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Abstract Slope instabilities in the central Southern Alps, New

Zealand, are assessed in relation to their geological and topo-

graphic distribution, with emphasis given to the spatial distribu-

tion of the most recent failures relative to zones of possible

permafrost degradation and glacial recession. Five hundred nine

mostly late-Pleistocene- to Holocene-aged landslides have been

identified, affecting 2% of the study area. Rock avalanches were

distinguished in the dataset, being the dominant failure type from

Alpine slopes about and east of the Main Divide of the Alps, while

other landslide types occur more frequently at lower elevations

and from schist slopes closer to the Alpine Fault. The pre-1950

landslide record is incomplete, but mapped failures have

prevailed from slopes facing west–northwest, suggesting a

structural control on slope failure distribution. Twenty rock

avalanches and large rockfalls are known to have fallen since

1950, predominating from extremely steep east–southeast facing

slopes, mostly from the hanging wall of the Main Divide Fault

Zone. Nineteen occurred within 300 vertical metres above or

below glacial ice; 13 have source areas within 300 vertical metres

of the estimated lower permafrost boundary, where degrading

permafrost is expected. The prevalence of recent failures occur-

ring from glacier-proximal slopes and from slopes near the lower

permafrost limit is demonstrably higher than from other slopes

about the Main Divide. Many recent failures have been smaller

than those recorded pre-1950, and the influence of warming may

be ephemeral and difficult to demonstrate relative to simulta-

neous effects of weather, erosion, seismicity, and uplift along an

active plate margin.
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Introduction

Landslides are a major process in hillslope evolution (Densmore

and Hovius 2000; Korup et al. 2005), impact upon rivers (Korup

2002; Korup 2005a) and glacial systems (Hewitt et al. 2008;

Shulmeister et al. 2009) and are a serious hazard in many regions

of the world (Nadim et al. 2006). In glaciated Alpine terrain,

landslides often involve large volumes and travel distances, owing

to high local relief, enhanced travel over ice or snow surfaces, flow

transformations and chain-reaction events (e.g. Evans and Clague

1988; Haeberli et al. 2004). In addition, the hazard associated with

slope instabilities in glacial environments is highly dynamic

because recent atmospheric warming is rapidly altering glacial

landscapes and may be shifting zones of instability and initiation

(Kääb et al. 2005; Geertsema et al. 2006). Landslides and other

gravitational mass wasting play a significant role in the erosion of

New Zealand's Southern Alps (Hovius et al. 1997; Korup et al.

2004). This mountain chain is being actively formed by the

convergence of two tectonic plates. Stress-release fracturing and

dilation of mountain rock masses occurs during uplift and

exhumation. Over time, effects such as rock-mass dilation, ice

wedging, glacier and snow level recession, and the reduction in

ice-binding of rock masses combine to lower their resistance to

failure (Wegmann et al. 1998; Davies et al. 2001; Gruber and

Haeberli 2007). Major earthquakes and storms have triggered

slope failures (e.g. Whitehouse and Griffiths 1983; Hancox et al.

2003), but numerous spontaneous events have also occurred

(McSaveney 2002; Cox and Allen 2009).

Recent completion of a digital geological map and geographic

information system (GIS) dataset (Cox and Barrell 2007) creates

an opportunity to better study landslide distribution in the

Southern Alps and to discuss possible impacts of glacier recession

and permafrost warming in the region. The dataset provides an

inventory of over 500 landslides in the central South Island, for

which related geology and topography can be explored in a GIS

environment. This study begins with a description of the physical

setting, before providing an overview of the regional topography

characterising the central Southern Alps. The main objective of

this paper is to examine the distribution of landslides from this

past century in relation to local geology and topography, but

within the context of a much longer record of landslide activity. If

effects of twentieth century climate change are evident within this

tectonically active mountain belt, a significant correlation would

be expected between the occurrence of recent slope failures and

the extent of glacial or periglacial zones.

Background

Slope stability is primarily governed by rock-mass strength, slope

angle and slope height, which vary in different geological and

geomechanical settings. In high-mountain environments, geo-

logical hazards are increasingly being studied in relation to

possible interactions with changing glacial and permafrost

conditions (e.g. Evans and Clague 1988; Harris 2005; Deline

2009; Huggel 2009). Bedrock walls in glacial environments are

typically steep, with erosion of their lower flanks potentially

exacerbated by glacial plucking (Ballantyne 2002). Subsequent

retreat of glacial ice can induce changes in the stress field of the

surrounding rock walls and expose previously insulated surfaces

to altered mechanical and thermal erosion (Haeberli et al. 1997;

Wegmann et al. 1998). The influence of permafrost degradation

within steep rock walls is a relatively new field of research

stemming from initial theoretical discussions linking atmospheric

warming, glacier recession, permafrost degradation and slope

instability (Haeberli et al. 1997; Harris and Vonder Mühll 2001).

Laboratory studies have since demonstrated that the shear

strength of an ice-bonded rock discontinuity significantly reduces

with warming, revealing a minimum factor of safety at temper-

atures between −1.5°C and 0°C, where a discontinuity may be less

stable than when in a completely thawed state (Davies et al. 2001).
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Other factors including ice segregation and volume expansion are

likely to predispose a rock discontinuity to subsequent failure

upon warming (Gruber and Haeberli 2007), and meltwater or

ground-water flow into a previously frozen fracture may cause

elevated water pressure and reduced frictional strength (Harris

2005). An absence of snow, ice or debris cover on steep slopes

means that sub-surface temperatures and related bedrock stability

can respond rapidly (within one season to several years) to

atmospheric warming. This was demonstrated during the

extremely warm European summer of 2003, when numerous

rockfalls were likely associated with extreme heat fluxes in the

active layer of the alpine permafrost, with massive ice observed in

some detachment zones (Gruber et al. 2004). Deeper warming of

Alpine permafrost is delayed in the order of decades to centuries,

but warming of 0.5°C to 0.8°C in the upper decametres has been

observed over the past century in Europe (Harris et al. 2003) and

has been linked to rock avalanches from deeper detachment

surfaces occurring primarily in estimated areas of warm or

degrading permafrost warmer than –1.5°C; Dramis et al. 1995;

Bottino et al. 2002; Noetzli et al. 2003). Within landslide-inventory

studies, slope-failure susceptibility has been explored on the basis

of individual or combined causative factors such as slope,

lithology, geological structure, slope morphology and anthropo-

genic activities (e.g. Hermanns and Strecker 1999; Pande et al.

2002; Pike et al. 2003). Relating landslide susceptibility to

permafrost and glacial factors is faced with greater uncertainty

because these factors are often difficult to observe or measure and

change rapidly over time, but some important linkages have been

proposed from a small inventory of recent landslides in the

European Alps (Noetzli et al. 2003), and further insights have

been gained from detailed case studies (e.g. Gruber et al. 2004;

Fischer et al. 2006; Huggel 2009).

Rock avalanches and other landslides in the Southern Alps

have been investigated in a number of studies, but few are

regional scale. Studies have examined slope failures associated

with earthquakes (e.g. Speight 1933; Adams 1981; Bull and

Brandon 1998; Orwin 1998) or affecting road construction

(Paterson 1996). Other detailed works describe individual rock

avalanches that initiated from high-elevation bedrock slopes

about the drainage divide (Main Divide) crest during the past

20 years, including the catastrophic summit collapse of New

Zealand's highest mountain, Aoraki/Mount Cook (McSaveney

2002; Hancox et al. 2005; Cox and Allen 2009). The first

inventory-based study defining long-term occurrence probability

was carried out by Whitehouse (1983) using mostly prehistoric rock

avalanches. The average occurrence rate of >106 m3 rock avalanches

is estimated at 1 per 100 years across the entire Southern Alps

(Whitehouse and Griffiths 1983), but a rate of 1 per 20 to 30 years is

probably more characteristic from shattered rocks and precipitous

slopes near the Main Divide of the Alps (McSaveney 2002). More

recently, inventories have been developed for landslides in South

Westland and Fiordland (Hovius et al. 1997; Hancox et al. 2003;

Korup 2005b) and used to examine landslide-related sediment flux.

This paper serves to complement existing inventory-based

research, within a GIS approach that encompasses the entire

central Southern Alps, but more specifically offers the first

discussion regarding glacial ice recession, permafrost warming

and potential impacts on recent land sliding in this mountain-

ous region of New Zealand.

Methodology

The quarter-million-scale (QMAP) digital geological map of New

Zealand (Rattenbury et al. 1994) is currently being produced by

the Institute of Geological and Nuclear Sciences (GNS Science) to

supersede a previous 1:250,000 national geological map series

published during the 1960s. The QMAP project started in 1994

and now includes the recently completed Aoraki sheet describing

the central Southern Alps (Cox and Barrell 2007). QMAP is based

on geological information plotted on 1:50,000 topographic base

maps, compiled from previous studies and new field work. Data

are simplified for digitising at the compilation stage, with line

work smoothed and geological units amalgamated to a standard

national system, enabling production of 1:250,000 hard-copy

maps. Related research applications are best suited for the

regional level because of the scales at which data were captured

and simplified. Landslides are defined within QMAP as both

landslide deposits (within the geological unit layer) and as

landslide-affected areas (polygons and arcs in a specific landslide

layer). Approximately 25–30% of these landslides has previously

been recorded in earlier inventories (Table 1), but was in all

instances remapped in the field and/or re-examined from aerial

photography to achieve consistency in the QMAP data. Landslides

occur on all scales, but, due to the map simplification process,

only those larger than 0.02 km2 were digitised, with boundaries

smoothed and digitised to an accuracy of ±100 m. In practice, this

results in variable uncertainty in landslide area: approximately

±25% for small landslides (<0.1 km2), ±10% for large landslides

(1–10 km2) and ±1% for very large landslides (>10 km2). Types of

landslide (after Cruden and Varnes 1996) include: shallow trans-

lational slides and rotational slumps on lowland hillslopes;

deeper-seated earthflows, slides or slumps within Late Creta-

ceous–Cenozoic sedimentary rocks; large block-slides and land-

slide complexes in mountain bedrock; and large rock/debris falls

from bluffs. In addition, rock avalanches are very rapid to

extremely rapid complex falls which develop a fluid-like behav-

iour (Hungr et al. 2001) and are differentiated in the dataset based

on the relative location of deposits and source areas, deposit

morphology and composition. Deposits classified as rock ava-

lanches in this study typically have relatively large fall heights

(>500 m) and long run-out distances (1,000–4,000 m) and

comprise unsorted bouldery, silty, sandy debris (see also White-

house 1983). Identification of large, deep-seated landslide com-

plexes is easiest where obvious scarp development and slumping

has occurred, which is particularly evident where moraine

terraces or other cover sequences have been displaced. However,

where this evidence is not obvious, potentially very large landslide

complexes which have not developed into a rock avalanche may

be missing from the inventory. Smaller, shallow slope failures

such as debris flows are clearly evident in forested regions, but

become more difficult to recognise in alpine regions, and

therefore, older events of this type may also be underrepresented

in the inventory.

The QMAP landslide dataset forms the basis for this study,

with the addition of several new published (Cox et al. 2008) and

unpublished events identified since compilation of Aoraki QMAP.

In total, 509 landslides were mapped, 401 of which have no

specific failure mechanism defined, and 108 of which were sub-

classified as rock avalanches. This represents a minimum

catalogue of events in the region, particularly for slope failures
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occurring within glaciated terrain or depositing into highly

erosive watersheds where geomorphic evidence can rapidly

become unrecognisable (Hewitt et al. 2008). For the nonspecific

landslides, failure scarps digitised as arcs within the QMAP

dataset were enclosed to form polygons approximating the

landslide source areas. Rock avalanche source areas were treated

to a higher level of discrimination, given that detachment zones

were often small and poorly defined by QMAP landslide scarps.

Therefore, air-photo and satellite-image interpretation, topo-

graphic maps and shaded relief images were used to directly

map the source areas for all 108 rock avalanches, verified

wherever possible by field observations and with reference to

published studies and reports. Source areas were digitised directly

on the shaded relief imagery generated from the NZ 25-m grid

cell digital elevation model (DEM). Created from 1986 aerial

photography and assessed to have a root mean square error of

5–8 m for hilly, steep terrain (Barringer et al. 2002), this DEM

provided the basis for all topographic analyses. All complete

landslide affected areas and related source areas for the 401

nonspecific landslides, and 108 rock avalanches were linked by

a landslide identification code and a combination of zonal

statistics and spatial queries used to derive related topographic

and geological information for the inventory. Alluvial deposits

and flat (<1º) slopes which predominate within valley floors

comprise over 40% of the study region and were excluded

from all analyses to provide more meaningful results in the

context of a slope instability study. The term hillslope is used

herein for these non-alluvium areas with slopes ≥1°.

Physical setting

This study covers 21,300 km2 of the central Southern Alps, centred

upon the Aoraki/Mt Cook National Park, but also extending west

of the Main Divide of the Southern Alps towards the Alpine Fault,

north to the headwaters of Rakaia River and east to include the

lower elevation foothills bordering the Canterbury Plains and

MacKenzie District (Fig. 1). It encompasses the highest and most

heavily glaciated terrain of the Southern Alps while traversing

different climatic regimes from superhumid, maritime conditions

in the west (precipitation >12 m y-1), to a drier, more continental

climate towards the east (precipitation <2 m years-1) (Griffiths

and McSaveney 1983).

The Alpine Fault is a major active fault traversing the

northwestern edge of the study area, on which most of the

ongoing surface tectonic movement between the Australian Plate

(to the northwest) and the Pacific Plate (to the southeast) is

concentrated (Fig. 1). Neogene displacement of up to 470 km

along the Alpine Fault has brought together two different pre-

Cretaceous geological provinces (Cox and Sutherland 2007).

Northwest of the Alpine Fault, there are small amounts of

exposed Paleozoic metasedimentary and plutonic basement rocks

that are fragments of the Gondwanaland supercontinent (Cox and

Barrell 2007). Southeast of the Alpine Fault, basement rocks

belong to the Torlesse composite terrane. They comprise thick,

deformed packages of sandstone and mudstone that were

deposited and accreted to Gondwanaland during the Carbon-

iferous to Early Cretaceous and have locally been metamorphosed

into greywacke semischist or schist. Convergence across the

Australian-Pacific plate boundary pushes thinned and submerged

crust upward into the path of a strong westerly atmospheric

circulation. Differential uplift, erosion and rock exhumation

across the Southern Alps has exposed transitions from uncleaved

greywackes in the east, through weakly cleaved or fractured

greywacke and foliated semischist about the Main Divide, to

strongly-foliated amphibolite facies schist (almost gneiss) in the

west adjacent to the Alpine Fault (Fig. 1). Late Cretaceous–

Pliocene sedimentary and volcanic tertiary rocks occur locally in

the Canterbury foothills, beneath the Canterbury Plains, and

locally west of the Alpine Fault. Dextral transpression along the

Alpine Fault causes uplift of the Southern Alps by folding and

faulting, continuing to the present day at up to 10 mm per year

(Norris and Cooper 2001). The entire area is subject to episodic

shaking from high-magnitude M7–8 earthquakes every 200–

300 years, occurring most recently in ∼1717 AD (Wells et al. 1999;

Sutherland et al. 2007) and appearing seismically quiescent since

observations began in the early 1900s.

Pleistocene–Holocene glacial cycles carved and shaped the

central Southern Alps, leaving a mantle of cover deposits

throughout the region. Glaciations began at least by the Late

Table 1 Overview of previous landslide inventory studies within central and western regions of the Southern Alps, indicating overlap with the current study

Author Location Research applications Total study
area

Minimum
landslide
sizea

Total
number of
landslides

Landslides
included in
current study

(Whitehouse
1983)

Central Southern
Alps

Magnitude/frequency;
geological distribution;
sediment delivery

10,000 km2 0.05 km2 46 31

(Hovius et al.
1997)

Western
Southern Alps

Sediment delivery 4,970 km2 0.0001 km2 7691 ∼100b

(Korup
2005b)

Western
Southern Alps
and Fiordland

Magnitude/frequency;
topographic distribution;
sediment delivery

18,670 km2 0.01 km2 778 ∼100b

Current
study

Central Southern
Alps

Geological and topographic
distribution; climate
change impacts

21,300 km2 0.02 km2 509 –

a Given as total affected area (scarp and deposits combined), except for Whitehouse (1983), which refers to deposit only
b The majority of these landslides are common to both Korup 2005b and Hovius et al. 1997
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Pliocene (Suggate and Wilson 1958) and by the Late Pleistocene,

an extensive system of glaciers extended almost uninterrupted

700 km along and 100 km across the Southern Alps (Newham et

al. 1999). Glaciers coalesced in the main mountain valleys to form

piedmont lobes in the west and extended through the foothills to

alluvial outwash plains in the east. Till deposits mark the extent of

ice during the last glacial maximum (LGM) around 26–23 ka

(calibrated years BP); there is widespread evidence for at least

four major periods of glacial re-advance since the LGM (Fitzsimons

1997). Since the end of the little ice age (LIA) in the mid-

nineteenth century there has been significant ice-loss (49%

decrease in glacier area and 61% decrease in glacier volume;

Hoelzle et al. 2007) and the disappearance of many snowfields,

despite episodic local advances in response to changes in

atmospheric flow patterns (Chinn et al. 2005). Accompanying

and contributing to the disintegration of many glacial tongues has

Fig. 1 Simplified geological classification of the central Southern Alps (after Cox

and Barrell 2007), showing landslide distribution in relation to the three main

geomorphic domains described by Whitehouse (1988). Permafrost distribution is

after Allen et al. (2008b). Northern (NC) and southern (SC) transects across the

Alps relate to Fig. 2c and also indicated are the locations shown in Fig. 12 (Mueller

Glacier) and Fig. 13 (Hooker Glacier). Landslide magnitude describes the total

affected area (source and deposit areas combined). Inset shows the position of

the Australian-Pacific plate boundary
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been the formation of large lakes, which continue to grow rapidly

in proglacial areas east of the Main Divide (Allen et al. 2009),

increasing the potential for flood waves from bedrock failures

impacting these lakes (e.g. Bishop and Hislop 1983; McSaveney

2002).

A current estimate of permafrost distribution in the central

Southern Alps (Fig. 1) (Allen et al. 2008b) has been calculated on

the basis of a topo-climatic key used to describe the lower limits

of permafrost occurrence in the European Alps (Haeberli 1975).

Physical relationships incorporated in this approach consider

aspect-dependent radiation effects and altitudinal changes in air

temperature. While precipitation will have a significant influence

on ground temperature on flatter slopes, resulting primarily from

the insulation properties of long-lasting snow-cover, this factor is

considerably reduced or absent on steeper rockwalls (Gruber and

Haeberli 2007). However, the precipitation gradient across the

Southern Alps and its influence on atmospheric moisture content

was accounted for by using local air-temperature records from the

past two decades and appropriate free-air lapse rates above three

climate stations located across the study region (Allen et al.

2008b). The altitudinal limits given in the original key were

calibrated locally from these data and validated on the basis of

fossil and active rock-glacier distribution. Although found only in

the drier mountain ranges southeast of the Main Divide, rock

glaciers can only form and maintain their creeping deformation

where perennially negative ground temperatures are sustained

over sufficiently long time scales and therefore provide a reliable

proxy for paleo- or more recent permafrost. On steep, largely

snow-free shaded aspects near the Main Divide, the lower limit of

permafrost occurrence is estimated at 2,300 m, rising to over

3,000 m on sunnier aspects, while a drier climate and higher free-

air lapse rates are estimated to lower these limits by ∼300 m

further towards the southeast (Allen et al. 2008b). Long climate

records from Hokitika (West-Coast) are often used as a proxy for

the general climate of the central Southern Alps; warming of 0.7°C

was documented for the period 1920–1990 (Salinger et al. 1995),

suggesting slowly degrading permafrost may exist 100–150 m

below the current estimated permafrost limits. Climate data from

Aoraki/Mount Cook village located east of the Main Divide also

support a general warming trend that has continued into the

twenty-first century (Huggel et al. 2010).

Regional topography

Elevations of central South Island extend from sea level up to the

highest peaks of the Mount Cook massif above 3,700 m. Local

relief near the Main Divide rises 1,000–2,700 m within a

horizontal distance of less than 5 km. A large proportion of the

land area is within lowland valleys where fluvial processes

dominate, and slope angles are low. Above 1,000 m, hillslope

area decreases with elevation, such that only 6% of all slopes are

located at elevations above 2,000 m (Fig. 2a). However, the

higher-elevation slopes are progressively steeper and more

extensively covered by perennial ice (Fig. 2b), with modal (φ)

and mean (ψ) slope gradients in excess of 45° characterising the

highest slopes in the vicinity of the Main Divide. Between 1,000

and 2,000 m in the Southern Alps, φ is relatively constant at 33–

34°, with only a small increase in ψ from 29–31°. Although located

at a higher elevation, this zone has slope characteristics similar to

the subalpine domain identified west of the Main Divide, where

Korup et al. (2005) considered mass movement and fluvial

erosion/sedimentation to be the dominant geomorphic processes.

The effects of relief damping by glacial ice cover that were

described for the Alpine zone (Korup et al. 2005) are not

distinguishable within the larger study area. In addition, there

are no clear transitional changes in slope above 2,000 m, and

therefore, a single alpine altitudinal zone is used here to refer to

steep terrain above 2,000 m. Ablation areas of the larger valley

glaciers extend below 1,000 m east of the divide and nearer to sea

level for glaciers in the west, such as Franz Josef and Fox Glaciers.

Whitehouse (1988) described three main geomorphic domains

occurring across the central Southern Alps, resulting from

differential tectonic uplift, precipitation, erosion and glaciation.

These domains provide a basis for analyses considering topo-

graphic and landslide-related variances across the Alps, but also

correspond well with estimated permafrost distribution across the

region (Figs. 1 and 2c). In the western domain, permafrost is

unlikely to occur, becoming more frequent about Alpine slopes in

the axial domain and restricted to the highest-shaded slopes in

the eastern domain where the only active rock glaciers are found

(Brazier et al. 1998).

For the purpose of analysing landslide distribution in

relation to geological setting, a simplified geological classifica-

tion scheme was developed (Table 2), reflecting both the

metamorphic bedrock gradation that occurs southeast of the

Alpine Fault, and the existence of various cover sequences
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resulting from glacial, periglacial and fluvial processes. Over

half of the region is mapped by QMAP as cover formations

(exceeding 50 m in depth, or 1 km2 areal extent), which are

predominantly alluvium and till deposits. The remaining

landmass consists of bedrock slopes either exposed or inferred

where the depth or areal extent of surface cover are considered

less, with greywacke predominating in vast areas east of the

Main Divide. The distribution of bedrock units is non-uniform

with slope aspect (Fig. 3a). Schist and semischist bedrock is

exposed more frequently on slopes facing north through to

southwest, while greywacke is mapped relatively evenly across

all slope aspects. The higher proportion of cleaved greywacke

on east- and southeast-facing slopes reflects uplift and

exposure of these rocks in the hangingwall of west-dipping

faults, such as the Main Divide Fault Zone (Cox and Findlay

1995) and Great Groove Fault in the Sealy Range (Lillie and

Gunn 1964). Schist and semischist rocks are almost entirely

exposed west of the Main Divide and exhibit slopes that are

noticeably steeper than greywacke and cleaved greywacke for

many aspects (Fig. 3b). The steepest schist and semischist

slopes occur on northeast and east aspects.

Landslide distribution

Overview

Nearly 2% (414 km2) of the total land area in the central Southern

Alps is affected by landsliding. Although the precise age of most

landslides is poorly known, the majority of shallow and small-

scale failures preserved in this rapidly evolving landscape are

assumed to be relatively young features, mostly activated during

the Holocene (<12 ka). At the least, slope failures recognised

within the ice limits from the last glacial maximum (Cox and

Barrell 2007) are thought to have occurred since the withdrawal of

this ice (∼26 ka), as earlier deposits would have been notably

modified or removed by glacial cycles. Commonly, unmodified

hummocky deposits are evident, and in other instances, immature

soil development provides further evidence for Holocene-aged

deposits. However, it is recognised that Pleistocene glacial cycles

also carved and shaped the landscape, and some deep-seated

landslides may have been initiated during this time. For the

purpose of exploring recent climate influences, distinction is

given here to failures initiated during the past 100 years, primarily

as rock avalanches. Within the subsequent analyses, three datasets

Table 2 Simplified geological classification scheme derived for the central Southern Alps

Class Description Regional coverage, %

Water Surface water on land–lakes and lagoons 2

Cover

Ice Glaciers (digitised from 1986 aerial imagery) 3

Scree Talus and colluvium on hillslopes, including some hanging-valley till deposits
either >50 m thick or, >1 km2 areal extent

3

Alluvium Fan gravels and outwash alluvium, infilling major valley floors 34

Till Thick glacial sequences and moraine deposits >50-m thick 12

Tertiary cover Late Cretaceous–Pliocene sedimentary and volcanic rocks 3

Bedrock

Greywacke Interbedded sandstone, siltstone and argillite of the Torlesse composite terrane 27

Cleaved greywacke Weakly developed cleavage evident 6

Semischist Cleaved and weakly schistose greywacke and argillite of the Torlesse composite terrane 2

Schist Strongly foliated schist (almost gneissic), containing greenschist or
amphibolite facies metamorphic mineral assemblages

7

Paleozoic basement Meta-sedimentary and plutonic basement rocks northwest of the Alpine Fault 1
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are therefore referred to; ‘rock avalanche post-1949’ analyses are

based on the 20 source areas identified from the most recently

mapped failures; ‘rock avalanche pre-1950’ analyses include 88

older and undated failures; ‘nonspecific landslide’ analyses are

based upon the source areas of the remaining 401 landslides for

which no other specific failure type has been assigned.

The distribution of landslides is centred upon the mountain-

ous terrain and foothills both east and west of the Main Divide,

with flat lowland areas such as the Canterbury and Mackenzie

District plains largely unaffected by landslide activity (Fig. 1). The

average spatial density of nonspecific landsliding is highest for

hillslopes in the western domain, with one event per 25 km2,

decreasing to one per 27 km2 in the axial domain and one per

37 km2 in the eastern domain. The combined average spatial

density of all rock avalanches is less, with the highest density

recognised in the axial domain of one event per 72 km2, compared

with 1 per 123 km2 further east.

The size of mapped landslides (source and deposit areas

combined) ranges from 0.02 km2 to more than 14 km2, with a

common size distribution shared between pre-1950 rock ava-

lanches and other nonspecific landslides (Fig. 4). Post-1949 rock

avalanches show a higher proportion of smaller events in the

range of 0.02 to 0.25 km2. Over 20% of all slope failures included

in the inventory (rock avalanche or nonspecific landslide) can be

arbitrarily labelled large (>1 km2), and these events constitute 57%

of the total landslide-affected area. No landslide volumes are

included in the inventory because pre-failure topography cannot

be reconstructed in most cases. However, slope failures from

recent decades provide an indication of the large magnitudes that

have been involved in rock avalanches such as Aoraki/Mt Cook

(12×106 m3; McSaveney 2002) or Mt. Adams (10–15×106 m3;

Hancox et al. 2005) or even larger volumes involved in complex

landslides such as the ongoing failure beneath the Mueller Hut on

the Sealy Range (>100×106 m3; Cox and Barrell 2007).

Geology

The lithology characterising rock avalanche (pre-1950 and post-

1949) and nonspecific landslide source areas shows clear differ-

entiation (Fig. 5). The predominant lithology is calculated as the

geological unit that contributes the majority of source area cells

(25-m pixels) for each recorded rock avalanche or nonspecific

landslide, normalised by total area for each geological unit.

Nonspecific landslides have occurred from the largest range of

lithologies, corresponding with their wide distribution from west

to east across the entire central Southern Alps (Fig. 1). Scree has

formed within or beneath some of these landslide scars, and till

has been displaced within large landslide complexes where

downwasting of valley glaciers has destabilised adjacent lateral

moraines (Blair 1994). In some notable instances above the

Tasman, Murchison and Mueller Glaciers, active landslide scarps

occur large distances uphill where bedrock has also been

destabilised in response to glacial recession. The area-normalised

occurrence of nonspecific landsliding is highest from tertiary

rocks which form lowland hillslopes bordering the Canterbury

Plains and high metamorphic-grade semischist and schist slopes,

mostly occurring west of the Main Divide (Fig. 5). In the west,

shallow debris failures and very large, slow failure of entire

hillslopes are thought to be common landslide mechanisms,

accounting for an average 9±4 mm year-1 denudation (Hovius et

al. 1997) and contributing exceptional sediment delivery to rivers

draining the wetter, windward side of the Southern Alps (Korup et

al. 2004; Korup 2005b). This geological association is reversed for

pre-1950 rock avalanche activity, with source areas most evident

from greywacke slopes which predominate east of the Main

Divide (Fig. 5). Rock avalanches post-1949 have occurred most

frequently from cleaved greywacke and semischist slopes which

predominate about the higher elevation axial domain of the

Southern Alps, where the hangingwall of the Main Divide Fault

Zone overlies greywacke of the footwall. Although geomorphic

evidence has been less commonly observed, large rock avalanches

can occur from schist slopes in the west, as illustrated by the

catastrophic 1999 failure of Mt. Adams (Hancox et al. 2005),

which remains the only recent rock avalanche recorded outside of

the axial domain, within the study region.

Topographic distribution

The distribution of both pre-1950 rock avalanche and nonspecific

landslide source areas predominates from slopes orientated west

to northwest across all geomorphic domains of the central

Southern Alps (Fig. 6a–c). This trend is most pronounced for

slopes within the axial domain of the Alps, where 66% of all

nonspecific landslide source area cells are observed on west to

northwest facing slopes, and over 30% of all pre-1950 rock

avalanche source areas are orientated towards the northwest

(Fig. 6b). In contrast, rock avalanches observed post-1949 within

the axial domain show a distinct prevalence from source areas

facing east to southeast (75%), highlighting the significant number
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of recent failures that have occurred from rocks dipping towards

the west in the exposed hangingwall of the Main Divide Fault

Zone.

Within the western and axial domains, source-area slope

angles for nonspecific landslides (φ=32°), appear lower than

general hillslope angles (φ=36°; Fig. 7a). In part, this may reflect

the predominance of nonspecific landslides occurring from within

lowland to subalpine elevation zones (Fig. 8.), where hillslope

angles are lower than at higher elevations, but may also result

from the displacement and reduction in slope caused by large

landslides (Korup 2005b). In the eastern domain, a closer

correspondence between modal hillslope angles and slope

measured within nonspecific landslide source areas is observed

(φ=32°). Lower hillslope angles in the eastern domain probably

reflect the greater presence of slopes comprising weaker till or

tertiary rocks (see Fig. 1). Pre-1950 rock avalanche source areas in

the eastern and axial domains are typically steeper (φ=35°),

sometimes creating convex cirque-like depressions where deep-

seated failures have occurred (Turnbull and Davies 2006; Fig. 7b).

In the axial domain, post-1949 rock avalanches have detached

from extremely steep surfaces, with over 65% of source areas cells

being steeper than 45°, reflecting a large number of failures

occurring from generally steeper, higher elevation slopes (Fig. 8),

where many precarious scarps have been exposed near or at

ridgelines. Slope angle is frequently incorporated in landslide

susceptibility analyses (e.g. Donati and Turrini 2002; Pike et al.

2003). Results here indicate a notable increase in the proportion

of pre-1950 and particularly post-1949 rock avalanche failures

occurring from slopes >50°, relative to general hillslope distribu-

tion (Fig. 7b). This relationship is not evident for nonspecific

landslide source areas because the various failure types involved

in these cases operate across a wider range of lithologies (Fig. 5)

and originate from within a lower elevation range (Fig. 8) where

modal slope angles are generally lower. For higher elevation,

a) western domain b) axial domain c) eastern domain
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typically steeper, alpine slopes, rock avalanching and higher

frequency/lower magnitude rockfalls appear to be the dominant

modes of slope failure.

Glacial change and slope stability

Recent rock avalanche distribution

Extending back to the mid-twentieth century, a comprehensive

record of rock avalanches has been observed in the central

Southern Alps, with these failures predominating from steep

Alpine slopes about the axial domain of the Main Divide (see

Fig. 1). No slope failures dating from earlier in the twentieth

century have been mapped, and therefore the record of

landsliding from the past 100 years is limited to post-1949

data. In considering the possible influences of twentieth

century permafrost recession and glacial retreat, emphasis is

given here to the distribution of these recent rock avalanches,

relative to mapped or modelled zones of perennial ice and

permafrost in the central Southern Alps (Fig. 9). The glacial

zone in this context is indicated by the steady-state glacier

equilibrium line altitude, defining the longer-term elevation

above which ice accumulation is favoured over ablation, and

above which the proportion of perennially ice covered slopes

increases significantly (Fig. 2b). Because of strong precipitation

gradients, this elevation rises steeply from ∼1,600 m west of

the Main Divide to over 2,200 m in the east and includes

possible variations of up to 200 m from sunny northern to

shaded southern slope aspects (Chinn 1995). While it appears

that rock avalanches have only occurred from higher elevation

slopes during the past century (Fig. 9), this is considered to be

an observational bias, with earlier events depositing onto

glaciers not being recognised and therefore missing from the

inventory. Debris from prehistoric rock avalanches may now be

incorporated into terminal moraines, where distinguishing

deposits derived from earthquakes and/or past climatic

regimes may be difficult (e.g. Larsen et al. 2005; Shulmeister

et al. 2009). In addition, many prehistoric rock avalanches are

located east of the Main Divide where fewer high-elevation

slopes exist, and the spatial distribution of these failures is

likely to be biased by earthquake-generated members (see
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Section 8). However, these considerations do not detract from

the clear predominance of recent rock avalanches originating

from glaciated slopes and/or permafrost terrain (Fig. 9).

Of the 20 events recorded post-1949, over half have

initiated from source areas where the base elevation of the

failure has been above 2,000 m and only two have involved

sources areas located entirely below 2,000 m (Table 3). One of

these lower elevation exceptions was a rainfall triggered failure

from a slope above the downwasting Murchison Glacier and

the other from beneath Mt. Beatrice where the retreat of the

Hooker Glacier since the LIA has exposed the flank of a steep,

U-shaped valley wall. These 20 recent events have initiated

from a wide variety of collapse structures, span a wide range of

magnitudes, feature steep failure slopes (42–73°) and have all

had source areas located either directly above or below, or

within a close proximity to large valley or smaller mountain

glaciers (Table 3). Only in relation to the catastrophic failure of

schist rocks from Mount Adams (Hancox et al. 2005) can any

recent influence of glacial recession or permafrost degradation

be considered extremely unlikely.

Geospatial, pixel-based analyses reveal the highest propor-

tion of slopes affected by post-1949 rock avalanche failure are

located between 100–200 vertical or horizontal metres from

glaciers (based on 1986 aerial imagery), corresponding with a

zone in which modal bedrock slope angles are also steepest

(Fig. 10). The proportion of bedrock affected by failure then

rapidly decreases at distances beyond 300 m from glacial ice.

To test the significance of this relationship, the proportion of

bedrock slopes affected by post-1949 rock avalanche failure

within 200 m of glacial ice was compared with the proportion

of failure observed from all other bedrock slopes about the

axial domain of the Alps (Fig. 11a). Comparisons were

completed for different slope ranges, confirming a significantly

higher proportion of recent failure occurring from glacier-

adjacent slopes in all instances. Because a majority of these

rock avalanches have been recorded since 1986; further glacial

retreat during the past two decades must be considered,

although occurring at a much reduced rate than was observed

prior to 1986 (e.g. Chinn et al. 2005; Hoelzle et al. 2007).

The mean elevation difference between post-1949 rock

avalanche source areas and the estimated lower permafrost

boundary is 240 m, with a total of 13 events occurring from

within 300 m of this lower boundary, where degrading

permafrost is expected (Fig. 9). If only the base level of the

source area is considered, eight events are identified within

300 m of the lower permafrost boundary, including all four

rock avalanches that occurred during summer 2007/2008 (Cox

and Allen 2009). Although this lower permafrost boundary

remains only an estimate, the proportion of recent rock

avalanche failure observed within ±300 m of this lower limit

is significantly greater than the proportion observed from all

other bedrock about the axial domain of the central Southern

Alps, for slopes less than 60° (Fig. 11b). For steeper slopes,

based on a limited number of observations at present, no

statistically significant difference can be determined. The 1991

summit failure of Aoraki/Mt. Cook and an earlier event from

Mt. Vancouver at 3,300 m initiated from very high elevations

where such steep slopes are most frequent. In these instances,

warming permafrost was unlikely to be a factor, although high-
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elevation rainfall or the presence of hanging glaciers and

percolating firn melt-water may produce subsurface warm

thermal anomalies even in very cold environments (Haeberli

et al. 2004; Huggel 2009).

Mueller Glacier and recent slope instabilities

The Mueller glacial valley contains several recent rock avalanche

deposits (see Fig. 1) and may exemplify geological and glacial

conditions occurring about the Main Divide. The steep, perva-

sively fractured hangingwall rocks of the Main Divide Fault Zone

are cross-cut by numerous secondary faults, partially covered by

steep poly-thermal cliff and hanging glaciers and >1,000 m of

lateral support has been removed from the valley flanks since the

LGM (McSaveney 2002). Historical glacial extents were recon-

structed using aerial photography from the years 1965 and 1986,

and compared to satellite-based glacial mapping from 2006 (Allen

et al. 2008a). Together with estimated permafrost distribution,

this information can be compared with the source areas identified

from a sequence of spontaneous rock avalanches occurring since

the mid-twentieth century (Fig. 12). Both Mt. Thompson events

appear to have originated from within zones where some loss of

perennial ice cover is evident between 1965 and 1986, while the

earliest Mt. Isobel event originated from steep slopes approx-

imately 400 m above the downwasting Mueller Glacier. In

contrast, there is no notable loss of perennial ice visible near the

source areas of the 1965 Mt. Isobel or more recent Vampire Peak

events. However, these failures are positioned within and adjacent

to estimated zones of marginal permafrost. The 2008 Vampire

Peak event may be significant given that it occurred following a

prolonged period of >0°C air temperature at the elevation of the

failure and was the first of a sequence of high-elevation rock

avalanches to occur during a particularly warm and dry summer

(Cox et al. 2008). Qualitative accounts referred to the abnormally

rapid melt of snow/ice during the summer and several local

guides and helicopter pilots reported unusually high rockfall

frequencies, including from beneath the Anzak Peaks area

(Table 3). Smaller rockfalls and debris avalanches from the steep

formerly glacier-supported walls above the Mueller Glacier are

widespread (e.g. Mt. Bannie, Fig. 12), and help maintain a thick

supra-glacial debris cover. By comparison, a large and complex

deep-seated landslide on the true right of the glacier is inferred to

have been creeping slowly since at least the LGM (Cox and Barrell

2007) and possibly during earlier glacial cycles when ice retreat

has removed support from the toe of this slope.

Discussion

Slope-failure mapping across the central Southern Alps shows

that most, but not all, rock avalanches have occurred from steep

greywacke slopes about and east of the Main Divide. Other

landslide types were observed more commonly within the schist

and semischist of the western domain, where long-term uplift and

erosion are highest (Whitehouse 1988; Fitzsimons and Veit 2001),

slope instability is influenced by weakening along the Alpine

Fault (Korup 2004) and precipitation is near its maximum

(Griffiths and McSaveney 1983). This pattern, however, is

influenced by erosion censoring. In the east, large glaciers can

remove landslide deposits, while in the west, both glacial and

highly erosive fluvial systems combine to influence the longevity

of landslide deposits. Many steep, joint-bounded slopes both east

and west of the Main Divide must have given rise to catastrophic

slope failures, for which no depositional evidence remains. Where

evidence has been mapped, other important limitations associated

with this regional-scale GIS-based study relate to the general-

isation of geological units and simplified assessment of detach-

ment surfaces using zonal statistics. Defining and analysing

landslide source areas as ‘zones’ enabled a larger area of cells to
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be sampled for each slope failure than would have been possible

using only digitised scarps, and the influences of spurious values

(resulting from positional errors) were minimised using modal

and median zone values. Although important slope angle, slope

aspect and lithological variations within a source area might be

better distinguished using a more sophisticated approach, the use

of zonal statistics better suits the resolution of the underlying

topographic and geological data. For example, slope angle is

calculated over three 25-m pixels, and therefore even the most

accurately digitised head-scarp is unlikely to be represented at

this scale.

The predominance of all landslide source areas from slopes

orientated west–northwest suggests a structural control on land-

slide distribution in the central Southern Alps (Fig. 6). From the

small catalogue of recent events occurring post-1949 (Table 3),

there is no clear tendency towards dip-slope failures but

important unanswered questions relate to the role of co-seismic

landsliding. Considering the importance of co-seismic landsliding

established elsewhere in New Zealand (e.g. Pearce and O'Loughlin

1985; Crozier et al. 1995; Hancox et al. 2003), seismicity must also

be considered a primary predisposing factor and trigger of slope

failure throughout the central Southern Alps. As the recent record

presented here contains no earthquake-generated landslides, it

may be postulated that these failures occurring primarily from

steep glaciated scarps on east and southeast aspects of the Main

Divide, reflect the relatively quiescent seismic activity of the

central Southern Alps during the past 100 years. Earlier and

prehistoric failures from similar slopes may have occurred, but, if

so, the evidence has not survived. The pre-1950 record is instead

biased by typically larger (see Fig. 4) potentially earthquake-

generated events (e.g. Whitehouse and Griffiths 1983; Bull and

Brandon 1998; Orwin 1998; Smith et al. 2006; Chevalier et al. 2009)

that may, in many instances, exhibit failure along planes of

weakness, with prevalent regional bedding and schistosity dip-

direction towards the west/northwest or east/southeast (Cox and

Barrell 2007). The fact that modal hillslope angles do not differ

significantly between western and axial domains of the Alps

(Fig. 7) suggests that typically smaller magnitude post-1949 rock

avalanche activity predominating from within the axial domain

probably represents a geomorphologically minor process super-

position within this rapidly eroding landscape. A close corre-

spondence between general hillslope angles in eastern and axial

domains of the central Southern Alps, and slopes measured

within pre-1950 rock avalanche source areas attests to the

importance of these typically larger, catastrophic rock avalanches

forming the topography of this region. Other landslides included

in this inventory encompass a range of failure types and slope

lithologies (Fig. 5), with the largest failures most likely responsible

for slope reduction that is particularly evident in schist bedrock of

the western domain.

Rock avalanches recorded over the past century within the

central Southern Alps, including those described for the Mueller

Glacier, have clearly been most frequent from east–southeast

facing slopes (Fig. 9, Table 3), where rocks exposed in the

hangingwall of the Main Divide Fault Zone are more pervasively

fractured, faulted and deformed than the greywacke of the lower

Fig. 12 Recent rock avalanches occurring from Mt. Thomson (TM), Mt Isobel (IS),

and Vampire Peak (VP), Mueller Glacier, Aoraki/Mt Cook National Park, with year

of failure indicated. a Rock avalanches shown in relation to changing perennial ice
extent from 1965 to 2006. b Rock avalanches shown in relation to zones of

probable and possible permafrost (after Allen et al. 2008b). The zone of possible

permafrost is expected to be characterised by thawing permafrost, approaching

0°C. Also indicated is a recent rockfall onto the Mueller Glacier from beneath Mt.

Bannie (yellow dashed), and a large active, deep seated landslide propagating

from the crest of the Sealy Range (orange dashed)
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elevation footwall rocks (Cox and Findlay 1995). McSaveney

(2002) previously suggested that glacier thinning has led to stress

adjustment within some exceptionally steep slopes about the

Main Divide, and analyses presented here have indicated that a

significantly higher proportion of post-1949 rock avalanche source

areas have been located in close proximity to glacial ice,

compared with other bedrock slopes about the Main Divide

(Fig. 11a). While necessary terrain data is currently lacking to

assess surface geometric changes of small, steep ice masses, a

notable decrease in ice extent has been recognised within some

steep bedrock failure zones above the Mueller Glacier (Fig. 12)

and may have contributed to altered stress and physical weath-

ering regimes in these instances. Other large rockfalls catalogued

from above the Murchison and Hooker Glaciers have clearly

detached from steep valley flanks exposed as glaciers have

thinned from their LIA limits (Table 3). Despite the remote

location of glaciated slopes in the central Southern Alps, far-

reaching consequences from possible rock impacts into expand-

ing glacial lakes (Allen et al. 2009) or damming of narrow river

valleys are possible.

Several recent rock avalanches have been identified as

detaching from slopes that are positioned near the lower

elevation limit of discontinuous permafrost, where thawing is

most likely (Fig. 9 and 11b). Confirming whether or not these

slopes contain thawing ice, and identifying how subsurface

hydrology and thermal regimes respond to warming over

seasonal to inter-annual scales will require geophysical mon-

itoring (e.g. Krautblatter and Hauck 2007; Krautblatter et al.

2010). For example, heat advection from rainfall and snow-melt

percolation may promote rapid near-surface heat fluxes in the

active layer of the permafrost, superimposed on a more

gradual thermal response and thickening of this layer. Deter-

mining the extent to which longer-term climate change may

have influenced recent slope failure requires demonstrated

evidence that the landslide distribution has notably changed

over time. For a given period of warming, approaches exist to

simulate changes in bedrock temperature with depth and

variations in marginal permafrost limits within complex terrain

(Noetzli and Gruber 2009); changes which should theoretically

correspond with zones of increased instability over time.

However, large-magnitude, high-elevation failures are known

to be missing from the inventory used in this study. For

example, a large pre-1900 rock avalanche was reported to have

originated near the summit of Aoraki/Mt. Cook (Barff 1873),

but no further details or evidence are known. Distinct avalanche

lobes visible on the lower Hooker Glacier in photographs from 1893

are located too far down the glacier to realistically correspond to this

event and therefore constitute another sequence of slope failures

without a known source location (Fig. 13). Given a demonstrated loss

of physical evidence from the landslide record, the necessary basis

does not exist fromwhich to quantitatively determine whether or not

climate has changed the distribution and/or frequency of recent

slope failure in the central Southern Alps.

Conclusions

Five hundred nine landslides have been analysed within a GIS

inventory, with combined source and deposit areas affecting ∼2%

of the central Southern Alps. The pre-1950 record of landsliding in

this region is demonstrably incomplete and probably significantly

influenced by co-seismic failures and erosional censoring. Rock

avalanching appears to be most abundant from greywacke and

cleaved greywacke slopes which outcrop steeply along and east of

the Main Divide. Within the schist and semischist bedrock which

is exposed closer towards the Alpine Fault, other landslide types

appear to predominate, and evidence for large rock avalanches is

apparently less abundant west of the Main Divide. Pre-1950 rock

avalanches and other landslides have prevailed from slope facing

west–northwest, and the likelihood of rock avalanche failure

increases on bedrock slopes exceeding 50°. Above 2,500 m in the

Alpine zone, rock avalanching appears to be the primary large

magnitude mechanism for bedrock-slope failure, and post-1949,

many apparently spontaneous events have been recorded, occur-

ring most frequently from east–southeast aspects on the hanging-

wall of the Main Divide Fault Zone. It has been demonstrated that

the occurrence of these recent failures is significantly greater from

bedrock slopes located in close proximity to glaciers, where ice

retreat may have been a relevant factor. Similarly, a higher

proportion of post-1949 detachment surfaces are observed within

300 m of the lower limit of permafrost occurrence, where thawing

of ice bonded bedrock is possible. However, demonstrating any

influence of atmospheric warming, permafrost degradation and

perennial ice melt on recent higher elevation slope failures and

more importantly, distinguishing these influences from tectonic

and other climatic forcing is not yet possible. Irrespective of any

direct role climate variability might have had, or could have, the

occurrence of numerous recent failures from steep, fractured

greywacke slopes of the central Southern Alps, implies that the

next major earthquake in the region will trigger many more

failures from these same slopes, and some of these may be very

large.
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