consultancy Report 2014/227
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produce tsunami waves with run-up heights of 0.5 – 25 m. There are 4 potential landslide
sources areas around Lake Tekapo, future landslides from these area could produce tsunami
waves with run-up heights of 0.5 – 25 m.
The deltas present at some parts of the margins of lakes Ohau, Pukaki and Tekapo have
been mapped. If there were to be a rapid underwater slumping of one or more of these deltas
following an earthquake or large storm, this would rapidly displace an equivalent volume of
water and potentially generate a tsunami. Seismic lines in Lake Tekapo show areas of
disturbed reflectors interpreted as mass movement or turbidite deposits, indicating there has
potentially been submarine slumping in the past in this lake. In the absence of high resolution
seismic and bathymetric data, the volume of delta material that may potentially collapse
cannot be estimated, nor can the size of a potential tsunami.

vi
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1.0

INTRODUCTION

The shorelines of lakes Tekapo, Alexandrina, Pukaki, Ruataniwha and Ohau are used to
varying degrees for housing, recreation, transport and energy generation. However, the
hazard posed to lakeshore development and people by tsunami or seiches is currently poorly
understood. This project aims to assess the potential sources of tsunami and seiche,
including fault rupture, ground shaking, landsliding and delta collapse, and what further work
could be done to better quantify the hazard.
At present there is insufficient information to establish the degree to which seiching and
tsunami are hazards on lakes Tekapo, Alexandrina, Pukaki, Ruataniwha and Ohau, and what
the associated risk is. There are no historical records of tsunami and seiche occurring on
these lakes, but the historic record (since ~ AD1840) is too short to capture the full range of
geological processes that may generate tsunami and seiches. The lack of information
consequently means it is difficult to justify including the hazard in risk reduction measures or
emergency management readiness and response arrangements. Given these uncertainties
around the hazardscape, Environment Canterbury has commissioned GNS Science to
undertake an assessment of potential seiche and tsunami sources in lakes Tekapo,
Alexandrina, Pukaki, Ruataniwha and Ohau (Figure 1.1 and Figure 1.2.).
In this report the potential sources of seiches or tsunami on lakes Tekapo, Alexandrina,
Pukaki, Ruataniwha and Ohau, are investigated. Earthquakes (encompassing lake bed fault
rupture and strong ground motion from regional and local earthquakes), landslides and delta
collapse are the primary triggers of seiches or tsunami in a lake environment. We investigate
the hazard of earthquakes, landslides and delta collapse in relation to those lakes, and
evaluate the potential for tsunami and seiche generation from each source along with an
estimate of the size of potential tsunami waves where possible.
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1.1

REPORT OBJECTIVES

The objectives of this project are to:
•

Identify and characterise potential seismic sources and possible sites of landslides and
delta collapses that could cause seiches or tsunami on lakes Tekapo, Alexandrina,
Pukaki, Ohau and Ruataniwha.

•

Broadly identify the size and distribution of seiche/tsunami waves around the lakes,
associated with each source.

The project does not include tsunami or seiche numerical modelling, or tsunami or seiche
lakeshore inundation modelling. The project does not map areas of potential flooding of land
adjacent to the lakes, nor does it assess the potential impact of a tsunami on lakeshore
development or infrastructure.
The main uses of the project information will be to inform emergency management planning,
engineering lifelines planning and public education. The information from this project will not
be detailed enough to use in land use planning.

Figure 1.1
Map of lakes Tekapo, Alexandrina, Pukaki, Ruataniwha and Ohau, showing significant
development and infrastructure.
2
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1.2

DEFINITIONS

Tsunami:

A tsunami is a sequence of long travelling waves caused by
disturbances to the sea (or lake) floor. Tsunami are commonly
triggered by earthquakes, volcanic eruptions, landslides,
submarine slumps or even meteorite impacts. Tsunami can occur
in enclosed bodies of water and will continue to oscillate after the
originating force has ceased.

Seiche:

A seiche is an oscillating standing wave set up in an enclosed or
semi-enclosed water body such as a lake. Seiches travel back and
forth across the water body at regular periods determined by the
depth and size of the water body. Seiches can continue after the
originating force has ceased.

The difference between a tsunami and a seiche is poorly defined. In this report we will refer
to waves set up in the lake due to direct disturbance of the lake floor as a tsunami (e.g.
landslides, submarine slumps and fault rupture of the lake bed would be direct changes to
the lake bed). Waves set up in the lake by an external agent (such as seismic waves
propagating from a distant earthquake) will be referred to as a seiche; we also include
waves generated by coseismic tilting of the lake bed as a seiche in this study.
Wave heights:

Wave heights are used in section 3.2. They refer to the vertical
height of the wave, from top to bottom.

Wave run-up heights:

Wave run-up heights are used in section 5. It is the maximum
vertical run-up height observed on slopes around the shorelines of
lakes and fiords.

1.2.1

Factors that control tsunami and seiche generation

Tsunami are distinguished from other waves by having wavelengths that are long compared
to the water depth in which they travel. Tsunami are able to travel large distances with
relatively little loss of energy, and the long period of tsunami waves enables them to cause
much greater damage than wind waves of the same amplitude.
Tsunami are created by sudden displacements to the floor of the water body (from here on
we refer to the water body as a lake, but the comments apply equally to other water bodies).
Such displacements may be caused by: uplift (and/or subsidence) as a result of movement
on a fault in the rock below the lake; the sudden arrival of rockfall (or icefall) material into the
lake; or movement of material within the lake bed such as during a delta collapse.
In some cases these events will also generate waves that are not tsunami waves. In
particular a rockfall that enters a lake may generate shock (‘splash’) waves in addition to
tsunami waves. These splash waves may have larger amplitudes than the tsunami waves in
the vicinity of the rockfall, but they have much shorter wavelengths and attenuate much more
quickly away from the source.
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To estimate the size and therefore potential consequences of a tsunami caused by coseismic (happening at the same time as the earthquake) deformation we need to have an
estimate of the amount and distribution of vertical displacement of the lake bed during an
earthquake. Provided this displacement takes place sufficiently quickly, the displacement of
the lake bed has the effect of raising the water column above it, thus initiating a tsunami.
For sub-aerial and underwater landslides, the factors controlling tsunami generation are
slightly different. In these cases tsunami generation is primarily controlled by:
•

The total volume of material displaced.

•

Where this material comes from and where it ends up.

•

The speed of mass movement.

•

The composition of the moving material, particularly whether it consists of large solid
blocks or unconsolidated material.

Modelling of landslide-generated tsunami is at a less advanced stage than modelling of faultgenerated tsunami, and consequently the sensitivities to the parameters listed above are not
as well established.
Seiches triggered by earthquakes (but not involving direct deformation of the sea/lake bed)
may occur as a result of lake bed tilting or ground shaking. Inertia of the water causes it to be
pushed up against the lake edges forming a wave. Waves induced by this mechanism occur
at the time of the earthquake, and pose a hazard close to the lake, but do not typically have
enough volume to propagate far onshore. A second mechanism for seismic seiching involves
resonant excitation of oscillations in a water body by seismic surface waves, this is probably
the mechanism by which great earthquakes (M >8) sometimes cause seiches far from the
earthquake location.

4
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1.3

BACKGROUND

1.3.1

Setting of the study area

The near-shore areas of lakes Tekapo, Alexandrina, Pukaki, Ruataniwha and Ohau are
sparsely populated. The largest lakeside settlement is at Lake Tekapo (318 residents
according to the 2006 census), and there are small settlements of both permanent and
holiday houses (baches) on the shores of Lake Ohau and Alexandrina (Figure 1.1). However,
despite the low population, the lake shorelines have many infrastructure facilities that could
also be vulnerable to damage by tsunami and seiche. All the lakes, with the exception of
Alexandrina, have hydroelectric infrastructure, such as control gates, power stations, and
dams (Figure 1.2). The Mackenzie basin is a popular recreation and tourism area and most
lakes have some type of recreation or tourism facility near the lake shores, such as holiday
parks and campgrounds and information centres.

Figure 1.2
Examples of lake shore hydroelectric infrastructure. Left photo: Pukaki High Dam on Lake Pukaki.
Right photo: lakes Ohau (upper lake) and Ruataniwha (foreground), with arrows pointing to the Ohau control
gates and Ohau A Power Station. Photos by Lloyd Homer, GNS Science.

The geology of the Mackenzie basin (Figure 1.3; based on Cox and Barrell, 2007) consists of
three main elements; basement rock, cover rocks, and poorly-consolidated sediments. In this
part of Canterbury the basement rock is known as Torlesse Terrane, and consists of hard,
although very fractured, sandstone (greywacke) and mudstone (argillite). In parts of the
basin, the basement is overlain by localised remnants of cover rocks, comprising layered,
generally weak, sedimentary strata, including white to green clays and yellow-brown
conglomerate. The youngest part of the geological succession comprises extensive
accumulations of poorly-consolidated sediments, found through the Mackenzie basin, around
and under the lakes, and in the valleys of rivers and streams. The poorly-consolidated
sediments include glacial till, sandy gravel alluvium deposited by rivers and streams, silts and
clays deposited on the lake floors, and beach gravels and sands deposited by wave action
around the lake margins.
The Mackenzie basin is surrounded by mountain ranges which have been raised due to the
long-term (millions of years) effects of tectonic processes including faulting (fracturing) and
folding (buckling). The Mackenzie basin marks an area that has undergone little or no uplift,
for reasons that are not well understood. Two notable active fault zones run across parts of
the basin, the Ostler Fault Zone and the Irishman Creek Fault Zone (Figure 1.3).
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Within the basin, there are a few ridges or isolated hills of basement rock, and localised lines
of hillocks along the uplifted sides of the Ostler Fault Zone and Irishman Creek Fault Zone,
but otherwise the main feature of the basin floor is the broad glacial outwash river plains that
emanate from the downstream ends of the three large lakes, Ohau, Pukaki and Tekapo.
These lakes lie in the deepest parts of the troughs of ice-age glaciers that flowed from the
heart of the Southern Alps (Figure 1.4) (Barrell, 2011). Belts of hummocky moraine,
underlain by glacial till preserved around the perimeters of the lakes were formed at the
margins of those glaciers (Figure 1.5). The moraine belts represent episodes of glacier
advance and retreat. Lake Alexandrina lies in a shallow ice-gouged hollow away from the
main axis of the glacier which is occupied by Lake Tekapo.
Numerous advances of the ice-age glaciers occurred between about 65,000 and 18,000
years ago, followed by a major climatic warming that heralded the end of the ice age and
caused the glaciers to melt back rapidly into the mountain valleys (Barrell et al., 2011; Barrell
et al., 2013; Barrell and Read, 2014; Barrell, 2014). As a result, the Mackenzie basin and the
perimeters of the lakes consist mostly of fossil landforms of the last ice age, and have
changed little over at least the last 18,000 years. The mountain slopes and valleys alongside
and upstream of the lakes carry many imprints of the ice age, with steep-sided ice-smoothed
slopes still preserved in many places. In other places, post-glacial erosion has cut deeply in
the valley heads and sides, producing sediment that has accumulated in alluvial fans near
the valley mouths. In a few valleys, notably in the Ben Ohau Range, several large landslides
have fallen from the valley sides, and in some cases their debris still blocks or impedes the
rivers on the valley floor.
When first formed, Lake Tekapo stood as much as 30 m higher than it does today, and Lake
Alexandrina was at that time an arm of the enlarged lake. Lakes Tekapo and Pukaki have
both been raised for hydroelectric storage; when full, Lake Tekapo is 10 m and Lake Pukaki
55 m higher than their natural levels. Lake Ruataniwha is entirely artificial, and occupies the
former valley of the Ohau River. Lake Ohau remains at its original level.

6
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Figure 1.3
Simplified geological map of the area surrounding lakes Tekapo, Alexandrina, Pukaki, Ruataniwha
and Ohau, rendered from the QMAP 1:250,000 scale geological database (Heron 2014), which in this area is
derived from Cox & Barrell (2007).
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Figure 1.4
This northward view of the terrain near Lake Pukaki illustrates several of the main geological and
geomorphicological elements of the study area. The steep mountains of the left side of the photo are formed of
basement greywacke rock, the margins of the lake are dominated by glacial moraines, and at the head of the lake
is the alluvial floodplain of the Tasman River. Photo by Lloyd Homer, GNS Science.
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Figure 1.5
View south along the lateral moraine and kame terrace belts on the eastern side of Lake Pukaki.
Photograph by GH Denton, annotations and caption from Barrell and Read (2014).

1.3.2

Lake tsunami and seiche hazards in New Zealand and globally

There have been relatively few reported occurrences of tsunami and seiche waves on lakes
in New Zealand, but this is probably due to a short written history (since ~ AD 1840) rather
than a real absence of the hazard. The most prominent examples are from Lake Taupo. In
1846 and 1910 landslides at the Hipaua cliffs (southern Lake Taupo) reached the lake. In
relation to the 1846 landslide there was a Maori oral account of a taniwha that “fled across
the lake”; the taniwha is thought to represent a tsunami. In the 1910 event a slip that started
300 m above the lake entered the lake and caused a 3 m surge that reached the opposite
shore of Lake Taupo. People were swept off their feet and canoes were washed away
(Evening Post, 22 March 1910; also in other papers). In 1956 there was a small tsunami (0.9
m) following a moderate earthquake, this tsunami was observed at the Tongariro River and
may have been caused by delta collapse (NZTD, 2014).
Earthquake-triggered lake seiches have been observed in New Zealand, the most significant
example of which is the 1855 M 8.1 – 8.2 Wairarapa earthquake. Seiching triggered by this
event was observed in lakes as far north as Rotorua, and also observed in the South Island
on the Waimakariri River and in the Lyttelton and Dunedin Harbours, but no damage was
attributed to these seiches (NZTD, 2014). There is no knowledge as to whether that
earthquake affected the Mackenzie basin lakes because we do not know of any records of
human occupation of the area at that time.
Global examples of tsunami and seiche in lakes demonstrate that the phenomenon can be a
significant hazard. Great (> M 8) earthquakes can set up seiches in water bodies thousands
of kilometres away. For example, the 1755 M ~9 Lisbon (Portugal) earthquake set up a
seiche 0.7 m in amplitude 2000 km away in Loch Lomond, Scotland (Kvale 1955; Muir-Wood
and Mignan 2009). The 1964 M 9.2 Alaska earthquake set up seiches across North America
GNS Science Consultancy Report 2014/227
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with the highest density in the southeastern USA, > 5000 km from the source (although most
of these fluctuations were minor and did not cause damage, McGarr and Vorhis 1968). The
MW 2002 Denali earthquake in Alaska caused a ~1 m seiche on Lake Union, near Seattle,
2400 km distance from the epicentre. The Lake Union seiche caused damage to houseboats
on the lake and the wave action lasted 1-5 minutes; the surprisingly large size of the seiche
waves has been largely attributed to local amplification of seismic waves in the Seattle basin
(Barberopoulou et al. 2004). The M 7.3 Hebgen Lake earthquake in Montana, USA, in 1959,
caused a seiche in Hebgen Lake when rupture of a nearby fault scarp caused subsidence of
the lake bed, the seiche damaged many lakeside houses (USGS, 2014).
We cannot find any published examples of a fault rupture across a lake bed that has caused a
tsunami. However, fault-rupture-triggered tsunami is a hazard at Lake Tahoe, USA, where
active faults are known to cross the lake bed. Modelling suggests that a fault rupture (causing
direct displacement of the lake floor) during an M >7 earthquake would cause a tsunami 3–10
m in amplitude (Ichinose et al., 2000).
Many examples of tsunami caused by landslides falling into water bodies can be found both
globally and in New Zealand. In most cases they are earthquake-triggered landslides.
Perhaps the most spectacular example is from Lituya Bay, Alaska, where a nearby M 7.7
earthquake in July 1958 triggered a very large rockslide/avalanche of 30 million m3 which fell
into the Gilbert Inlet of Lituya Bay. The tsunami destroyed trees up to 524 m above sea level
on the shoreline opposite the rockslide and travelled down the inlet stripping trees tens of
metres above the shoreline and sinking fishing boats (Miller, 1960); this is the largest
landslide-generated wave ever documented. In 1946 an M 7.2 earthquake on Vancouver
Island triggered a rockslide of 0.7 million m3 which fell into Landslide Lake. The resultant
tsunami had a run-up of 51 m on the opposite lake shore and also caused a wave of 29 m to
overtop the lake outlet, destroying trees up to 3 km down the river valley (Evans, 1989).
On a more moderate scale the 2003 M 7.2 Fiordland earthquake triggered a rockslide of
~200,000 m3 into Charles Sound (Hancox et al., 2003), illustrated in Figure 1.6. Power et al.
(2005) describe the consequences of the event as follows:
“The landslide occurred on a 40º slope, not atypically steep for the Fiordland
region, and fell about 350 metres into water that reaches a maximum of about 18
m depth. The tsunami propagated 800m across the sound. On the far side of the
sound, vegetation was damaged to a height of 4-5m above the high-tide level
over an area of approximately 0.45 km2. A small island within the sound was
partially stripped of vegetation. The tsunami also damaged a helipad/wharf about
250 m from the landslide along the same shoreline.”
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Figure 1.6
Aerial view of the ~200,000 m rockslide in Gold Arm of Charles Sound, which caused a small
tsunami. The wave travelled ~800 m across the sound and stripped vegetation and soil 4–5 m above high tide
level, and partially stripped vegetation off a small island. It also damaged a helipad (lower right) ~250 m west of
the slide (from Hancox et al. 2003).

In 2011 the M 6.3 Christchurch earthquake triggered an ice calving event from the Tasman
Glacier which caused a tsunami, estimated at 3.5 m high, on Tasman Lake. The following is
a media extract which describes the event:
Glacier watchers on the Tasman Lake had an experience of a lifetime yesterday.
Two guides and 16 passengers were on two boats on the lake when the 6.3
magnitude Canterbury earthquake hit, triggering tsunamis and causing a massive
ice calving off the glacier. Aoraki-Mt Cook Alpine Village Ltd general manager
tourism Denis Callesen said the guides were radioed from the village as soon as
the earthquake was felt, so were able to prepare for the event. Mr Callesen said
the boats endured 30 minutes of tsunamis, up to 3.5 metres high. Staff are trained
for the event, knowing to turn the boats towards each tsunami and motor gently
forwards. About 30 million tonnes of ice calved – 1200 metres across the face, 30
metres above the lake and more than 250 metres below the surface to the bottom
of the lake and back for about 75 metres. Mr Callesen said it was either the third
biggest, or second-equal biggest event in Tasman Lake's history. Source:
http://www.stuff.co.nz/national/christchurch-earthquake/4692057/Earthquakecauses-glacier-to-calve
Delta collapse is also typically triggered by earthquakes, although there can be other causes.
The 1964 M 9.2 Alaska earthquake triggered multiple submarine slumps in Resurrection Bay,
Alaska, a long narrow fiord that reaches 300 m depth with a shallow sill at the bay entrance,
making it not unlike a lake (Suleimani et al. 2011). The area was subjected to 3-4 minutes of
strong ground motion; most submarine slumps occurred at deltas and the total volume of
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slumped sediment was estimated at 211 million m3. The slumping-triggered tsunami that hit
the town only about 30 seconds after the shaking stopped had a run-up of 6-8 m (Suleimani
et al., 2011). This is an extreme example of delta collapse, as Resurrection Bay is located
very close to epicentre of the 1964 earthquake, which was one of the world’s biggest
earthquakes of the 20th century.
More moderate examples of delta collapse-triggered tsunami are the 1996 Lake Brienz and
1601 Lake Lucerne events, both in Switzerland. The Lake Brienz delta collapse occurred in
response to normal sediment accumulation processes (i.e. no seismic or weather-related
trigger). The collapse, involving 2.7 million m3 of sediment, caused a small tsunami that was
only noted as an 0.5 m fluctuation of the lake water level over 15-20 minute time periods, and
no damage was caused except to some wire cables securing a dredge (Girardclos et al.
2007). The 1601 Lake Lucerne event involved multiple submarine slumps from the lake sides
triggered by a MW ~6.2 earthquake. The slump-triggered tsunami had an amplitude of 1-2 m
and damaged lakeside towns (Schnellmann et al., 2002). The great 1960 M 9.4 Chile
earthquake also triggered slumps in lakes. At Lake Nahuel Huapi (Argentina) earthquaketriggered submarine slumps caused a tsunami 2.5 m high which caused two deaths and
partially destroyed the marina (Chapron et al. 2006). Lake Nahuel Huapi is located about 270
km from the Chile subduction zone, a similar distance as that between the Mackenzie basin
lakes and the northern end of the Fiordland/Puysegur subduction zone, although the
Fiordland/Puysegur subduction zone has no historic record of giant (>M 9) earthquakes.
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2.0

HISTORIC SEISMICITY AND EFFECTS ON LAKES OHAU, PUKAKI,
TEKAPO, ALEXANDRINA AND RUATANIWHA

The Mackenzie basin is located within a wide zone of active earth deformation associated
with collision of the Australian and Pacific Plates. Approximately 40 mm/yr of plate motion
occurs across this plate boundary but most of this deformation is accommodated by the
Alpine Fault on the west coast of the South Island (~25 mm/yr). The remainder of the plate
boundary deformation is accommodated by deformation distributed on known and unknown
faults across the Canterbury and Otago regions, for example, on the Ostler and Irishman
Creek Faults in the Mackenzie basin (Wallace et al., 2007).
Despite its proximity to a plate boundary, the Mackenzie basin has experienced relatively low
rates of historic seismicity (Figure 2.1). Approximately 50 earthquakes >M4 have occurred in
the area since 1900, the largest of which was a M 6.1 in 1984 (Figure 2.1). However, examples
such as the 2010-2011 Canterbury earthquake sequence demonstrate that historic seismicity
is not necessarily a good indicator of future potential seismic hazards as the timescales of most
geological processes far exceeds the period of instrumental monitoring in New Zealand.

Figure 2.1
Seismicity (earthquake >M4) of the Mackenzie basin area, 1900-October 2014. Data from Geonet
(http://geonet.org.nz/, accessed 31 Oct, 2014). Yellow crosses highlight significant earthquakes at Bruce Bay
(1962, M 5.4) and Macauley River (1984, M 6.1).

In an earthquake hazard assessment report in 2008, Yetton and McCahon reported that
approximately 16 earthquakes have been felt to a level sufficient to generate newspaper reports
in the Waimate, Mackenzie and northern Waitaki districts from early settlement times up to 2008.
The level of shaking was generally moderate and little damage was reported from the
earthquakes with the exception of the following two earthquakes (Figure 2.1): the 1962 M5.4
Bruce Bay earthquake caused icefalls, rockfalls and contents damage at Mt Cook village; the
1984 M 6.1 Macauley River earthquake caused landslide and rockfall damage in the Macauley
River area, approximately 50 km north of Tekapo township (Yetton and McCahon, 2008).
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Since 2008, the South Island has experienced several large earthquakes such as the MW 7.8
Dusky Sound earthquake in Fiordland and the MW 7.1 Darfield earthquake, near
Christchurch. No specific reports of damage in the Mackenzie basin related to these
earthquakes could be found. The Darfield earthquake, located ~ 150 km northwest of Tekapo
township, caused felt intensities of 3-5 across the Mackenzie basin. These levels of intensity
indicate the earthquake was generally felt and very minor damage may have occurred
(Geonet.org.nz, accessed 6 Nov, 2014).
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3.0

POTENTIAL FOR TSUNAMI GENERATED BY RUPTURE OF FAULTS
CROSSING LAKE BEDS

3.1

ACTIVE FAULTS CROSSING THE
ALEXANDRINA AND RUATANIWHA

BEDS OF LAKES

OHAU, PUKAKI, TEKAPO,

The most hazardous tsunami scenario in terms of tsunami size and likelihood (among those
caused by a purely seismic source) for the shores of lakes Ohau, Pukaki, Tekapo,
Alexandrina and Ruataniwha is probably a fault rupture across the lake beds. Lake bed fault
rupture or associated lake bed buckling caused by fault rupture at depth, would directly
displace the water volume above the fault/fold and almost certainly generate a tsunami.
There are several sources of information about active faults in the area including and
surrounding lakes Ohau, Pukaki, Tekapo, Alexandrina and Ruataniwha. Here we review
mapped active faults in the New Zealand Active Faults Database (NZAFD, 2014), in the
1:250 000 Scale Geological Map series (QMAP, Cox and Barrell 2007) and in a GNS
Science consultancy report (Barrell and Strong 2010). Active faults have also been
interpreted from seismic data and reported on in scientific journal articles by Upton and
Osterberg (2007) and Long et al. (2003), and further information about active fault
characteristics can be found in the New Zealand National Seismic Hazard Model (NSHM,
Stirling et al. 2012) and the New Zealand active faulting model (Litchfield et al. 2014).
3.1.1

Active fault maps:

•

The New Zealand Active Faults Database (NZAFD, 2014) defines an active fault as a
fault that shows evidence of rupture in the past 125,000 years; it does not include blind
faults and folds. The NZAFD contains three active fault faults that cross the lake beds
of this study: a short active fault trace mapped beneath the northern end of Lake
Tekapo, a strand of the Irishman Creek Fault Zone beneath the northern end of Lake
Alexandrina, and the Ostler Fault Zone beneath Lake Ruataniwha (Figure 3.1 and
Figure 3.2).

•

QMAP “Geology of the Aoraki Area” (Cox and Barrell 2007) shows the Irishman Creek
Fault Zone beneath Lake Alexandrina and the Ostler Fault Zone beneath Lake
Ruataniwha but no active faults beneath the three larger lakes. QMAP digital data also
shows two active folds beneath Lake Tekapo (Heron et al., 2014).

In the GNS Science consultancy report “General distribution and characteristics of active
faults and folds in the Mackenzie District, South Canterbury” by Barrell and Strong (2010)
shows the same distribution of active faults on the lake beds as QMAP, that is, active traces
beneath Lake Alexandrina and Ruataniwha, but not the larger lakes. Barrell and Strong
(2010) also map several likely and possible active fault traces that extend from the fault
traces mapped in the NZAFD and additional likely and possible folds. Barrell and Strong
(2010) show a likely active fold crossing the southern end of Lake Alexandrina, but no active
folds under Lake Tekapo.
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Figure 3.1
Compilation map of active faults and folds in the local area around lakes Tekapo, Alexandrina,
Pukaki, Ruataniwha and Ohau. The red lines show the active fault traces mapped in the New Zealand Active
Fault Database (NZAFD, 2014). The orange and black solid lines show likely (orange) and possible (black) active
faults and folds identified by (Barrell and Strong 2010). The pink lines show active folds mapped by QMAP (Heron
et al., 2014), *here we only show active folds beneath Lake Tekapo which are not mapped by Barrell and Strong
(2010). U and D refer to the upthrown (U) and downthrown (D) sides of the fault, which is relevant to potential lake
tilting.
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Figure 3.2
Higher resolution maps of Lake Alexandrina (left) and Lake Ruataniwha (right) showing the
locations of active faults and fold crossing the lake beds.

3.1.2

Active faults interpreted from seismic data:

The most reliable methods of detecting lake bed faults is by using high-resolution multibeam
bathymetry (not available for the lakes of this study) and seismic lines. Seismic surveys have
been carried out in the three large lakes of this study (Figure 3.3). At present only the Lake
Tekapo survey has been published (Upton and Osterberg 2007) although the Pukaki and
Ohau findings have been reported in conference abstracts (Alloway et al. 2004; Barker 2005;
Upton et al. 2012).
Seismic data shows that the subsurfaces of all three lakes are dominated by thick sequences
of nearly flat lying reflectors which extend to depths below the lake bed of >140 m in Ohau,
>300 m in Pukaki and >140 m in Tekapo. In all three lakes the presence of natural gas
blanks out portions of the record, particularly close to the major deltas. All lakes deepen to
the south with the bathymetry following the broad pattern of bedrock topography – where
observed – however, in detail the floor of Lake Tekapo is more complex (Upton and
Osterberg 2007).
From the seismic data Upton and Osterberg (2007) interpret two areas of active faulting
beneath Lake Tekapo. As shown in Figure 3.3 (c and d), two regions of significant lake floor
topography were noted on the seismic lines, one in the northeastern corner of Lake Tekapo,
along strike of the Coal River Faults (called the Forest Creek Faults at the time of publication
of Upton and Osterberg, 2007), and a second in the southwest corner of Lake Tekapo, along
strike of the Irishman Creek Fault Zone. Upton and Osterberg (2007) attribute these features
to deformation at the ends of the Coal River Faults and Irishman Creek Fault Zones and
propose a transfer structure between them along the axis of the lake (Figure 3.4). A transfer
structure is a fault or fault zone that accommodates deformation between the ends of two
mapped faults.
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A small offset is observed north of the Coal River Faults on one of the seismic lines but
otherwise there is little evidence that the transfer structure along the axis of Lake Tekapo
takes up much deformation. If it is a transfer structure, as suggested by Upton and Osterberg
(2007), it would only be active along a length of ~10 km between the Irishman Creek Fault
Zone and the Coal River Faults within the lake; this short length of fault means it is not likely
to produce a large earthquake. It may be more likely to rupture as part of a composite event
with either the Irishman Creek Fault Zone or the Coal River Faults. Based on a seismic
survey, Long et al. (2003) infer a structure they call the Tekapo River Fault running along the
Tekapo River just south of the lake which may be join up with the transfer structure, however,
it’s activity is unknown (Figure 3.4).
Two of the active fold traces beneath Lake Tekapo have been adopted by QMAP (Heron,
2014; Figure 3.1 and Figure 3.4). Other researchers suggest the deformation features in the
Lake Tekapo seismic lines, interpreted as active faults by Upton and Osterberg (2007), are
the result of ice-soured paleorelief and/or glaciotectonic deformation and have not included
them in descriptions of active faulting in the area (e.g. Barrell and Strong 2010). Because of
the location of the features in Lake Tekapo along strike from active faults, and the lack of
similar features in lakes Ohau and Pukaki despite their similar glaciotectonic setting, we
prefer the interpretation that these features reflect active deformation beneath the floor of
Lake Tekapo.
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(a)

(b)

(c)

(d)

Figure 3.3
Seismic sections from each of the three lakes. (a) Lake Ohau showing laminated sediments
onlapping onto more reflective units. Much of the record in the main basin is obscured by natural gas (Upton et al.
2012). (b) Lake Pukaki showing the delta at the northern end of the lake with possible slump deposit outlined in
red (Alloway et al. 2004 ; Barker 2005). (c) Lake Tekapo showing a seismic line approximately along strike from
the Coal River Faults in the north of the lake and (d) another seismic line in the southern part of the lake basin
along strike of the the Irishman Creek Fault Zone, possible slump deposits are outlined in red and inferred active
faults shown by dashed black lines (Upton and Osterberg 2007).
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Figure 3.4

20

Active faults and folds beneath Lake Tekapo from various data sources as listed in the legend.
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3.1.3

Active faulting models:

The revised New Zealand National Seismic Hazard Model (NSHM, (Stirling et al. 2012)) and
the New Zealand active faulting model (Litchfield et al. 2014) include an active seismic
source beneath lakes Pukaki and Tekapo.
The NSHM includes a table listing the simplified active fault parameters for the faults of the
Mackenzie basin. This information is based on geological data where available, or derived
from empirical relationships where specific data (e.g. single event displacement) is not
known from field observations. The active faults in this area are represented in the NSHM by
the Ostler, Irishman Creek, and Lake Heron Faults. The Lake Heron Fault is a simplification
that combines the Forest Creek Faults (and here grouped with the Coal River Faults, along
strike of the Forest Creek Faults) with the Lake Heron Fault. The parameters and predictions
for these fault sources are shown in Table 3.1.
Table 3.1
Parameters of the Mackenzie basin fault sources from the National Seismic Hazard Model (Stirling
et al. 2012). These are representative values used as fault sources in the NSHM. In reality there are a range of
values for each fault source, many of which are poorly constrained. See Section 4 for detail of local faults.
Irishman Creek Fault

Lake Heron Fault

(463)

(458)

Reverse

Reverse

Reverse

Fault length

68 km

40 km

50 km

Fault dip

45

45

60

Dip direction

280

320

300

Fault depth

12

12

12

Slip rate

1.43 mm/yr

0.79 mm/yr

1.04 mm/yr

Magnitude

Mw 7.4

Mw 7.1

Mw 7.2

Single event displacement (SED)

4.7m

2.8 m

3.5 m

Recurrence interval

3310 years

3530 years

3350 years

NSHM Fault name (number)

Ostler Fault (464)

Fault type

3.1.4

Summary:

•

All active fault and geological maps agree there is an active trace of the Irishman Creek
Fault Zone beneath Lake Alexandrina and the Ostler Fault Zone runs beneath Lake
Ruataniwha (Figure 3.2; AFDB, 2014; Cox and Barrell, 2007; Barrell and Strong, 2010).

•

Interpretation of seismic data suggests there are active fault traces at the northeastern
and southwestern corners of Lake Tekapo that may be extensions of the Coal River
faults and the Irishman Creek Fault Zone respectively (Figure 3.4). There is also a
possible ~10 km long transfer structure that runs down the axis of Lake Tekapo, in
between the lake bed extension of the Coal River faults and the Irishman Creek Fault
Zone (Upton and Osterberg, 2007).

•

Active folds are mapped at the southern end of Lake Alexandrina (Figure 3.2) and beneath
central and northern Lake Tekapo (Figure 3.4, Cox and Barrell, 2007; Heron, 2014).

•

Active fault models show the Irishman Creek Fault model extends across both Lake
Tekapo and Pukaki, but this is a simplified expression of a fault plane at depth and is
not a true representation of a surface fault trace (Figure 3.1, Stirling et al. 2012;
Litchfield et al. 2014).
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3.2

ESTIMATED SIZE OF POTENTIAL TSUNAMI WAVES GENERATED FROM LAKE BED
FAULT RUPTURE

A strand of the Irishman Creek Fault Zone runs beneath Lake Alexandrina, the Ostler Fault
Zone runs beneath Lake Ruataniwha (Figure 3.2), and there are three potential active fault
traces beneath Lake Tekapo (Figure 3.4). These faults are modelled as having have
recurrence intervals around 3000 years (Table 3.1, NZAFD, 2014). In terms of tsunami size,
the most important fault parameter is the amount of displacement expected in an earthquake
(single event displacement, SED). Estimates of SED for the faults that cross the lake beds
are sparse and carry high uncertainties. In this report we use those estimated from the
National Seismic Hazard Model (Table 3.1, Stirling et al. 2012) which, in the absence of field
data, uses empirical relationships based on fault lengths and slip rate to estimate the SED.
The SED value listed in the NSHM is intended to be representative of average slip on the
entire fault plane, and may not be an accurate representation of what the amount of offset
will be at the surface. Nevertheless, for the Ostler Fault Zone, the SED derived from the
Ostler Fault is compatible with field observations and estimates of fault offsets that range
from 3 – 4 m (Read, 1984; Berryman et al., 2005; Barrell pers. comm), so this gives us some
confidence when using the NSHM SED values for other faults in the area.
The Ostler Fault Zone is likely to have a SED of up to 4.7 m (Table 3.1). The fault is
modelled to have a 45° dip so a displacement on the fault plane of 4.7 m converts to a
vertical displacement to the lake bed of Lake Ruataniwha of ~ 3.3 m.
Rupture of the Irishman Creek Fault zone has an estimated SED of 2.7 m (Table 3.1), which
could equate to an offset of 1.9 m to the lake bed of Lake Alexandrina, and similarly for the
lake bed of Lake Tekapo if the fault extends under the lake. This value is likely to be a
maximum for Lake Tekapo as a smaller offset would be expected at the fault tip. In addition,
at the southern end of Lake Alexandrina there is a likely active fold, which if it ruptured, could
produce warping of the lake bed and result in a tsunami. It is not known if the fold and fault
rupture together or in separate earthquakes. Movement on a lake bed active fold during an
earthquake is also likely to produce a tsunami as there will be displacement of the water
mass above the fold. However, predicting the amount of displacement (and tsunami size) is
difficult because it depends on how deeply buried the underlying fault is and how the
deformation is distributed across surface of the fold.
Rupture of an extension of the Coal River Faults (modelled as the Lake Heron Fault in the
NSHM) could produce an offset to the lake bed of Lake Tekapo if the fault extends under the
lake. The SEDs are on the order of 3.5 m for these structures (~3 m vertical offset on a 60°
dipping fault); however, as it is their tips that potentially project into the lake, the actual offset
of the lake bed is likely to be significantly less. A transfer structure is inferred to run down the
centre of Lake Tekapo, the transfer structure may rupture when the Irishman Creek Fault
Zone or Forest Creek Faults rupture (Figure 3.4) but the SED or mechanism (whether it
accomadate vertical or horizontal motion) of this structure is unknown so we cannot estimate
its tsunami-generating potential.
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Without numerical modelling and with the limited data we have it is not possible to give
tsunami wave heights due to fault rupture. The best we can say is that they would be at least
the vertical displacement on the fault. Thus we estimate the following:
•

A 4.7 m fault offset (≈ 3.3 m vertical displacement) on the Ostler Fault beneath Lake
Ruataniwha could produce wave heights of at least 3 m in Lake Ruataniwha.

•

A 2.7 m fault offset (≈ 1.9 m vertical displacement) on the Irishman Creek Fault zone
could produce wave heights of at least 2 m on Lake Alexandrina. Warping across the
active fold at the southern end of Lake Alexandrina may also produce a tsunami but the
likely size, and possibility of synchronicity with rupture of the fault trace in northern
Lake Alexandrina cannot be assessed.

•

Fault offsets of 2.7 m (≈ 1.9 m vertical displacement) on an extension of the Irishman
Creek Fault Zone into Lake Tekapo could produce wave heights of at least 2 m on
Lake Tekapo. If there is an extension of the Coal River/Forest Creek Faults into Lake
Tekapo the fault offset of 3.5 m (≈ 3 m vertical displacement) could produce wave
heights of at least 3 m, however, we emphasise these are likely to be maximum heights
as the offset at the fault tips in the lake are likely to be less than 3.5 m (which is the
modelled average for the whole fault plane).
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4.0

POTENTIAL FOR SEICHING GENERATED BY EARTHQUAKES ON
LOCAL AND REGIONAL SEISMIC SOURCES

Lake seiches related to earthquakes (seismic seiches) may be caused by: (1) co-seismic
horizontal displacements of the lake bed caused by local and regional earthquake ground
motions. In this mechanism, seiches are generated when the inertia of the water causes it to
be pushed up against the lake edges forming a wave. (2) Resonant excitation of oscillations
in a water body by seismic surface waves, this is probably the mechanism by which distant
great earthquakes sometimes cause seiches. It should be noted that seiches can also be
generated by non-seismic mechanisms; Rabinovich (2009) notes that seismic origins for
seiches must be considered very rare in comparison with seiches generated by
meteorological disturbances. This report only covers the earthquake sources that could be
considered a hazard in terms of generating seismic seiches on lakes Tekapo, Alexandrina,
Pukaki, Ruataniwha and Ohau.

4.1

LOCAL SEISMIC SOURCES

There are many traces of active faults and folds in the local area around lakes Ohau, Pukaki,
Tekapo, Alexandrina and Ruataniwha (Figure 3.1) mapped in the NZAFD and in other
publications (e.g. Chetwin 1998; James 1998; Forsyth 2001; Amos et al. 2007; Cox and
Barrell 2007; Upton and Osterberg 2007). Each of these faults could cause significant
shaking at lakes Ohau, Pukaki and Tekapo due to their proximity. The shaking could cause a
seiche or trigger landsliding or delta collapse which could in turn generate a tsunami.
In the following section we describe the local active faults around lakes Ohau, Pukaki,
Tekapo, Alexandrina and Ruataniwha. Most of these faults are reverse faults associated with
plate boundary deformation between the Pacific and Australian plates. Where names are
informal, fault or fold are in lower case type. This information is also summarised in Barrell
and Strong (2010). We subdivide the faults into those that are likely to cause coseismic
deformation of the lake bed, and those that are likely to generate significant ground motions,
but not likely to cause direct displacement of the lake bed.
4.1.1

Local faults likely to cause coseismic displacement of the lake beds

Our assessment of which local faults are likely to cause coseismic displacement of the lake
beds in a future earthquake is based on their proximity to the lakes. We estimate faults within
10 km of the lake beds may cause coseismic displacement of the lake beds, and faults >10
km distance probably will not (Figure 3.1). However, this is not based on detailed surface
deformation modelling.
4.1.1.1 Ostler Fault Zone
The Ostler Fault Zone is the most active and best characterised of the active faults in the
area (Figure 4.1). The Ostler Fault Zone is mapped as 66 km long in the QMAP (Heron,
2014) and NZAFD datasets. The Ostler Fault Zone has an estimated average vertical slip
rate of 1.1 mm/yr based on ~20 m of vertical offset since 18ka (Blick et al. 1985; Amos et al.
2007; Barrell and Strong 2010). The estimated recurrence interval is 3000 ± 1000 years. The
Ostler Fault Zone is made up of reverse faults with the western side upthrown (Figure 3.1
and Figure 4.1). A surface displacement of several metres on the Ostler Fault Zone could
conceivably raise and tilt the bed of Lake Ohau and lower and tilt the bed of Lake
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Ruatanihwa. There is, however, no strong evidence in the form of differential fluvial incision
or moraine elevations, that the land surrounding Lake Ohau has undergone any significant tilt
since the lake glacial maximum. Profiles of fluvial terraces tilted by the Ostler Fault Zone
show the deformation generally dissipates within 1 km (up to 3 km) of the fault trace (Amos
et al., 2010); therefore Lake Ohau at ≥7 km from the fault trace is unlikely to be impacted by
tilt during an Ostler Fault Zone earthquake.

Figure 4.1
Oblique aerial view north along the Ostler Fault Zone, with Lake Ruataniwha in the foreground and
Lake Pukaki in the background. Photo by Lloyd Homer, GNS Science.

4.1.1.2 Irishman Creek Fault Zone
The Irishman Creek Fault Zone crosses the Mackenzie basin from above the eastern shore
of Lake Pukaki to the western shore of Lake Alexandrina and probably extends into Lake
Tekapo. The active fault surface trace has a length of ~ 15 km but the fault could be up to
~30 km in length if the extensions of active folds either side of the fault trace are included
(AFDB, 2014; Heron, 2014). The Irishman Creek Fault Zone has an estimated slip rate of 0.6
mm/yr with a recurrence interval of 3600 ± 2400 years (Barrell and Strong, 2010). The
Irishman Creek Fault Zone is a reverse fault zone, and movement on these fault traces
produces relative subsidence on the northern side of the fault zone, and relative uplift on the
southern side. Surface rupture of the Irishman Creek Fault Zone, if it extends into Lake
Tekapo, would probably tilt the bed of Lake Tekapo by raising the southern end of the lake
relative to the northern end; the bed of Lake Alexandrina would also be tilted.
4.1.1.3 Coal River faults
The Coal River faults are a couple of traces which offset gravels in Coal River east of Lake
Tekapo (Cox and Barrell, 2007). The seismic survey from Lake Tekapo suggests extensions
of the Coal River faults are active under the northeastern corner of the lake (Figure 3.3c).
The slip rate is estimated at 0.3 mm/yr with a recurrence interval of 7200 ± 4800 years
(Barrell and Strong, 2010). Displacement on the Coal River faults is reverse (NZAFD, 2014)
and surface rupture of the Coal River faults, if they extend into Lake Tekapo, may tilt the bed
of Lake Tekapo.
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4.1.1.4 The Wolds faults and folds
In QMAP Aoraki (Cox and Barrell 2007) and AFDB (2014) these features are treated as part
of the Irishman Creek Fault Zone but they are described separately as The Wolds faults and
folds by Barrell and Strong (2010). The fault and fold traces occur ~10 km south of the
Irishman Creek Fault Zone and have known strike lengths of < 10 km (Cox and Barrell 2007).
They have a low vertical slip rate of 0.07 mm/yr with a recurrence interval of 28000 ± 19000
years (Barrell and Strong, 2010). The fault traces have a reverse sense of displacement with
downthrow to the northwestern side of the faults. Rupture of The Wolds faults and folds may
cause some subsidence and tilt of the southern end of the bed of Lake Tekapo but this
depends on how much slip there is and how close to the lake the ground deformation
reaches. The closest trace of the The Wolds faults and folds is ~ 3 km from the lake.
4.1.2

Local faults likely to generate significant ground motions

The faults described in this section are located within 10-40 km of lakes Ohau, Pukaki,
Tekapo, Alexandrina and Ruataniwha (Figure 3.1). They are not expected to cause a seismic
seiche due to offset of the lake bed, but rupture of these faults would probably cause
significant shaking at the lakes which may in turn generate a seismic seiche. Such a seiche
would be smaller than that generated by the faults which could cause direct coseismic lake
bed displacement.
4.1.2.1 Fox Peak Fault Zone
The Fox Peak Fault Zone is to the east of the area of interest and extends from Forest Creek in
the north (Stenhouse unpublished), across Butler Saddle, into the Fairlie Basin, where they
swing southwest (James 1998). From here deformation steps east onto the Albury Fault and
south onto the Dalgety Fault. The Fox Peak Fault Zone has an estimated average vertical slip
rate of 0.6 mm/yr and recurrence interval of 3600 ± 2400 years (Beanland 1987; Cutten 1990;
James 1998; Upton et al. 2004; Cox and Barrell 2007; Barrell and Strong, 2010). A single
dextral slip rate of 1.6-2.5 mm/yr has been determined from an offset stream channel (Cutten
1990; James 1998). This is a single measurement and may be of local significance only.
4.1.2.2 Neumann Range fault
This feature has been recognised from airphotos as offsets of ice-smoothed topography (Cox
and Barrell 2007). It has an estimated vertical slip rate of 0.3 mm/yr and a recurrence interval
of 7200 ± 4800 years (Barrell and Strong, 2010).
4.1.2.3 Mount Gerald faults
These features have been recognised from airphotos as offsets of ice-smoothed topography
(Cox and Barrell 2007). They have an estimated vertical slip rate of 0.3 mm/yr and a
recurrence interval of 7200 ± 4800 years (Barrell and Strong, 2010).
4.1.2.4 Other faults
South and east of the Fox Peak Fault Zone several other short active fault segments are
mapped. These include (from north to south) the Hewson Fault (RI ~7200 ± 4800 years), the
Claytons Fault (RI ~7200 ± 4800 years), the Sugarloaf Faults (RI ~7200 ± 4800 years), the
Albury Fault (RI ~21500 ± 14000 years), the Dalgety Fault Zone (RI ~7200 ± 4800 years),
the Opawa Fault (RI ~26000 ± 17000 years) and the Snow River Faults (RI ~7200 ± 4800
years) (Cox and Barrell 2007; Barrell and Strong 2010).
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4.2

REGIONAL SEISMIC SOURCES

Regional (within 200 km) to lakes Ohau, Pukaki, Tekapo, Alexandrina and Ruataniwha there
are several seismic sources that could produce large to great earthquakes. Such large to
great earthquakes may cause sufficient levels, and durations, of ground shaking to generate
seiches in lakes Ohau, Pukaki, Tekapo, Alexandrina and Ruataniwha. Both the Alpine fault
and Puysegur subduction zone are major plate boundary structures, while within the high
central Southern Alps, high erosion rates means several potentially active faults, that cannot
be well mapped, may exist (Figure 4.2). We also note that there are several global examples
of great earthquakes at significant distance (up to 1000’s km) from waterbodies that have
caused seiches. We do not consider all these potential sources here (for example, the
Hikurangi and Tonga-Kermadec subduction zones), but suggest the seiche impact would be
minor if lakes Ohau, Pukaki, Tekapo, Alexandrina and Ruataniwha were vulnerable to
seismic waves from distant great earthquakes.

Figure 4.2
Significant regional seismic sources, the Alpine Fault (AF) and Puysegur Subduction Zone (PSZ), in
relation to the location of the Mackenzie basin study area. The numbers and arrows refer to the plate boundary
fault slip rate (AF) and subduction zone convergence rate (PSZ).

4.2.1

Alpine Fault

The major seismic source in the wider region around lakes Tekapo, Alexandrina, Pukaki,
Ohau and Ruataniwha is the Alpine Fault (Figure 4.2). The Alpine Fault is a ~850 km long
plate boundary oblique strike slip fault that accommodates 60-80% of the relative plate
boundary motion between the Australian and Pacific plates (Sutherland et al. 2006). The
Alpine Fault has not ruptured in historic times but paleoseismic investigations suggest it last
ruptured in AD 1717, AD 1620 (northern section) and AD 1400 (Yetton and Wells 2010;
Howarth et al. 2012). The Alpine Fault has an earthquake recurrence interval of 330 ± 70
years (Berryman et al. 2012) and the 50-year conditional probability of a ground rupturing
earthquake is ~28% (Biasi et al. in press).
Modelling of Modified Mercalli (MM) intensities for a MW 8 Alpine Fault earthquake by Smith
(2002) suggests the Mackenzie basin area would experience MM 9 – 7 intensities
(Figure 4.3). The higher intensities would occur in the Mt Cook village area and in the
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headwaters of the rivers draining into lakes Ohau, Pukaki and Tekapo. MM intensities of 8-9
are likely to generate significant to widespread landsliding, particularly on steep slopes, along
with lateral spreading along river and lake banks (see Appendix 1 for further details on the
predicted landslide impacts of various MM intensities). Stirling et al. (2007) describe how an
Alpine Fault earthquake would produce ground accelerations of 0.4 – 0.6g in the major
centres of the Canterbury region (with the closest centre to the Mackenzie district being
Timaru, which is 80 km further from the Alpine Fault) and note that the duration of shaking
would be >60 seconds. For further details on predicted scenarios for an Alpine Fault
earthquake see Yetton and McCahon (2008) and Stirling et al. (2007).

Figure 4.3
Isoseismal modelling of an MW Alpine Fault earthquake (Smith, 2002). The red box shows the
Mackenzie basin study area. Roman numerals IX-VI refer to MM intensities, see Appendix 1 for descriptions of
expected impacts at various MM intensities.

4.2.2

Puysegur Subduction Zone

The Puysegur subduction zone lies offshore of the Fiordland coast and dips steeply eastward
beneath the southwestern South Island (Figure 4.2). Approximately ~38mm/yr of oblique
convergence between the Pacific and Australian plates is accommodated at the Puysegur
subduction zone. Subduction earthquakes (sudden slip directly on the interface between the
two plates) are the greatest hazard at this subduction margin. The 1993 MW 6.8 Secretary
Island, the 2003 MW 7.2 Fiordland and the 2009 MW 7.8 Dusky Sound earthquakes were all
subduction earthquakes but there is no evidence they had any significant impact on the
Mackenzie basin in terms of landslides, delta collapse or seiche generation. There are some
historic accounts of an earthquake in Fiordland in 1826 that provide circumstantial evidence
of a subduction earthquake larger than those that have been recorded in recent times
(Downes et al. 2005). The potential for a subduction earthquake greater than those that have
occurred historically is unknown, but given the lack of impact by recent Puysegur subduction
zone earthquakes, this regional source is not considered to be a major hazard in terms of
seiche generation on lakes Tekapo, Alexandrina, Pukaki, Ohau and Ruataniwha.
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4.2.3

Potentially active faults in the central Southern Alps

In the rapidly uplifting and eroding central Southern Alps, an apparent gap in active faulting
exists between the Alpine Fault and the Mackenzie basin (Cox and Barrell 2007). Geodetic
measurements that show contemporary strain accumulation in this area also suggest active
faults should be present in this area (Wallace et al. 2007). Cox et al. (2012) identify
potentially active faults including four major faults and 103 other structures with strike lengths
ranging from 4-73 km (Figure 4.4). The faults have no recognised surface displacement
traces, consistent with long recurrence intervals and rapid erosion erasing evidence of
surface rupture during periods between earthquakes. The major faults are the Black Blob
Fault and Haast Ridge Fault, both of which are structures within the Main Divide Fault Zone
(Cox and Findlay 1995), the Murchison Fault and the Liebig Fault. Cox et al. (2012) use fault
geometries with geodetic- and seismicity-based models for earthquake recurrence to suggest
that these fault-sources have the potential to generate large earthquakes (up to MW 7.4) with
recurrence intervals of 1000-10,000 years. These potentially active faults could cause ground
shaking, landsliding and increased sedimentation in the area around lakes Tekapo,
Alexandrina, Pukaki, Ohau and Ruataniwha. Large earthquakes up to MW 7.4 may also
cause seiches on these lakes.

Figure 4.4
Digital elevation model of the central Southern Alps. Major faults (black lines) are the Alpine, Black
Blob (BBF), Haast Ridge (HRF), Murchison (MF) and Liebig (LF) faults. The Black Blob and Haast Ridge Faults
are major structures of the Main Divide Fault Zone, which has been simplified for this map. Red arrow shows the
direction of the Pacific-Australian plate vector, black arrows (not to scale) indicate the slip direction of the hanging
wall relative to the footwall on the faults and highlight the opposing vergence and obliquity of Alpine Fault motion
relative to faults in the central Southern Alps. Purple arrows indicate the regional compression (shortening)
direction. Figure and caption sourced from Cox et al. (2012).
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4.3

ESTIMATED

4.3.1

Seiche generation due to lake bed tilting by local faults

SIZE OF POTENTIAL SEICHE WAVES GENERATED FROM LOCAL AND
REGIONAL SEISMIC SOURCES

Seiche generation due to coseismic displacements of the lake bed may be caused by local
earthquakes if there is sufficient fault displacement. An example of this type of seiche
generation is the 1959 Hebgen Lake seiche which was caused when rupture of nearby fault
coseismically dropped the lake bed by ~ 3m (USGS, 2014). There are four faults (or fault
zones) that may potentially cause coseismic displacement of the lake beds of lakes Tekapo,
Alexandrina, Pukaki, Ohau and Ruataniwha.
•

A several-metre displacement on the Ostler Fault Zone could possibly coseismically
raise and tilt the Lake Ohau bed, and lower and tilt the bed of Lake Ruataniwha,
however, this is unlikely (see Section 4.1.1.1).

•

Surface rupture of the Irishman Creek Fault Zone may tilt the beds of lakes Tekapo and
Alexandrina by raising the southern ends of the lakes and downdropping the northern
ends of the lakes.

•

Surface rupture of the Coal River faults may tilt Lake Tekapo.

There are large uncertainties associated with the degree to which the respective lake beds
may be tilted. The occurrence and amount of tilt would primarily depend on the amount of
surface slip on the fault (or slip on the subsurface fold) and how close to the lakes that
ground deformation permeated; other factors such as fault dip and involvement of secondary
faults and folds would also have an influence. Without detailed modelling of both the
coseismic lake bed displacement and the seiche, the size of seiche waves produced by such
coseismic displacements cannot be estimated.
With regard to potential lake tilting due to local earthquakes it is also worth noting that
differential uplift and subsidence caused by fault rupture under a lake also has the effect of
changing the ‘background’ lake level relative to the terrain around parts of the lake. This has
both an immediate impact on any tsunami inundation, and long term consequences for
infrastructure around the lake.
4.3.2

Seiche generation due to ground shaking by local and regional seismic
sources

Without numerous historic examples, it is difficult to estimate the impact of ground shaking
due to local and regional seismic sources on seiche generation in lakes Tekapo,
Alexandrina, Pukaki, Ohau and Ruataniwha. There are no established relationships between
earthquake parameters (e.g. magnitude, location, ground motion levels) and seiche
generation. This may be because there have been too few studies of seismic seiches to
develop empirical relationships between earthquake parameters and seiches, but it is more
likely that a relationship cannot be established due to the complexity and number of factors
involved in seismic seiche generation. Some lakes appear to be susceptible to seiche
generation due their physical characteristics and geological setting. For example, Lake
Union, near Seattle, appears to be prone to seismic seiches due to its dimensions and
amplification of seismic waves by the underlying sedimentary strata, but even in this case
study, the periodicity of the seismic waves and direction of ground motions in relation to the
longest linear lake shorelines are additional variables that appear to influence seiche size,
with more distant large earthquakes predicted to have greater seiche generation potential
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than local moderate earthquakes (Barberopoulou 2008). This demonstrates how local
geology and the physical characteristics of the lake can be more important than simply the
size or proximity of the earthquake.
It has not been clearly established which characteristics of lakes that make them more or
less vulnerable to seiches from distant seismic sources, although lakes underlain by thick
layers of soft sedimentary rocks may be more prone to seiches as the soft sediments amplify
the horizontal ground motions (e.g. McGarr 1965). This does not appear to be the case for
lakes Tekapo, Pukaki and Ohau which have basement rock at relatively shallow depths (<
300 m), as shown by seismic profiles (e.g. Figure 3.3). The apparent lack of seiche
generation due to recent moderate to large distant earthquakes, such as the MW 7.8 Dusky
Sound earthquake and the MW 7.1 Darfield earthquake, also suggests the Mackenzie basin
lakes are not particularly vulnerable to seismic-wave generated seiches. However, the
impact of an Alpine fault earthquake or an earthquake on a local fault cannot be estimated as
we have had no historic examples of such events and their ground motions will probably be
significantly larger than those generated by the Dusky Sound and Darfield earthquakes.
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5.0
5.1

POTENTIAL FOR TSUNAMI GENERATED BY LANDSLIDES
INTRODUCTION

Mass failures of large volumes of rock or soil into lakes are capable of generating large
tsunami waves which pose a significant risk to assets, infrastructure and communities
located close to the shoreline (e.g. McSaveney, 2002). This section provides a preliminary
assessment of potential tsunami run up heights that could be generated at each lake
(Tekapo, Alexandrina, Pukaki, Ruataniwha and Ohau). In the assessment, terrain that could
be susceptible to landsliding has been identified using a combination of existing landslide
databases, aerial photo interpretation, and topographic and slope angle mapping to estimate
potential source areas immediately above the lake of sufficient size to generate tsunami in
the lakes. The results presented provide an indication of potential tsunami generating
sources that could be considered for further detailed risk assessment.
Landslide is a general term for gravitational movements of rock or soil down a slope (see
Appendix 2 for the definition of landslide and related terminology). Small landslides often do
little damage, but large failures involving thousands or millions of cubic metres moving rapidly
(say ~1–50 m/min or more) can damage or bury roads, buildings, and other structures.
Landslides can occur without an obvious trigger (‘spontaneous’ slope failures), or they can be
triggered by toe undercutting (natural or man-made), but are most often initiated by heavy
rainfall (e.g. ~100 mm or more in 24 hours), or strong earthquake shaking. Shaking of Modified
Mercalli (MM) intensity MM7 can cause small failures (≤103–104 m3), but MM8 or greater is
generally required for larger landslides (≥104–106 m3). Detailed descriptions of landslides and
environmental effects that occur at different shaking intensities are described in Appendix 3
(based on Hancox et al. 1997, 2002; and Dowrick et al. 2008). The terms used throughout this
report to describe landslide size are: Very small (< 103 m3); Small (103 –104 m3); Moderate
(104–105 m3); Large (105–106 m3); and Very large (≥106 m3) (Hancox et al. 1997; 2002).

5.2

METHODOLOGY

The methodology adopted to assess the potential for tsunami generated by large landslides
to impact lakes Tekapo, Alexandrina, Pukaki, Ruataniwha and Ohau comprised:
•

A desk study assessment comprising a regional review of the geology surrounding the
lakes, its geomorphological features and landforms, and the regional landslide history
to indicate the types of landslide that may occur, their potential triggers and source
volumes that may be generated (section 5.3).

•

A landslide susceptibility assessment to determine potential source areas that may be
susceptible to failure based slope angle maps, databases of known landslides and
aerial photo interpretation of the slopes surrounding each lake. Examples of where
landslides could be generated within each potential sources area were identified
(Section 5.4). The volumes of the example landslides were estimated using the areal
extent of the landslide and a nominal landslide depth of 5 m. 5 m was used to estimate
the volume of large landslides because the surface area to volume ratio of landslides
generally conforms to a power law of 1.1 - 1.3 (Larson et al. 2010)

•

A preliminary tsunami generation assessment, based on comparison to New Zealand
and international case studies of landslide-generated tsunami, to provide an estimate
of potential wave heights that could be generated by the example landslides within
each of the potential source areas surrounding each lake (section 5.5).
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5.3
5.3.1

DESK STUDY ASSESSMENT
Historical landsliding in the Mackenzie basin

Landslides have been mapped at scattered localities in the Mackenzie basin and in adjacent
mountainous areas (e.g Yetton and McCahon, 2008 and Cox and Barrel, 2007). The
estimated shaking intensity for a 150 yr return period earthquake for the Mackenzie District is
MM7-8 (Stirling et al 2007). Although shaking of this intensity is capable of triggering
widespread landsliding (Hancox et al 2002), there are relatively few mapped landslides in the
Mackenzie basin area. A summary of the main seismic events known to have induced
landslides within the Mackenzie basin and the local area are summarised in Table 5.1 below.
Apart from strong shaking in restricted epicentral areas of the 1962 M 5.7 Bruce Bay and the
1984 Macauley River (Godley) M 6.1 earthquakes (Figure 2.1), shaking of MM7 intensity or
greater has been not felt in the Mackenzie District in last 150 yrs. The maximum historical
shaking experienced in the vicinity of the lakes is MM6 at Tekapo in the 1984 Macauley River
(Godley) earthquake.
Many of the notable large landslides that have occurred in the catchments draining to the
Mackenzie basin in historical times have not been associated with earthquakes. Some have
been triggered by rainfall events, whereas others, for example the December 1991 rock
avalanche from Aoraki/Mt Cook, have no obvious trigger (Cox and Barrell 2007). The 1991
Aoraki/Mt Cook avalanche involved the collapse of a 500 m x 700 m section near the
summit. It was estimated that about 12 million m3 of rock and ice travelled 7.5 km from
Aoraki/Mt Cook summit, at an average speed of 200 km/hr (Cox and Barrell 2007). The
landslide was recorded by GeoNet as a M 3.5 earthquake, and lowered the summit of Mt
Cook by 10m.
Whitehouse (1983) and Whitehouse and Griffiths (1983) identified 42 prehistoric rock
avalanche deposits with volumes greater than 1 million m3 in the Southern Alps, between
Aoraki/Mt Cook and Arthurs Pass. Six of these are located in the Mackenzie District (see
Maps 5.1-5.4). Many of these large prehistoric rock avalanches mapped in the study area
(Cox and Barrell 2007; Allen et al 2014) seem to have similar ages and are thought to be
triggered by large prehistoric earthquakes (Yetton 2000). Recently more examples of large
and very large rock avalanche deposits have been recognised in the wider area (Yetton &
McCahon 2008; Allen et al 2014; Cox and Barrell 2007).
The only known examples in the general area of landslide events generating tsunami
occurred in 1992. On May 2, 1992, a large rock avalanche fell from Mt Fletcher (source
elevation 2,420 m), and travelled down the Maud Glacier valley and into the small lake (2 km
x 0.5 km) at the glacier terminus. The rock avalanche debris displaced nearly 8 million m³ of
water that generated a flood wave and left icebergs stranded 20 m above the lake
(McSaveney, 2002). The flood travelled 45 km down the Godley River to Lake Tekapo, and
caused lake to rise by 98 mm (McSaveney, 2002). A second rock avalanche from the same
location on Mt Fletcher occurred on 16 September, 1992. The small lake was frozen at the
time, however a 7m high wave was generated on it, and 5 million m3 of water spilled into the
Godley River (McSaveney 2002).
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Table 5.1
study area.

Summary of seismic events known or believed to have triggered large landslides in or near the

Earthquake

Date

Lake Hawea

1943

Magnitude /
depth
M 5.9,
50 km deep

Landslide impacts
Rockfalls in Waitaki Valley, damage to
buildings at Hakataramea, MM7 at
Wanaka

References
Yetton and
McCahon, 2008

Slumping on the slope near the power
station at Whiskey Creek, scree slides
Lake Coleridge

1946

M6.4

down Mt Hutt; numerous landslides

Yetton and

and changes to watercourses in

McCahon, 2008

epicentral area; MM5 in Mackenzie
District
Strong shaking at Aoraki/Mt Cook and

Bruce Bay centred

Tekapo, avalanches off every peak in

on the coast of
South Westland,

1962

M5.7

20km from

the main divide from Aoraki/Mt Cook to

Yetton and

the Minarets; numerous rockfalls on

McCahon, 2008

the slopes of Mt Wakefield (above the

Aoraki/Mt Cook

walking track)
Epicentre in Mackenzie District near

Macauley River
(Godley)

1984

M 6.1

the main divide; MM8 in epicentral

Cox and Barrell,

area, MM6 at Tekapo village; no

2007

reports of damage, but probably

Downes 1995

caused landslides.
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5.4
5.4.1

LANDSLIDE SUSCEPTIBILITY ASSESSMENT
Methodology

Landslide susceptibility in the vicinity of lakes Tekapo, Alexandrina, Pukaki, Ruataniwha and
Ohau has been assessed from a simple slope angle model based on historical earthquakeinduced landslide data and relationships determined from recent New Zealand-wide studies
(Hancox et al. 1997, 2002), and incorporating data from the 2003 and 2009 Fiordland
earthquakes (Hancox et al. 2003, 2010). The susceptibility/slope angle relationship adopted
is summarised in Table 5.2. Slope angle and landslide susceptibility maps of lakes Tekapo,
Alexandrina, Pukaki, Ruataniwha and Ohau were developed in ArcGIS from a digital terrain
model derived from the Topo50 topographic map (20 m contours), using the model shown in
Table 5.2.
Table 5.2

Model and criteria used for slope angle and landslide susceptibility maps.

Earthquake-induced
Slope Range
2
1 Typical Slope Types and Rock Types
Landslide Susceptibility and failure %
1 – Low

2 - Moderate

3 - High

4 - Very High

0-25°
(~10 %)
26-35°
(~ 30 %)

Few failures, several low-angle dip slope slides in Tertiary
sandstone, mudstone, and limestone. More failures likely on
steep gravel banks and terrace edges along rivers etc.
Dip slope failures in Tertiary rocks (as above); steeper slopes in
hard rocks (greywacke, schist, granite etc.).

36-45°

Steep dip slopes, cliffs, escarpments, and gorges in Tertiary

(~40 %)

sedimentary rocks; both dip and scarp slopes in hard rocks

> 45°
(~20 %)

(greywacke, schist, granites etc.) especially in steep glaciated
areas and alpine terrain. Also source and scarp areas of pre3

existing landslides on slopes .

Notes:
1. Slope ranges and failure percentages based on historical NZ earthquake-induced landslide data (Hancox
et al. 2002).
2. The slope failure percentages and descriptions apply mainly to natural slopes and do not take into account the
many smaller falls and slides that occur on steep unsupported road cuts and excavations during strong
earthquakes.
3. Many pre-existing landslides have significant potential for reactivation by strong earthquake shaking
(MM8-10), mainly due to their very steep, oversteepened head scarps, and in this model are assigned high to
very high susceptibility.

Landslides in the study area were compiled from various sources including:
•

The National Landslide Database of New Zealand held by GNS Science.

•

QMAP landslides – Aoraki sheet (Cox & Barrell 2007).

•

Glacial Geomorphology of central South Island, New Zealand (Barrell et al 2011).

•

Yetton and McCahon (2008).

•

Inspection of Topo50 topographical maps and aerial photographs.

Because of the small scale of the maps in this report, only the total areas of the landslides
are shown, and the source areas and debris tails are not differentiated.
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Recently and currently active landslides: Only larger recent and currently active landslides
100–200 metres wide and several hundred metres long (~104-105 m3) are shown on the
maps, based on mapping from aerial photos, topographic maps. There are numerous smaller
landslides of this type in the Mackenzie basin that are most commonly triggered by
rainstorms and also snow avalanches.
Prehistoric landslides: A number of very large prehistoric (post-glacial) landslides in bedrock
occur in the Mackenzie basin. Most of these are known from the GNS Science landslide
database, but a few newly-identified landslides have been added from recent studies (Barrell
et al. 2011; Cox and Barrell 2007) and interpretation of aerial photos, Google Earth images,
and topographic maps during this study. Some of these, along with others in the area, need
to be checked in the field to confirm their landslide origin. Again, for simplicity and because of
the small map scale, only the total areas of the landslides are shown.
Areas where future landsliding could potentially occur were identified using the following
criteria:
1.

Steep (~25–35°) and very steep (~35–45°) slopes, particularly cliffs and slopes that are
undercut and more than ~200–300 m high.

2.

Slopes scarred by active or recently active rock falls, landslides, debris slides, and gully
erosion; areas adjacent to or above old wedge or translational bedrock failure scars.

3.

Other geomorphic or geological indicators such as active erosion areas, rock fall
deposits, and debris fans.

The type and size of possible future landslides at each potential landslide source area was
estimated from the slope characteristics, topography, existing slope failures at the site, and
information on landslides triggered by the 2003 and 2009 Fiordland earthquakes (Hancox et
al. 2003, 2010). Potential landslide source areas were delineated and their areas calculated
in ArcGIS. A nominal depth of failure of 5m was assumed for larger features.
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5.4.2

Lake Ohau

The landslide susceptibility for Lake Ohau is illustrated in Figure 5.1. The map shows four
classes of slope angle associated with their potential landslide susceptibility (Table 5.2),
together with mapped existing landslide features.

Figure 5.1
Slope angle and landslide susceptibility map of Lake Ohau showing existing landslides and
potential future landslide source areas (A to C).
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The map illustrates that there are very few areas near Lake Ohau with steep ground slopes
that may potentially release a landslide into the lake. No existing landslides have been
mapped on the slopes immediately around Lake Ohau. A series of large landslides, however,
have been observed between 4 km and 14 km to the west of the lake. Whilst these
landslides represent no direct hazard to the lake they illustrate the type and size of landslide
that can occur in this terrain.
Steep slopes are present on the east shore and to the north of the lake outlet (potential source
areas A, and B, Table 5.3). The slopes here are formed of greywacke and aerial photography
mapping has identified a number of existing fans and debris source areas which indicate the
potential for large mass movement events to occur. In addition a third site has been mapped
immediately above the western shore (potential source area C, Table 5.3). Whilst no evidence
of currently active landslide or prehistoric landslide has been observed, the steepness of the
slopes and their proximity to the lake indicates that landslide-triggered tsunami could be
generated should a large landslide, that reached the lake, occur in the potential source areas
identified. Further field assessment of these areas would be needed to determine the
likelihood, if any, of future landslides from these areas. We have delineated examples of
possible landslide sources in each of the potential source areas for the purposes of estimating
tsunami heights; these are shown in Appendix 3 (Figure A3.1 - Figure A3.3).
Table 5.3

Characteristics of potential landslide sources areas around Lake Ohau.

Potential
Source Area

Location

Slope morphology and existing landslides

A

Steep slopes north of lake

Steep to very steep slopes; evidence of debris fans from

outlet

shallow channelized debris flows. Potential for rockfalls and
large failures directly into lake.

B

Steep slopes west of A

Steep to very steep slopes; channelized debris flows but
limited evidence of large failures. Possibility for rockfalls and
large failures directly into lake.

C

Steep slopes above western

Steep slopes located in close proximity to the Lake Ohau

shore

Lodge but with limited evidence of existing or ancient large
failures. Rock falls or large landslide could fail directly into
lake.

5.4.3

Lake Ruataniwha

The landslide susceptibility for slopes surrounding Lake Ruataniwha is illustrated in Figure 5.2.
Lake Ruataniwha is surrounded by low lying topography of slope angles between 0 to 25%
and, therefore, has low landslide susceptibility. QMAP Aoraki (Cox and Barrell 2007) has
identified two large landslides in the vicinity with the one nearest the lake being approximately
400 x 350 m2. Another was identified as part of this study. Although these landslides are both
large and could have involved nearly 1,000,000 m3 of material, they are both over 600 m from
the lake (on a flat terrace), so any further failure at these sites is unlikely to reach the lake
(Table 5.4). Due to the low likelihood that landslides from potential source area A would reach
Lake Ruataniwha, we do not consider this source area in further assessments.
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Figure 5.2
Slope angle and landslide susceptibility map of Lake Ruataniwha showing existing landslides and a
potential future landslide source area (A).
Table 5.4

Characteristics of potential landslide sources areas around Lake Ruataniwha.

Potential
source area

Location

Slope morphology and
existing landslides

A

Northern end of Table

Steep to very steep slopes;

Hill, Lake Ruataniwha

existing large QMAP landslides
mapped

5.4.4

Lake Pukaki

The landslide susceptibility for Lake Pukaki is illustrated in Figure 5.3 together with all
previously mapped and newly-identified landslides delineated as part of this project. The map
also shows potential landslide source areas (A). General details of these potential landslide
source areas are given in Table 5.5.
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Figure 5.3
Slope angle and landslide susceptibility map of Lake Pukaki showing existing mapped landslides
and potential future landslide source areas (A).

GNS Science Consultancy Report 2014/227

41

Table 5.5

Characteristics of potential landslide source areas near Lake Pukaki.

Potential
source area

Location

Slope morphology and existing landslides

A

West side of lake from Twin

Area of steep and very steep slopes; 6 mapped landslides

Stream to Jacks Stream

and many large active gullies

Twin Stream

Area of moderately steep to steep slopes; 1 Large active

A3

landslide mapped; Several large active gullies and scree
slopes adjacent to Twin Stream; potential for debris flows?
A2

Whale Stream

Large areas of very steep and extremely steep slopes
surrounding Whale Stream; Several large active gullies and
scree slopes; potential for debris flows? Active fan at the
mouth of Whale Stream.

A1

Jacks Stream

Areas of very steep and extremely steep slopes surrounding
Jacks Stream; Several large active gullies and scree slopes;
potential for debris flows?

Lake Pukaki is mostly surrounded by gentle slopes (<25°) formed on glacial deposits at least
18,000 years old (Barrell and Read 2014). The fact that glaciogenic landforms, such as
moraine belts, are so well preserved on the slopes around Lake Pukaki indicates that the
slopes are generally stable. The north western edge of the lake, however, between Jacks
Stream and Twin Stream (area A, Figure 5.3), has steep slopes with moderate to high
landslide susceptibility immediately adjacent to the lake, and landslides here could potentially
reach the lake. The steep slopes of Area A are also relict glacial landforms, defining the
abandoned moraine wall of the former glacier (Barrell et al. 2011). However, Lake Pukaki, in its
modern raised state is higher than it has ever been in the past 18,000 years, and so along this
slope, the existing slope stability may have been diminished by modern raised lake levels.
There are several (active and inactive) gullies forming small alluvial fans on the lake edge in
potential source area A. In addition, the tributaries in this area drain steep catchments
underlain by greywacke, where there are several mapped landslides and active gullies. The
steep to extremely steep slopes in these tributary catchments have isolated areas of high to
very high landslide susceptibility and have the potential to generate large debris avalanche or
debris flows that could potentially reach the lake. We identified several recent small debris
flows that have reached the lake, forming small debris fans. We have delineated examples of
possible landslide sources in potential source area A for the purposes of estimating tsunami
heights; these are shown in Appendix 3 (Figure A3.4).
Although there are no mapped landslides directly adjacent to Lake Pukaki, there are several
mapped within a few kilometres of the lake and indicate the type and size of landslide that
could occur (Figure 5.3). One example of the type and size of landslide that could occur in
these catchments is a large prehistoric post-glacial rock avalanche (600 m x 500 m) that
blocked Duncan Stream on the Ben Ohau Range, forming a small landslide-dammed lake
(Barrell et al 2011).
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5.4.5

Lakes Tekapo and Alexandrina

The landslide susceptibility for lakes Tekapo and Alexandrina is presented in Figure 5.4 together
with all previously mapped landslides and newly-identified landslides delineated as part of this
project. The map also shows four potential future landslide source areas (A-D), general details of
these potential source areas are given in Table 5.6, and are discussed below.
Lake Tekapo occupies the trough of the ice-age Tekapo Glacier and the majority of the
gentle slopes around the lake are relict glacial landforms developed on till deposited 18,000
or more years ago (Cox and Barrell 2007). The well-preserved glacial landforms attest to the
general stability of the more gentle slopes surrounding the lake. However, there are four
areas identified around Lake Tekapo with steep slopes with moderate to very high landslide
susceptibility, where any future landslides could possibly reach the lake shore (Figure 5.4).
The presence of existing mapped landslides in these areas indicates that there may be
potential for renewed or new instability in these areas. General details of these potential
landslide source areas are given in Table 5.6 and discussed below.
Table 5.6

Characteristics of potential landslide source areas near Lake Tekapo.

Potential
source area

Location

Slope morphology and existing landslides

A

Western side of lake, below

Steep and very steep slopes above Holocene alluvial fans;

Mistake Peak

no large mapped landslides but many small shallow
landslides present; slopes ~ 800 m above lake level

B

C

Eastern face of Mt John, near

Moderately steep to steep slopes; 2 large features identified

outlet

on QMAP, slopes ~300m high.

Western slope of Mt Hay

B1 = 600,000 m

2

B2 = 350,000 m

2

Steep to very steep slopes; no known large landslides but
many small gullies present; slopes ~400 m high; large
landslide identified ~1.5 km south of Mt Hay.

D

Mouth of Boundary Stream,

Some steep to very steep slopes with moderate to high

eastern lake shore

landslide susceptibility; Large deep seated block failure
identified on QMAP; a few shallow landslides;
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Figure 5.4
Slope angle and landslide susceptibility map of areas around lakes Tekapo and Alexandrina
showing existing mapped landslides and potential future landslide source areas (A-D).
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There is a large area of steep to very steep slopes on the western lake shore, below Mistake
Peak (potential landslide source area A), with slopes directly above the lake with high to very
high landslide susceptibility. Aerial photo interpretation identified a number of active fans and
smaller landslides in the area, and the slopes directly adjacent to the lake are mostly
underlain by Holocene alluvial fan deposits (Barrell et al 2011). There are a number of large
landslides (source areas range from 25 - >1,000,000 m2) identified in the wider area (Allen et
al 2011), although they pose no direct landslide hazard to the lake, they indicate the type and
size of landslide that could be generated in this area.
Steep slopes with moderate to high landslide susceptibility are present on Mt John (potential
source area B), within 2 km of Tekapo Village. QMAP Aoraki (Cox and Barrell 2007)
identifies two large landslides on Mt John (potential landslide source areas B1 and B2,
Figure 5.5). The landslides identified on Mt John are rather equivocal, and are possibly
stress relief relaxations of the rock mass, rather than true landslides. If they are landslides,
both are potentially large (B1 600,000 m2, B2 350,000 m2) deep seated failures that exhibit
well defined head scarps and multiple ridge rent features (Figure 5.6). If they are landslides,
it is thought that these features might have formed due to stress relief following retreat of the
Tekapo Glacier (Barrell pers. comm). It is not known how deep these features are or whether
they are currently active. If either of these features were to fail as a very large landslide, a
potentially large tsunami could be generated.

Figure 5.5
Large potential landslide features identified by QMAP Aoraki on Mt John (Cox and Barrell, 2007).
The dotted line shows the extent of the landslides delineated by 2-5 m high scarps.
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Steep to very steep slopes with moderate to high landslide susceptibility are also present on
the western face of Mt Hay (potential source area C). There are no known large landslides
on this slope but many small shallow landslides and gullies were identified. Two old large
landslides (estimated source areas 100,000 – 275,000 m2) originating from the scarp south
of Mt Hay, but well away from the lake, were identified as part of this project. The larger of
these landslides had a runout distance of about 750 m. The base of Mt Hay is approximately
250 m from the lake shore, so it is possible that a large landslide generated from these
slopes could reach the lake. However, 18,000 year old glacial landforms occur at the crest
and foot of Mt Hay, illustrating that no such landslide event has occurred in at least the past
18,000 years.
A large block landslide (~1200 m wide by ~500 m long) has been mapped at the mouth of
Boundary Stream (Cox and Barrell, 2007; Barrell et al., 2011) (potential source area D). It
exhibits a 10-20 m head-scarp and has displaced glacial features (Barrell et al. 2011),
indicating that this landslide formed after the withdrawal of the glacier ~18,000 years ago.
The landslide appears to currently be in a stable configuration, and likely is buttressed by the
deposition of recent lake sediments, however, we do not know how it would react to strong
earthquake shaking and could be a potential tsunami-triggering landslide source.
We have delineated examples of possible landslide sources in each of the potential source
areas (A-D) of Lake Tekapo for the purposes of estimating tsunami heights; these are shown
in Appendix 3 (Figure A3.5 – Figure A3.8).
Lake Alexandrina was formerly an arm of an enlarged, higher, Lake Tekapo, that developed
around the retreating Late Otiran glacier (Cox and Barrell 2007) and is surrounded by gentle
slopes composed of glacial till, with generally low landslide susceptibility. There were no
potential landslide source areas identified around Lake Alexandrina that could produce a
landslide of sufficient magnitude to trigger a tsunami. One area of steep to very steep slopes
with moderate to high landslide susceptibility occurs just south (~1.2 km) of the southernmost
bach settlement, however, the slopes are only about 50 m high so would not produce a
landslide large enough to cause a tsunami.
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5.4.6

Landslide susceptibility summary

The landslide susceptibility assessment has identified a number of potential landslide types
and sources that may impact lakes Tekapo, Pukaki and Ohau (Table 5.7).
Table 5.7
Types and general description of the different landslide types that could impact lakes Tekapo,
Pukaki and Ohau.

Type

Description
Rockfalls usually occur from areas of weakness, over-steepening or along weathered
or open joint discontinuities. They start as a detachment of rock with little or no shear
displacement and descend into the lower valley mainly by falling bouncing or rolling. As
a consequence movement is very rapid (3–5 m/sec or greater). Rockfalls lead to an

Rockfalls

accumulation of rock debris on or at the base of slopes. Rockfalls are a common hazard
and can range in size and frequency depending on the size and type of trigger. Potential
rockfall source zones have been located on the steep rock slopes above the lake. Whilst
such failures may create localised waves the failure volumes are highly unlikely to
create tsunami waves within the lake.
Rock and debris avalanches are very large, very rapid, long run-out failures on steep
slopes (>35-40°) more than 150-200 m high. They typically start as falls or slides, and
transform into avalanches as they travel downslope.
Deposits of such large landslides occur at a number of places with the Southern Alps
(e.g. Aoraki/Mt Cook 1991, 2014) and as many as three have been identified at the

Compound

margin of Lake Tekapo). First-time landslides or later retrogressive failures of this nature

landslides – deep-

are high magnitude and are most often the result of low frequency events such large

seated slides, debris

earthquakes. In some instances large rock avalanches can also occur without an

and rock avalanches

obvious triggering event (e.g. Aoraki/Mt Cook 1991, Mt Adams 1999).
Where potential source areas are sufficiently large further slope failures could occur and
have the potential to generate tsunami waves
Existing landslides may be subject to more regular slow movement caused by on-going
processes such as rainfall and earthquakes. Such landslides are much less likely to
generate tsunami waves.
Shallow debris slides comprise masses of soil, or debris that slide along planes of
weakness (bedding, joints, and faults) and other surfaces. These can occur as rotational

Shallow debris

slides (or slumps) in soft rocks and soils that move on curved failure surfaces. Disrupted

slides

soil and debris slides are most common. Whilst shallow landslides could potentially
occur from numerous locations along the lake shore the volumes associated with such
failures are highly unlikely to be sufficient to create tsunami waves in the lake.
The channelized debris flows at the site typically have much higher sediment

Channelized debris

concentrations (similar to wet concrete) than debris floods, and are potentially much

flows

more hazardous and destructive. Whilst the potential for channelized debris flows to
occur has been observed such events are less likely to generate tsunami waves.
Debris floods are rapid hyper-concentrated flows of water loaded with sediment, often
mainly coarse gravel and sand. Debris flows and debris floods are mainly responsible

Debris floods and

for building alluvial (debris) fans. The fan features often contain active debris flow

fans

channels which may migrate in extreme events causing debris flow and flood hazards
over a wider spatial area. Such features however are unlikely to generate tsunami
waves.
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It is only very large and rapid failures that are likely to generate significant tsunami. As a
consequence the landslide susceptibility assessment has focused on very steep slopes
capable of producing potential large landslide source areas which could fail directly into the
lakes. Field mapping was not included in the scope of this study and as a consequence the
assessment presented in this report is indicative rather than definitive.

5.5
5.5.1

LANDSLIDE TSUNAMI GENERATION ASSESSMENT
Methodology

The height of waves that could potentially be generated at different sites were estimated
empirically using data from a number of documented landslide-generated tsunami from New
Zealand and overseas compiled by Hancox (2012), specifically those at: Tafjord, Norway in
1934 (Jorstad 1968), Mt Colonel Foster (Landslide Lake), Canada 1946 (Evans 1989), Lituya
Bay, Alaska 1958 (Miller 1960), Deep Cove of Doubtful Sound, New Zealand 1987 (Southland
Times, 23/5/87), Gold Arm of Charles Sound, New Zealand 2003 (Hancox et al. 2003), and
Chehalis Lake, Canada in 2007 (Roberts 2009). Hancox (2012) summarised landslide data
and wave heights for those events (Table 5.8) and plotted them on a log-log graph
(Figure 5.6), along with extrapolated wave heights for hypothetical events with intermediate
and smaller landslide volumes. Historical and extrapolated values were used to estimate
possible landslide-generated wave heights for landslides of different sizes at potential landslide
sites around the shores of lakes Tekapo, Pukaki, and Ohau (Table 5.9). There were no sites
identified on lakes Alexandrina and Ruataniwha where potential landslides could be of
sufficient magnitude to generate tsunami on those lakes. The wave heights in this section are
the maximum vertical wave run-up height observed on slopes around the shorelines of lakes
and fiords, rather than the vertical height of the waves (top to bottom).
Table 5.8
Summary of historical landslide-generated tsunami events (from Hancox 2012) used to estimate
landslide induced wave heights at potential landslide sites on lakes Tekapo, Pukaki and Ohau.
2

1

Landslide Tsunami Event
Tafjord, Norway in 1934

Vertical
fall (m)

Landslide
3
volume (m )

Maximum
wave
height (m)

References

700

3,000,000

62

Jorstad 1968

700-1000

700,000

29

Evans 1989

950

30,000,000

524

Miller 1960

400

100,000

2.5

Southland Times 23/5/87

400

200,000

4.5

Hancox et al. 2003,

(rock slide/avalanche)
Mt Colonel Foster, Canada in 1946
(rock avalanche)
Lituya Bay, Alaska in 1958
(rock slide/avalanche)
Deep Cove, Fiordland NZ in 1987
(debris/rock fall)
Gold Arm, Fiordland NZ in 2003
(rock fall)
Lake Chehalis, Canada in 2007
(rock slide/avalanche)

Power et al. 2005
600

2,500,000

25

Roberts 2009,
Brideau et al. 2011

Notes:
1. The landslides listed were all rapid events (~3-5 m or >/sec), with significant vertical fall (~400 -1000 m). The
vertical fall refers to the difference in elevation between the top of the landslide and the lake.
2. The wave heights listed above are the maximum vertical wave run-up height above lake or fiord level
observed on slopes around the shoreline, rather than the vertical height of the waves (top to bottom).
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Table 5.9
Estimated tsunami wave heights for hypothetical landslides into lakes Tekapo, Pukaki and Ohau
(table from Hancox 2012).
1

3

2

Potential landslide size (m )

Estimated maximum wave run-up heights
3

Very small to small landslides (100–1000 m )

~< 0.5 m within ~0.5 km of site.
3

Small to moderate landslides (1000–10,000 m )

~0.5–1 m within 0.5 –1 km of site.
3

Moderate to large landslides (10,000–100,000 m )

~1–3 m, within ~0.5–1 km of site.

3

Large landslides- a (100,000 – 200,000 m )

~3–5 m, within ~0.5–1 km of site.

3

Large landslides- b (300,000 – 500,000 m )

~5–10 m, within ~1–5 km of site.
3

Large to very large landslides (500,000 – 1,000,000 m )
3

Very large landslides (1,000,000 – 3,000,000 m )

~10–25 m, within ~1–5 km of site.
~25–60 m, within ~1–5+ km of site.

Notes:
1. These estimates relate to rapid landslides (rock and debris falls, slides, avalanches, with a fall height of
~200-400 m or greater.
2. The wave (run-up) height values, derived from Figure 5.6, have an estimated error of +/- ~10-20%.

Figure 5.6
Wave run-up height / landslide volume graph showing historical landslide-generated tsunami events
(yellow squares) and extrapolated values (circles) used to estimate possible landslide-induced wave heights at
potential landslide sites on lakes Tekapo, Pukaki, and Ohau (from Hancox 2012).

5.5.2

Estimated tsunami wave heights from landslides

Within each potential source area identified during the landslide susceptibility assessment,
examples of specific landslide sources have been identified (Table 5.10; Appendix 3).
A more detailed assessment of specifically where failures might occur and their likely size
would require field examination of the slopes. The extent of each example site was
estimated, using the slope map and aerial photography, and their areas calculated in ArcGIS.
The specific landslide source examples identified within the potential source areas are shown
in Appendix 3. A nominal depth of failure of 5 m was used to estimate a volume of material.
A range of possible landslide volumes were used to estimate the potential tsunami heights
that could be generated by large landslide events. The tsunami-generating potential of the
example landslides was based on the estimated landslide volume, slope height and
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steepness, and location relative to the lake-shore. As field verification of source areas has
not been undertaken, the largest best estimate source volumes have been estimated at
each location, thus representing a hypothetical worst-case scenario. Wave run-up heights
have been estimated assuming the entire volume enters the lake at a given position, also
a worst-case scenario. This assessment therefore provides a preliminary indication of
maximal potential impacts for the occurrence of landslide-generated tsunami waves on these
lakes. A summary of the potential tsunami run-up heights from each example landslide is
provided in Table 5.10 below.
Table 5.10 Summary of landslide volumes and estimated maximum run-up heights of waves generated by
hypothetical potential landslides into lakes Tekapo, Pukaki and Ohau (Figure 5.1, Figure 5.3 and Figure 5.4).

Example
Landslide
1
Area

2

Estimated
Possible max wave Other potential geological
Landslide volume
run-up height
hazards at sites of interest
3
(m )
(m)
and explanatory comments

Lake Ohau
A1

100,000 – 1,000,000

10-25 m

A2

100,000 – 500,000

~5–10 m

A3

100,00 – 500,000

~5–10 m

B1

1,000-1,000,000

0.5-25 m

B2

10,000 – 1,000,000

0.5-25 m

C

10,000 – 1,000,000

1-25 m

250,000 – 1,000,000

10-25 m

A1

10,000 – 500,000

1-3 m

A2

10,000 – 500,000

1-3 m

A3

10,000 – 500,000

1-3 m

B1

700,000 – 1,000,000

10-25 m

B2

500,000 - 1,000,000

10-25 m

C

1,000 – 100,000

0.5-3

D

100,000 – 2,000,000

10-25 m

Lake Pukaki
A

Direct landslide hazard also

Lake Tekapo

Notes:
1. The examples landslide areas are shown in Appendix 3.
2. Estimated landslide volume is based on the areal extent of the example landslide (see Appendix 3) and a
nominal landslide depth of 5 m.
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5.6

LANDSLIDE SUMMARY

Lakes Tekapo Alexandrina, Pukaki, Ruataniwha and Ohau are located in an area with a
known history of very large landslides which in some instances have generated large
tsunami waves. Much landscape around lakes Tekapo, Alexandrina, Pukaki, Ruataniwha
and Ohau is formed of relict glacial landforms, attesting to general stability of the slopes over
the past ~18,000 years. This suggests the risk of large landslides occurring may be low,
given the slopes will have experienced shaking by many (>25) Alpine Fault earthquakes, and
several (5-6) Ostler Fault earthquakes as well as many other local and regional earthquakes.
Some areas of lakes Tekapo, Pukaki and Ohau, however, are bordered by very steep slopes
which if subject to failure could produce landslides with very large source areas, capable of
creating tsunami waves within the lake. The topography around Lake Ruataniwha and Lake
Alexandrina is too gentle to give rise to large rapid landslides, and thus there is no prospect
of landslide-generated damaging tsunamis.
Examples of landslide sources within several potential landslide source areas around lakes
Tekapo, Pukaki and Ohau have been compared with landslide events which have generated
tsunami in New Zealand and internationally. The comparison provides a preliminary
assessment of potential wave heights that could be generated at each lake were the
example landslide source area to rapidly fail. Because in each example, the maximum
potential landslide area is used, along with the assumption that the entire landslide volume
enters the lake, our tsunami run-up height estimates are considered a maximum. The
preliminary assessment indicates wave run-up heights of up to 10-25 m could be generated
at lakes Tekapo, Pukaki and Ohau if very large landslides fall directly into the lakes.
Settlements and infrastructure located close to the shoreline at each of these lakes could be
at risk if large waves were generated. Whilst such events would undoubtedly have significant
impacts, the size of the potential landslide source area and the volume of material that would
enter the lake is subject to considerable uncertainty, and further field-based study would be
required to improve understanding of the stability of the steep slopes surrounding the lakes
and the potential landslide source areas that have been identified.
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6.0

POTENTIAL FOR TSUNAMI GENERATED BY DELTA COLLAPSE

The collapse of one or more of the river or stream deltas that border the shorelines of lakes
Ohau, Pukaki and Tekapo could potentially generate a tsunami (lakes Ruataniwha and
Alexandrina have no significant deltas). A large volume of delta material rapidly slumping into
the lake would almost instantaneously displace an equivalent volume of water. While such a
tsunami might only be locally damaging, there are several important structures close to the
lake shores that could be affected, and the effects on people in the vicinity could be severe.
Delta collapse can occur spontaneously, due to the long-term build-up of river sediment, or
strong earthquake shaking can trigger delta collapse. Earthquake-triggered delta slumping
has been recorded in lakes in New Zealand and overseas (see Section 1.3.1). A local
tsunami occurred in Lake Te Anau during the M 6.7 Te Anau earthquake of June 1988 (Clark
et al. 2011). Clark et al. (2011) discussed why they believe that the phenomenon of delta
collapse and associated tsunami is under-reported, for the following reasons:
•

Deltas are dynamic landforms and can change during any flood or storm event,
destroying evidence of collapse;

•

The evidence for past delta collapse and any associated tsunami, has a very low
potential for preservation;

•

Without eyewitness accounts or recorded effects on built structures, earthquake
shaking effects on deltas may never be identified;

Recent attention has been brought to the phenomenon of delta collapse by Hancox et al.
(2003), Forsyth et al. (2006), Turnbull et al. (2010), Clark et al. (2011) and Howarth et al.
(2012). Recent coring of small lakes adjacent to the Alpine Fault has revealed an extensive
record of earthquake triggered mass-flow deposits into small lakes adjacent to the fault
(Howarth et al. 2012) but whether they were associated with lake tsunami is unknown.
Tsunami triggered by delta-collapse can occur, but little is known about its extent, frequency
or severity.

6.1

DELTA MATERIALS AND SLOPES

Deltas occur where rivers and streams enter water bodies such as lakes and oceans.
Reduction in the flow velocity causes the river to deposit its bedload at the river mouth.
Coarse-grained sediment (e.g., boulders, pebbles and sand) tends to accumulate near the
river mouth, while finer sediment (silt, clay, mud) is transported further from shore, to be
deposited into deeper water. The sediment builds up a ‘delta slope’ or ‘delta front’ which
slopes lakewards. The slope of the delta is a function of grain size and other factors. Based
on various studies, mostly from marine environments, the maximum slope angle at which
saturated sediment is stable ranges from up to 28° for gravel, 10° to 30° for sand and only
about 1° to 2° for mud. The main delta at the head of Lake Ohau has an average slope of 5°,
increasing to a maximum of ~18° at the top of the delta. At Lake Pukaki the main delta has
an average slope of 4° and at Lake Tekapo the main delta has an average slope of 4° with a
maximum of ~9° at the top.
Slumping occurs when the sediment builds up to too steep an angle, or the delta front becomes
destabilised in some other way (e.g. by an earthquake). Useful analogues for lakes Ohau, Pukaki
and Tekapo are lakes Lucerne and Geneva in Switzerland. Lakes Lucerne and Geneva contain
sub-lacustrine mass flows that occurred during historic and pre-historic earthquakes
(Schnellmann et al. 2002; Schnellmann et al. 2005; Strasser et al. 2013). An M 6.2 earthquake in
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1601 AD triggered sub-lacustrine mass flows in Lake Lucerne, producing a tsunami with an
estimated wave height of 1-2 m (Schnellmann et al. 2002). These studies used detailed
bathymetry (5 m and 10 m contour intervals) to map mass movement scars, and their deposits
were imaged by means of high-resolution seismic reflection profiling and evaluated by piston
coring in order to quantify the size and age of the lacustrine mass flows. Such detailed
information is not available for most New Zealand lakes, so the characteristics, size and shape of
any slump blocks, and the consequent lake-floor deposits, is poorly known.

6.2

DELTAS OF LAKES OHAU, PUKAKI AND TEKAPO

Figure 6.1, Figure 6.2 and Figure 6.3 show the locations of the main river and stream deltas in
the study area. Despite having some data, we have had to make a number of assumptions in
calculating the extent and slopes of underwater deltas shown. The mapped deltas are based on:
1.

The available bathymetric contours (Irwin 1970a,b; Irwin 1973) to estimate the
underwater extent of individual river or stream deltas. Our concept of the extent of any
delta may be in error by many tens of metres, both horizontally and vertically;

2.

Seismic survey where they cross the deltas (Irwin and Pickrill 1983; Barker 2005;
Upton and Osterberg 2007; Upton et al. 2012).

3.

Cross checking these angles against published values for river-dominated delta slope
angles in various sediment sizes.

If we assume the area of greatest impact by a delta collapse-triggered tsunami will be
located directly in line with the face of the delta, then we can evaluate which sites of interest
along the lake shores would be most vulnerable to delta collapse-triggered tsunami.
•

The main delta face of Lake Ohau is in line with the southwestern shore of Lake Ohau;
the outlet of Lake Ohau is probably somewhat protected from a delta collapse-triggered
tsunami by the headland promontory of Ben Ohau (Figure 6.1).

•

The main delta of Lake Pukaki is in line with the southern shore of Lake Pukaki
(Figure 6.2). The western and eastern shores of Lake Pukaki may be less vulnerable to
delta collapse-triggered but this would need to be confirmed by tsunami modelling.

•

The southern shore of Lake Tekapo may be somewhat protected from delta collapsetriggered tsunami from the main delta face due to a degree of sheltering by two
headlands and Motuariki Island, this would need to be confirmed by tsunami modelling.
Collapse of the Cass River delta is likely to direct a tsunami across the lake.

6.3

POTENTIAL SLUMPING OF LAKESIDE DEPOSITS

This report has concentrated on delta collapse because this has been directly observed in New
Zealand lakes, e.g. Lake Te Anau. There is probably also a tsunami hazard due to failure of
other underwater slopes formed of unconsolidated sediments. Slopes >10°, but generally less
than 30°, can have accumulations of sediment many metres thick (steeper slopes would
generally be bedrock). Slope angles can be roughly estimated from bathymetric contours and
from seismic profiles where available (Alloway et al. 2004 ; Barker 2005; Upton and Osterberg
2007). From the studies of Lake Lucerne by Schnellmann et al. (Schnellmann et al. 2002;
Schnellmann et al. 2005), it is clear that lateral deposits in lakes can also fail during earthquakes.
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Figure 6.1
The location of major river and stream deltas around Lake Ohau. In yellow are the main areas of
Holocene (<~12000 years old) alluvium that extend to the lake shore, taken from QMAP (Cox and Barrell 2007).
In magenta are the estimated underwater extents of the present day river and stream deltas. These have been
used to calculate the delta slopes. For clarity, just the 20 m-interval bathymetric contours are shown. More detail
is available on the lake chart (Irwin 1970a).
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Figure 6.2
The location of major river and stream deltas around Lake Pukaki. In yellow are the main areas of
Holocene (<~12000 years old) alluvium that extend to the lake shore, taken from QMAP (Cox and Barrell 2007).
Pink shows the extent of shallow alluvial deposits flooded by the raising of Lake Pukaki. In magenta is the
estimated underwater extent of the present day river and stream deltas. Bathymetric contours are shown at 10 m
and have been used to calculate the delta slopes. The maximum level of the lake was raised to ~535 m above
sea level in 1977, about 50 m above its original elevation of ~485 m. Bathymetric contour values are relative to a
mean lake level of 524 m, 20 m above the original, pre-lake-raise contours shown by Irwin (1970b).
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Figure 6.3
The location of major river and stream deltas around Lake Tekapo. In yellow are the main areas of
Holocene (<~12000 years old) alluvium that extend to the lake shore, taken from QMAP (Cox and Barrell 2007).
In magenta are the estimated underwater extents of the present day river and stream deltas, these have been
used to calculate the delta slopes. Bathymetric contours are shown at 20 m for clarity. More detail is available on
the lake chart (Irwin 1973).
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Within the layered post-glacial sediment fill of Lake Tekapo, seismic reflection surveys have
imaged regions of disturbed reflectors that are interpreted as mass movement or turbidite
deposits (Figure 3.3; Upton and Osterberg 2007). These deposits are all located adjacent to
the steeply sided bedrock exposures along the lake shore or the underwater Motuariki Ridge
and its emergent island, it is thought the deposits slumped from the steep underwater slopes.
Several of the inferred mass movement deposits are overlain by the same reflector implying
they are coeval. Using the interval of 1.25 metres per layer and an estimated sedimentation
rate of 8 mm/yr (Quinn and Wilson, 2004), Upton and Osterberg (2007) date deposits at c.
1720 +- 344 yr BP and c. 2810 +- 562 yr BP but without a more accurate age model, it is
difficult to say more about these deposits.
Quinn (2004) found 8-10 cm thick sandy layers in short cores from Lake Tekapo and
attributed them to earthquake-triggered mass flows. However, they could have other origins,
such as flood events. Her age model places these events in the 1800s and possible events
include the 1848 MW 7.5 earthquake in Marlborough, the 1968 MW 7.5 earthquake at Cape
Farewell, and the 1888 MW 7.3 earthquake in North Canterbury. These sandy layers are
much too thin to be imaged in a seismic survey. Inferred mass movement deposits in Lake
Tekapo identified by Upton & Osterberg (2007) have volumes on the order of 6,000,000 m3,
considerably larger than the volume of the sandy layers observed in the short cores. Thus, if
the mass movement deposits inferred from the seismic lines were triggered by a distant
earthquake, the intensity felt in the Tekapo area must have been greater than that felt during
the 1800s events.

6.4

RELATIONSHIP BETWEEN DELTA COLLAPSE AND SHAKING INTENSITY

Slumping of delta slopes can be caused by earthquake shaking, as has been demonstrated
by overseas studies (e.g., in Canada, Urgeles et al. 2002) and by observations around
northern Te Anau following the 1988 earthquake (Forsyth et al., 2006). A further report
comes from Lake Wakatipu, where in the summer of 1937-38 an earthquake triggered a
slump from the Rees/Dart delta (Brodie and Irwin, 1970). “Within minutes the surface waters
of the lake a few chains distant, over the delta edge, became violently turbulent and
discoloured by sediment; the disturbed area was marked by extensive bubbling of gas”
(Brodie and Irwin, 1970).
In New Zealand, liquefaction typically occurs from MM7 upward, and lateral spreading from
MM8, although these effects may occur at one intensity level lower in weak material that
amplify shaking (Appendix 1). Liquefaction and laterial spreading, along with significant
landsliding (at intensities of MM7 and greater) can occur both above and below lake level but
precise measurements of thresholds for delta slope failure in New Zealand are lacking. The
return times for certain MM intensities in the Canterbury Region have been estimated by
(Stirling et al. 2007).
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6.5

FUTURE STUDIES: PARAMETERS REQUIRED FOR TSUNAMI MODELLING

Tsunami induced by delta collapse is considered a hazard for the larger lakes Ohau, Pukaki
and Tekapo. In particular, in Lake Pukaki the main delta slopes is directly in line with sites of
hyroelectric infrastructure. It may be possible to model a tsunami produced by delta collapse
in these lakes if further information could be obtained. The main information required for
tsunami modelling due to delta collapse would be:
•

Volume of material displaced: we have not attempted to calculate the volume of
sediment contained in the underwater parts of all the Lake Ohau, Pukaki and Tekapo
deltas that could fail during earthquake shaking. The lack of high-quality bathymetric
and seismic data means such calculations would have a high level of uncertainty.
However, general comments can be made. All the seismic surveys used here are
boomer surveys with good penetration but relatively low resolution. Surveys using a
chirp system such as that employed by Howarth et al. (2012) can be operated at
resolutions of ~15 cm. While the penetration is not as deep as a boomer survey (~60 m
chirp vs >120 m boomer in lake sediments), it would be sufficient to create a high
resolution grid of mass movement deposits in the lake which would allow estimates of
the volume and frequency of slumping events within the lakes.

•

Where material originates and is deposited: Delta material can be assumed to fail at or
below lake level (both have been observed in New Zealand). The depth of the lake at the
toe of the delta slope would be the minimum level of deposition and much of the material
may be transported to the maximum depth of the lake floor opposite the failure site.

•

How fast the material moves: In the absence of quantitative observations of delta
collapse in the Mackenzie basin lakes, the rate of delta collapse would have to be
estimated from overseas examples. Schnellmann et al. (2002) modelled a prehistoric
sub-lacustrine slump in Lake Lucerne as reaching a velocity of 15-30 m/s during its
descent, and conservatively used a slump velocity of 15 m/s for tsunami modelling.

•

Composition: Delta slumps would yield unconsolidated sediment ranging from silt to
boulders. Lakeside slope failures away from deltas would likely contain more fine-grained
sediment (sub-lacustrine offshore slopes may have up to 70% silt, Pickrill 1978).

6.6

DELTA COLLAPSE SUMMARY

A number of deltas in lakes Ohau, Pukaki and Tekapo have been mapped and described. In
all these lakes the largest delta is at the head of the lake. It is known from overseas
examples and historic New Zealand events that delta collapse can cause tsunami. Delta
collapse can be triggered by oversteepening or instability (e.g. during an earthquake). The
relationship between delta collapse and ground shaking is not well-established due to the
rarity of historic examples. At present it is difficult to assess the degree to which the deltas of
lakes Ohau, Pukaki and Tekapo may be susceptible to collapse. There is some evidence
from seismic surveys and sediments cores in Lake Tekapo of past mass movements, but the
size and age of the mass movements is poorly constrained or unknown. In order to better
understand the hazard high-resolution bathymetric mapping should be undertaken to define
the delta morphology and to detect any underwater scars remaining from previous collapses.
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7.0

CONCLUSIONS

Potential tsunami and seiche sources for lakes Tekapo, Alexandrina, Pukaki, Ruataniwha
and Ohau has been assessed.
•

There are active faults crossing the beds of lakes Ruataniwha, Alexandrina and
Tekapo. There are also potentially additional active faults beneath lakes Tekapo and
Pukaki. Rupture of lake bed faults will displace the water volume above the fault and
almost certainly generate a tsunami.
-

The most hazardous scenario, in terms of fault rupture-generated tsunami, is
rupture of the Ostler Fault which could produce wave heights of at least 3 m in
Lake Ruataniwha.

-

Rupture of the Irishman Creek Fault Zone could produce wave heights of at least 2
m on Lake Alexandrina.

-

Rupture of an extension of the Irishman Creek Fault Zone into Lake Tekapo
could produce maximum wave heights of ~2 m on Lake Tekapo. Rupture of a
possible extension of the Coal River faults into Lake Tekapo could produce
maximum wave heights of ~3 m.

•

Seiches can be triggered by coseismic displacement of the lake bed, or by seismic
waves. Lakes Tekapo, Alexandrina, Pukaki, Ruataniwha and Ohau could potentially be
prone to seiche generated by both mechanisms. There are no well established
relationships between amount of coseismic displacement, ground shaking or seismic
wave properties and seiche generation, so the size of potential seiche waves cannot be
estimated. Recent moderate to large distant earthquakes do not appear to have
generated seiches on lakes Tekapo, Alexandrina, Pukaki, Ruataniwha and Ohau
perhaps suggesting they are not prone to seiching but we cannot estimate the impact
of an Alpine Fault earthquake or local earthquake.

•

Landslides directly into lakes can displace sufficient volumes of water to produce
tsunami. Parts of the margins of lakes Ohau, Pukaki and Tekapo have very steep
slopes which, if subject to failure, could produce landslides capable of creating tsunami
waves within the lake.
-

There are 3 potential landslide source areas around Lake Ohau, future landslides
from these area could produce tsunami waves with run-up heights of 0.5 – 25 m.

-

There is 1 large potential landslide source areas around Lake Pukaki, future
landslides from these area could produce tsunami waves with run-up heights of
0.5 – 25 m.

-

There are 4 potential landslide sources areas around Lake Tekapo, future
landslides from these area could produce tsunami waves with run-up heights of
0.5 – 25 m.

-

Whilst such events would undoubtedly have significant impacts, the size of the
potential landslide source area and the volume of material that would enter the
lake is subject to considerable uncertainty, and further field based study would be
required to improve understanding of the stability of the steep slopes surrounding
the lakes and the potential landslide source areas that have been identified.
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•

Delta collapse can potentially generate tsunami (depending on the speed and amount
of mass movement). Lakes Ohau, Pukaki and Tekapo all have sizeable deltas that, in
the event of rapid collapse, may trigger tsunami. The main delta slopes of Lake Pukaki
is directly in line with the southern shore of Lake Pukaki. The main delta to Lake Ohau
is in line with the southwestern shore of Lake Ohau. Seismic lines in Lake Tekapo
suggest geological evidence of past submarine slumping. At this stage we cannot
estimate the size of delta-collapse triggered tsunami but it should be considered a
potential hazard in lakes Ohau, Pukaki and Tekapo.

Our assessment of potential tsunami and seiche sources on lakes Tekapo, Alexandrina,
Pukaki, Ruataniwha and Ohau shows there are a number of mechanisms by which tsunami
and seiches could be generated on all these lakes. Some lakes are more exposed to certain
tsunami- and seiche-generating mechanisms than others due to local geological structures and
topography. Approximate and preliminary estimates of tsunami wave heights could be made
for fault rupture- and landslide- generated tsunami. However, insufficient data exists to make
estimates of wave heights for seiches and delta collapse-generated tsunami. This study has
not included tsunami modelling, but this, along with collection of some additional data, may
allow more precise estimates of tsunami wave heights and inundation zones to be estimated.
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APPENDIX 1: LANDSLIDE AND ENVIRONMENTAL CRITERIA
MODIFIED MERCALLI INTENSITY SCALE – NZ 2007
MM5

• Loose boulders may occasionally be dislodged from steep slopes.

MM6

• Trees and bushes shake, or are heard to rustle.

FOR

THE

• Loose material may be dislodged from sloping ground, e.g. existing slides, talus and scree
slopes.
3

3

• A few very small (≤10 m ) soil and regolith slides and rock falls from steep banks and cuts.
• A few minor cases of liquefaction (sand boil) in highly susceptible alluvial and estuarine
deposits.
MM7

• Water made turbid by stirred up mud.
• Small slides such as falls of sand and gravel banks, and small rock-falls from steep slopes
and cuttings common.
• Instances of settlement of unconsolidated, or wet, or weak soils.
• A few instances of liquefaction (i.e. small water and sand ejections).
3
3
• Very small (≤10 m ) disrupted soil slides and falls of sand and gravel banks, and small
rock falls from steep slopes and cuttings are common.
• Fine cracking on some slopes and ridge crests.
3
5
3
• A few small to moderate landslides (10 –10 m ), mainly rock falls on steeper slopes
(>30˚) such as gorges, coastal cliffs, road cuts and excavations.
• Small discontinuous areas of minor shallow sliding and mobilisation of scree slopes in
places.
• Minor to widespread small failures in road cuts in more susceptible materials.
• A few instances of non-damaging liquefaction (small water and sand ejections) in alluvium.

MM8

• Cracks appear on steep slopes and in wet ground.
• Significant landsliding likely in susceptible areas.
3
5
3
• Small to moderate (10 -10 m ) slides widespread; many rock and disrupted soil falls on
steeper slopes (steep banks, terrace edges, gorges, cliffs, cuts etc.).
• Significant areas of shallow regolith landsliding, and some reactivation of scree slopes.
5
6
3
• A few large (10 -10 m ) landslides from coastal cliffs, and possibly large to very large
6
3
(≥10 m ) rock slides and avalanches from steep mountain slopes.
• Larger landslides in narrow valleys may form small temporary landslide-dammed lakes.
• Roads damaged and blocked by small to moderate failures of cuts and slumping of roadedge fills.
• Evidence of soil liquefaction common, with small sand boils and water ejections in alluvium,
and localised lateral spreading (fissuring, sand and water ejections) and settlements along
banks of rivers, lakes, and canals etc.
• Increased instances of settlement of unconsolidated, or wet, or weak soils.
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MM9

• Cracking of ground conspicuous.
• Landsliding widespread and damaging in susceptible terrain, particularly on slopes steeper
than 20˚.
• Extensive areas of shallow regolith failures and many rock falls and disrupted rock and soil
slides on moderate and steep slopes (20˚-35˚ or greater), cliffs, escarpments, gorges, and
man-made cuts.
•

3

6

3

Many small to large (10 -10 m ) failures of regolith and bedrock, and some very large landslides
6

3

(10 m or greater) on steep susceptible slopes.

• Very large failures on coastal cliffs and low-angle bedding planes in Tertiary rocks. Large
rock/debris avalanches on steep mountain slopes in well-jointed greywacke and granitic
rocks. Landslide-dammed lakes formed by large landslides in narrow valleys. Damage to
road and rail infrastructure widespread with moderate to large failures of road cuts and
slumping of road-edge fills. Small to large cut slope failures and rock falls in open mines
and quarries.
• Liquefaction effects widespread with numerous sand boils and water ejections on alluvial
plains, and extensive, potentially damaging lateral spreading (fissuring and sand ejections)
along banks of rivers, lakes, canals etc.). Spreading and settlements of river stop-banks
likely.
MM10

• Landsliding very widespread in susceptible terrain.
• Similar effects to MM9, but more intensive and severe, with very large rock masses
displaced on steep mountain slopes and coastal cliffs. Landslide-dammed lakes formed.
Many moderate to large failures of road and rail cuts and slumping of road-edge fills and
embankments may cause great damage and closure of roads and railway lines.
• Liquefaction effects (as for MM9) widespread and severe. Lateral spreading and slumping
may cause rents over large areas, causing extensive damage, particularly along river
banks, and affecting bridges, wharfs, port facilities, and road and rail embankments on
swampy, alluvial or estuarine areas.

Notes:
1. Some or ‘a few’ indicates that threshold for response has just been reached at that intensity
2. Environmental damage (response criteria) occurs mainly on susceptible slopes and in certain materials, hence
the effects described above may not occur in all places, but can be used to reflect the average or predominant
level of damage or MM intensity in an area.
3. Environmental criteria not defined for MM11 and 12, as those intensities have not been reported in New
Zealand. Earlier versions of the MM intensity scale suggest that environmental effects at MM11-12 are similar
to MM9- 10, but are possibly more widespread and severe.
4. This appendix is based on Hancox et al. 1997, 2002, and Dowrick et al., 2008.
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APPENDIX 2: DEFINITION OF LANDSLIDES AND RELATED TERMINOLOGY
Landslide is a general term for gravitational movements of rock or soil down a slope. In this
context, ‘soil’ includes both earth (material smaller than 2 mm) and debris (material larger
than 2 mm); rock is a hard or firm intact mass and in its natural place before movement
occurs (Cruden and Varnes 1996). Landslides are usually classified or described in terms of:
(a) the type of material involved (rock, earth, debris, or sometimes sand, mud etc.), and (b)
the type of movement – fall, topple, slide, flow, spread, which are kinematically-distinct
modes of movement. Combining these two terms gives a range of landslide types such as:
rock fall, rock slide, rock topple, debris slide, debris flow, and earth flow. The characteristics of
the main types of landslides based on the Cruden and Varnes (1996) classification are
summarised in Table A2.1 and illustrated in Figure A2.1.
Table A2.1

Characteristics of the main types of landslides (after Cruden and Varnes 1996).

Landslide Type
(Based on movement)

General Characteristics
Downslope gravitational movements of rocks and ‘soils’ (top soil, colluvium etc.) by

Landslides

falling, sliding, or flowing. Slope failures occur when the destabilising forces (slope

(generic term)

steepness, weight, and ground water) exceed the resisting forces (shear strength of
rock and soil materials).

Falls

Falls are masses of rock, soil, or debris that move rapidly down very steep slopes
(>40°) by free fall, bounding or rolling. Disrupted soil and debris falls most common.
Slides are masses of rock, soil, or debris that slide down planes of weakness
(bedding, joints, and faults) and other surfaces. Rotational slides (or slumps) in soft

Slides

rocks and soils move on curved failure surfaces. Disrupted soil and debris slides are
most common. Landslides are also referred to (non-specifically) as slips, landslips, or
slippages.
Rock and debris avalanches are very rapid, long run-out failures on steep slopes

Avalanches

(>35-40°) more than 150-200 m high. They may start as falls or slides, and transform
into flows (wet or dry) as they travel downslope. Such landslides occur mainly in hill
country and on high mountain slopes.
Debris flows are a type of landslide: they have much higher sediment concentrations
(like wet concrete) than debris floods, and are potentially much more hazardous and

Debris Flows and
Debris Floods

destructive. Objects impacted by debris floods are surrounded or buried by gravel, but
are often largely undamaged.
Debris floods are rapid hyper-concentrated flows of water loaded with sediment,
often mainly coarse gravel and sand. Debris flows and debris floods are mainly
responsible for building alluvial (debris) fans.

Landslides involving soil and rock are often called ‘slips’ or ‘landslips’, while small failures with
rotational slide surfaces are widely referred to as ‘slumps’. Small landslides often do little
damage, but large failures involving thousands or millions of cubic metres moving rapidly
(say ~1–50 m/min or more) can damage or bury roads, buildings, and other structures. Effects
of landslides can range from minor deformation of foundations and structural failures to total
destruction of sites and all buildings, lifelines and infrastructure above or below slopes.
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Landslides can occur without an obvious trigger (‘spontaneous’ slope failures), or they can
be triggered by toe undercutting (natural or man-made), but are most often initiated by heavy
rainfall (e.g. ~100 mm or > in 24 hours), or strong earthquake shaking. Shaking of Modified
Mercalli (MM) intensity MM7 can cause small failures (≤103–104 m3), but MM8 or greater is
generally required for larger landslides (≥104–106 m3). Detailed descriptions of landslides and
environmental effects that occur at different shaking intensities are described in Appendix 1
(based on Hancox et al. 1997, 2002; and Dowrick et al. 2008).

Figure A2.1

Examples of landslide types (after Cruden and Varnes 1996).

The terms used throughout this report to describe landslide size are:
Very small (< 103 m3); Small (103 –104 m3); Moderate (104–105 m3); Large (105–106 m3); and
Very large (≥106 m3). These terms were introduced by Hancox et al. (1997, 2002) in their
studies of earthquake-induced landslides in New Zealand, and have now been adopted
internationally (Guerrieri and Vittori 2007).
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APPENDIX 3: EXAMPLES OF POTENTIAL LANDSLIDE SOURCE AREAS
AROUND LAKES TEKAPO, PUKAKI AND OHAU

Figure A3.1
Potential landslide source in Area A of Lake Ohau. See Figure 5.1 for Area A location and
Table 5.10 for the source area volume calculation.
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Figure A3.2
Potential landslide source in Area B of Lake Ohau. See Figure 5.1 for Area B location and
Table 5.10 for the source area volume calculation.
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Figure A3.3
Potential landslide source in Area C of Lake Ohau. See Figure 5.1 for Area C location and
Table 5.10 for the source area volume calculation.
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Figure A3.4
Potential landslide source in Area A of Lake Pukaki. See Figure 5.3 for Area A location and
Table 5.10 for the source area volume calculation.
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Figure A3.5
Potential landslide source areas in Area A of Lake Tekapo. See Figure 5.4 for Area A location
and Table 5.10 for the source area volume calculation.
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Figure A3.6
Potential landslide source areas in Area B of Lake Tekapo. See Figure 5.4 and Figure 5.5 for
Area B location and Table 5.10 for the source area volume calculation.
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Figure A3.7
Potential landslide source areas in Area C of Lake Tekapo. See Figure 5.4 for Area C location
and Table 5.10 for the source area volume calculation.
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Figure A3.8
Potential landslide source in Area D of Lake Tekapo. See Figure 5.4 for Area D location and
Table 5.10 for the source area volume calculation.
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