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‘Kia Kaha Christchurch’ - A red-zoned family home in the eastern Christchurch suburb of

Bexley following the 2010-11 Canterbury earthquake sequence. Poor pre-event land-use

planning led to extensive residential development on land known to be highly prone to

liquefaction. Following the earthquake sequence, large swathes of residential land in the

eastern suburbs has had to be permanently retired at huge financial and social cost.

“Civilisation exists by geological consent, subject to change without notice.”

— Will Durant, Philosopher/Historian

“Preparation through education is less costly than learning through tragedy.”

— Max Mayfield, Director National Hurricane Center

“There’s no harm in hoping for the best as long as you’re prepared for the worst.”

— Steven King, Different Seasons

“. . . we cannot underestimate the importance of emergency planning, nor can we assume

we’ll have ample warning time . . . we won’t necessarily have advanced alerts to double- and

triple-check our plans.”

- Ellen Tauscher, United States House Representative, California





Abstract

Disasters can occur without warning and severely test society’s capacity to cope, significantly

altering the relationship between society and the built and natural environments. The scale

of a disaster is a direct function of the pre-event actions and decisions taken by society. Poor

pre-event planning is a major contributor to disaster, while effective pre-event planning can

substantially reduce, and perhaps even avoid, the disaster. Developing and undertaking effec-

tive planning is therefore a vital component of disaster risk management in order to achieve

meaningful societal resilience. Disaster scenarios present arguably the best and most effective

basis to plan an effective emergency response to future disasters.

For effective emergency response planning, disaster scenarios must be as realistic as pos-

sible. Yet for disasters resulting from natural hazards, intricately linked secondary hazards

and effects make development of realistic scenarios difficult. This is especially true for large

earthquakes in mountainous terrain. The primary aim of this thesis is therefore to establish a

detailed and realistic disaster scenario for a Mw8.0 earthquake on the plate boundary Alpine

fault in the South Island of New Zealand with specific emphasis on secondary effects. Ge-

ologic evidence of pre-historic earthquakes on this fault suggest widespread and large-scale

landsliding has resulted throughout the Southern Alps, yet, currently, no attempts to quan-

titatively model this landsliding have been undertaken. This thesis therefore provides a first

attempt at quantitative assessments of the likely scale and impacts of landsliding from a future

Mw8.0 Alpine fault earthquake.

Modelling coseismic landsliding in regions lacking historic inventories and geotechnical

data (e.g. New Zealand) is challenging. The regional factors that control the spatial distribu-

tion of landsliding however, are shown herein to be similar across different environments.

Observations from the 1994 Northridge, 1999 Chi-Chi, and 2008 Wenchuan earthquakes

identified MM intensity, slope angle and position, and distance from active faults and streams

as factors controlling the spatial distribution of landsliding. Using fuzzy logic in GIS, these

factors are able to successfully model the spatial distribution of coseismic landsliding from

both the 2003 and 2009 Fiordland earthquakes in New Zealand. This method can therefore
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be applied to estimate the scale of landsliding from scenario earthquakes such as an Alpine

fault event.

Applied to an Mw8.0 Alpine fault earthquake, this suggests that coseismic landsliding

could affect an area >50,000 km2 with likely between 40,000 and 110,000 landslides oc-

curring. Between 1,400 and 4,000 of these are expected to present a major hazard. The

environmental impacts from this landsliding would be severe, particularly in west-draining

river catchments, and sediment supply to rivers in some catchments may exceed 50 years of

background rates. Up to 2 km3 of total landslide debris is expected, and this will have serious

and long-term consequences. Fluvial remobilisation of this material could result in average

aggradation depths on active alluvial fans and floodplains of 1 m, with maximum depths sub-

stantially larger. This is of particular concern to the agriculture industry, which relies on the

fertile soils on many of the active alluvial fans affected.

This thesis also investigated the potential impacts from such landsliding on critical infras-

tructure. The State Highway and electrical transmission networks are shown to be particularly

exposed. Up to 2,000 wooden pole and 30 steel pylon supports for the transmission network

are highly exposed, resulting in >23,000 people in the West Coast region being exposed

to power loss. At least 240 km of road also has high exposure, primarily on SH6 between

Hokitika and Haast, and on Arthur’s and Lewis Passes. More than 2,750 local residents in

Westland District are exposed to isolation by road as a result. The Grey River valley region is

identified as the most critical section of the State Highway network and pre-event mitigation is

strongly recommended to ensure the road and bridges here can withstand strong shaking and

liquefaction hazards. If this section of the network can remain functional post-earthquake,

the emergency response could be based out of Wellington using Nelson as a forward oper-

ating base with direct road access to some of the worst-affected locations. However, loss of

functionality of this section of road will result in >24,000 people becoming isolated across

almost the entire West Coast region.

This thesis demonstrates the importance and potential value of pre-event emergency re-

sponse planning, both for the South Island community for an Alpine fault earthquake, and

globally for all such hazards. The case study presented demonstrates that realistic estimates

of potential coseismic landsliding and its impacts are possible, and the methods developed

herein can be applied to other large mountainous earthquakes. A model for developing disas-

ter scenarios in collaboration with a wide range of societal groups is presented and shown to

be an effective method for emergency response planning, and is applicable to any hazard and

location globally. This thesis is therefore a significant contribution towards understanding

mountainous earthquake hazards and emergency response planning.
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Chapter 1

Introduction

1.1 Preparing for disasters

Disasters can occur at any time and have countless potential causes, ranging from geophysical

to meteorological to technological and beyond (Fig. 1.1). Regardless of their cause, disasters

significantly and negatively alter the relationship between a community and its built and nat-

ural environments (Kroll-Smith and Couch, 1991). The defining feature of a disaster is that it

severely tests, and often exceeds, the ability of community’s to respond to the unfolding cri-

sis (Quarantelli, 1985, 1987). Disasters are directly related to pre-event decisions and actions

regarding land-use, building structures, emergency response planning, public education and

many others (Kroll-Smith and Couch, 1991). This is clearly apparent in the recent experience

in Christchurch, New Zealand, following the devastating 2010-11 Canterbury earthquake se-

quence (Gledhill et al., 2011; Kaiser et al., 2012). Prior to the earthquake, the potential for

widespread liquefaction throughout the eastern suburbs and rockfall and cliff collapse in the

Port Hills had been well established (Brown et al., 1995; Clough, 2006), yet poor land-use

planning decisions allowed these areas to be developed and inhabited. Consequently, follow-

ing the earthquake sequence, large swathes of residential land has been retired as a result of

irreparable ground damage from liquefaction and substantial rockfall risks (see Rogers et al.,

2014).

Effective pre-event planning for potential disasters is therefore vital to developing com-

munity preparedness and resilience. This pre-event planning can take a number of different

forms and involve the full spectrum of society. Freeman et al. (2003) showed in their disaster

risk management framework that pre-event planning requires the combined efforts of disas-

ter scientists (i.e. physical or social researchers directly involved in the study of disasters),

engineers, emergency managers, local, regional and national governance, insurance and re-
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Figure 1.1: Frequency and severity of potential disasters in New Zealand. From DPMC, 2011.

insurance, and local communities. Key pre-event actions include hazard and risk assessments

(Nirupama, 2013), preparedness through emergency response plans and management capa-

bilities (Freeman et al., 2003), risk transfer through insurance, re-insurance, and calamity

funds (Andersen, 2001; Freeman and Kunreuther, 1997), and a combination of hard and soft

mitigation (Lichterman, 2000). Underpinning all of this is the need for knowledge and un-

derstanding of the hazards that communities face. Developing an understanding of future

hazards and their consequent disasters can take a number of different approaches, which can

be broadly categorised into probabilistic and deterministic techniques (see Bommer, 2002).

Probabilistic approaches attempt to identify all the possible occurrences of a hazard that

may affect a site and to characterise the frequency of occurrence of different event magnitudes

through recurrence relationships (Abrahamson, 2000; Bommer, 2002). They effectively iden-

tify the most likely hazards over long-time periods by assigning probabilities to each hazard.

Probabilistic Seismic Hazard Analysis (PSHA) for instance, details the expected peak ground

acceleration (PGA) with various exceedance probabilities over timescales of hundreds-to-

thousands of years (e.g. Stirling et al., 2002). As such they are especially useful for insur-

ance purposes and for informing engineering design codes as both require information on the
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most likely hazards (Bommer, 2002). Conversely, deterministic approaches develop hazard

or disaster scenarios that explicitly describe the location, magnitude, and intensity of spe-

cific hazard events and their consequent effects (Kramer, 1996; Reiter, 1990). Deterministic

approaches are widely applied to emergency management exercises, personnel training, risk

communication, contingency planning etc. as these require detailed and precise scenarios.

While both approaches are clearly important for pre-event disaster planning, probabilistic ap-

proaches are more suited to a longer-term view based primarily around insurance, financial

security and life safety, by assessing the most probable hazards over hundreds-to-thousands

of years. This is not useful, however, for emergency response planning for the immediate af-

termath of a disaster or for planning short-to-medium term post-disaster recovery strategies.

Thus, in terms of emergency management and emergency response planning, developing de-

terministic disaster scenarios is vital.

1.2 Emergency management and disaster scenarios

Emergency management can be defined in a variety of different ways (see Blanchard, 2008),

however perhaps the most encompassing definition is: ‘the coordination and integration of

all activities necessary to build, sustain, and improve the capabilities to prepare for, respond

to, recover from, or mitigate against threatened or actual disasters or emergencies, regard-

less of cause’ (DHS, 2007). Emergency management therefore plays a pivotal role before,

during, and after any disaster. Following a series of damaging hurricanes affecting Florida

in 2004, Kapucu (2008) demonstrated that effective pre-event planning by emergency man-

agement groups actively increased the preparedness and thus resilience of affected commu-

nities. Freeman et al. (2003) suggested that undertaking emergency management exercises

was a key component of disaster risk management pre-event planning, and consequently such

emergency management exercises are mandated by legislation in most industrialised nations

(Selvarajah 1993; CDEM Act, 2002).

Exercises have been shown to increase safety, decrease errors and improve judgement,

and are useful for teaching and evaluating specific skills amongst participants (Bearnson and

Wiker, 2005). Further, participants who undertake exercises typically score higher in self-

confidence and perceived-confidence in their ability to manage situations than those not par-

ticipating (Scherer et al., 2007). In highly stressful occupations like emergency management,

such increases in self-confidence can be critical as they determine whether coping strategies

are initiated, how much effort is applied, and how long this effort is sustained when expe-

riencing difficulties (Harder, 2010). Consequently, it is important that exercises invoke and
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teach the processes and behaviours required in responding to an emergency (Holling, 2004;

Park et al., 2013). The disaster scenarios must therefore be as detailed and realistic as possi-

ble (Alexander, 2000). Given the large number and complexity of potential hazards that can

threaten a community (Fig. 1.1), Preuss and Godfrey (2006) note that complete and accurate

disaster scenarios must be co-produced using knowledge and expertise from a wide variety

of social groups. To date, however, the processes involved in developing disaster scenarios

have not been adequately described.

1.2.1 Hazard and emergency management in New Zealand

New Zealand is susceptible to a wide range of hazards (Fig. 1.1) and as a result, has a highly

active emergency management sector. The sector is broken down into three levels:

1. National - the Ministry for Civil Defence and Emergency Management (MCDEM), the

National Crisis Management Centre (NCMC), and central government;

2. Group - the regional Civil Defence and Emergency Management (CDEM) Groups, and

the Regional and Environment Councils (Fig. 1.2); and

3. Local - the local City and District Councils (Fig. 1.2).

This structure allows for dispersed accountability where the lower levels respond to any emer-

gency and upper levels provide support. The CDEM sector takes a disaster risk management

approach to all hazards as defined in the 2002 CDEM Act (CDEM Act, 2002). There is a

focus on risk and resilience with key objectives being to enable local communities to achieve

acceptable levels of risk, and to promote the sustainable management of hazards. The CDEM

Act also recognises that emergencies are often multi-agency events and therefore encourages

collaboration across a range of agencies including critical infrastructure stakeholders and

emergency services.

Despite the large number of potential hazards in New Zealand (Fig. 1.1), McLean et al.

(2012) noted that even at a regional level emergencies were relatively uncommon, making it

difficult for emergency managers to maintain their response skills and efficiency. To combat

this and in order to evaluate the level of emergency management sector preparedness, New

Zealand undertakes a number of emergency planning exercises of varying scale each year.

These are most often based around the occurrence of a natural hazard given New Zealand’s

propensity for and diversity of natural hazards (Fig. 1.1). Exercises vary in scale denoted by

a tier number, with higher numbers describing larger-scale exercises:

• Tier 1 - Local exercise (individual City or District Council)
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Figure 1.2: New Zealand’s Civil Defence and Emergency Management Groups and their associated
local and regional councils (www.civildefence.govt.nz).

• Tier 2 - Group exercise (individual CDEM Group and associated partner agencies/cou-

ncils)

• Tier 3 - Inter-Group exercise (multiple CDEM Groups and associated partner agen-

cies/councils)

• Tier 4 - National exercise (All CDEM Groups and central government)

Typically more than 10 of these exercises are undertaken each year, with the majority being

Tier 2-3, while Tier 4 exercises occur every two to three years (www.civildefence.govt.nz).

These exercises are highly adaptable and the range of exercise types are described in Ta-
ble 1.1. Nevertheless, regardless of the tier or exercise type, all New Zealand CDEM ex-

ercises require a detailed and realistic disaster scenario. Establishing explicit processes for

the design and development of disaster scenarios, as well as increasing the knowledge and

understanding of the hazards facing New Zealand, is therefore vital for developing a prepared

and resilient community.
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Table 1.1: Different emergency management exercise types. From www.civildefence.govt.nz.

Exercise Type Description

Orientation Exercise Also known as a ‘walk-through’, this is generally used as a

method to familiarise participants with the roles and activities

they are required to perform

Drill Exercise A short exercise whose focus is on participants physically using

specific equipment or performing specific procedures

Tabletop Exercise Also known as a ‘discussion exercise’, participants are required to

discuss the scenario in order to formulate an appropriate response

or solution

Functional Exercise Also known as an ‘operational’ or ‘tactical exercise’, this takes

place in a fully simulated operational environment requiring par-

ticipants to actually perform their assigned functions and roles

Full-scale Exercise Also known as a ‘practical exercise’, this is a fully simulated exer-

cise similar to a functional exercise but including the deployment

of field teams

One of the most significant hazards facing New Zealand is that of a large earthquake. New

Zealand is situated on a major plate boundary between the Australian and Pacific plates result-

ing in one of the highest seismicity rates in the world (Fig. 1.3). In the South Island, at least

20 large, damaging earthquakes have occurred since 1848; an average rate of more than one

a decade (see Chapter 2). Qualitative assessments of New Zealand’s national risks by the De-

partment of the Prime Minister and Cabinet (DPMC) placed large earthquakes alongside hu-

man pandemic as the highest national risk, both being potentially catastrophic and relatively

common (Fig. 1.1). The 2010-11 Canterbury earthquake sequence has vividly demonstrated

the earthquake hazard in New Zealand and has resulted in a strong drive by the public and

government at all levels to increase earthquake resilience throughout New Zealand. One of

the major factors of the Canterbury earthquake sequence involved the devastating secondary

effects that occurred in the form of liquefaction, rockfall, and cliff collapse, which caused

a substantial portion of Christchurch’s eastern residential suburbs to be abandoned. Histori-

cally, widespread and damaging secondary effects have been witnessed in a large proportion

of New Zealand earthquakes, with landsliding being the most common occurrence (see Chap-

ter 2). Understanding the full complement of hazards likely to result from large earthquakes
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is therefore vital for hazard assessments and emergency response planning. Finding ways to

better understand and include such geomorphic hazards into emergency management exer-

cises is therefore an important research topic.

1.3 Earthquakes and associated hazards

1.3.1 Earthquake hazard in New Zealand

One of the most significant seismic hazards currently facing New Zealand is posed by the

Alpine fault in the South Island. This fault runs >400 km along the western edge of the

Southern Alps forming the primary onshore segment of the Australian-Pacific plate boundary

(Fig. 1.3). During the last 7-10 Ma the fault has accommodated ⇠480 km of lateral displace-

ment (Wellman, 1955) and 21-25 km of uplift (Cooper, 1990; Kamp et al., 1989). Present-day

displacement rates are some of the fastest in the world with strike-slip rates averaging 27±5

mm/a and dip-slip rates reaching a maximum of ⇠12 mm/a (Norris and Cooper, 2001). Ev-

idence suggests that the Alpine fault has historically produced M⇠8 or larger earthquakes

and is currently late in its seismic cycle (Adams, 1980b; Beavan et al., 1999; Berryman et al.,

2012a; Cooper and Norris, 1990; De Pascale and Langridge, 2012; Yetton, 1998). Such earth-

quakes almost certainly result in very strong shaking intensities in the vicinity of the western

range-front of the Southern Alps along strike of the fault, and throughout the range as a result

of topographic amplification along ridgelines (Buech et al., 2010). In addition, there is sub-

stantial palaeoseismic evidence to suggest previous events have caused widespread secondary

effects (Bull, 1996; De Pascale et al., 2014; Yetton, 1998).

Deep-seated, large volume (>106 m3) landslides have been identified throughout the

Southern Alps (Whitehouse and Griffiths, 1983), and a large number have been attributed

to previous ruptures of the Alpine fault (although large earthquakes on other faults may also

be responsible). Some of these are among the largest in the world, particularly the 27 km3

Green Lake (see Hancox and Perrin, 1994, 2009), 1 km3 John O’Groats, and 0.75 km3 Cas-

cade (see Barth, 2014) landslides. Also of note is the Round Top landslide deposit thought to

have resulted from an Alpine fault earthquake around 930 CE, which has an anomalously long

(⇠4 km) runout length (Wright, 1998). As well as individual landslides, Davies and Korup

(2007) and Berryman et al. (2001) identified evidence of widespread landsliding throughout

the central Southern Alps. They observed buried soils at depths of several metres in at least

four alluvial outwash surfaces west of the Southern Alps, all of which were buried contem-

poraneously post-1600 CE. They inferred that this demonstrated that widespread landsliding

had occurred in the mountains sometime during the 1600s; subsequently landslide debris had



Figure 1.3: Tectonic setting of New Zealand showing the major fault systems as-
sociated with the Pacific-Australian plate boundary and the relative plate motion vec-
tors. Inset: Ten years of shallow (<40 km) seismicity throughout New Zealand (from
www.info.geonet.org.nz/display/quake/Earthquake)
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been remobilised and deposited on alluvial fans, burying the soils. They concluded the most

likely cause was an Alpine fault earthquake. Nevertheless, an Alpine fault earthquake has

not occurred historically, and thus understanding of its potential geomorphic effects are lim-

ited to just a few sites where geologic evidence has been identified. Observations of historic

earthquakes globally may provide insights into the full scale of potential geomorphic effects

from a future Alpine fault earthquake.

1.3.2 Historic earthquake events

Since 1900, earthquakes have affected >180 million people, resulting in >2.5 million deaths

and >US$760 billion in damage (CRED, 2013). In recent years, catastrophic secondary con-

sequences have most notably been demonstrated by the 2004 Indonesian and 2011 Japanese

tsunamis, caused by offshore mega-thrust earthquakes. Consequently, tsunamis are perhaps

the most widely modelled secondary earthquake hazard (see Annaka et al., 2007; Ng et al.,

1990; Power et al., 2007). However, of all the earthquakes to have killed >1,000 people since

1900, only 15% involved tsunamis; in comparison, >30% involved landsliding (Fig. 1.4). Re-

cent events such as the 1999 Chi-Chi (Taiwan), 2005 Kashmir (Pakistan), and 2008 Wenchuan

(China) earthquakes have demonstrated that coseismic landsliding can be just as catastrophic

as earthquake-generated tsunamis. This was most evident in the Wenchuan earthquake that

triggered ⇠60,000 landslides (Gorum et al., 2011; Li et al., 2014; Parker et al., 2011) which

accounted for up to a third of the estimated >60,000 fatalities (Yin et al., 2009). The >250

landslide dams that formed as a result presented a substantial emergency response issue alone;

the largest threatened a total of 1.2 million people with a potentially catastrophic outburst

flood (Peng and Zhang, 2012; Xu et al., 2009).

Like tsunami, landslides resulting from earthquakes have the potential to affect very large

areas and can substantially increase the total area severely affected by the initial earthquake.

In the Chi-Chi, Kashmir, and Wenchuan earthquakes, it was not simply individual landslides

that exacerbated the disaster, but the magnitude of landsliding as a whole. Landslides from

the Chi-Chi earthquake affected a total area in excess of 11,000 km2 (Hung, 2000), those

in Kashmir affected an area of at least 7,500 km2 (Owen et al., 2008), while landslides in

Wenchuan affected >100,000 km2 (Huang et al., 2010) with a total debris volume >2 km3

(Li et al., 2014; Parker et al., 2011). In each event the scale of landsliding dramatically

impacted the emergency response, blocking key routes into devastated regions and in some

instances destroying entire towns.

Coseismic landsliding also contributes to far longer term geomorphic consequences. In

the years following an earthquake, long duration, heavy rainstorms can remobilise landslide



Figure 1.4: All known earthquakes causing >1,000 deaths since 1900 and their associated geomorphic effects. Data from USGS, 2014.
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material as debris flows, which have the potential to cause additional fatalities and destruction

(Lin et al., 2003; Xu et al., 2012). Storms also remobilise landslide material in a more gradual

but equally devastating process known as aggradation, which notably raised river beds by up

to tens of metres in Wenchuan and resulted in the infilling of several reservoirs in Taiwan

(Fig. 1.5). The latter can have devastating effects for water supply or hydroelectric power.

Furthermore, landslide dams present a continuing outburst flood hazard to downstream popu-

lations as well as forming upstream lakes which can submerge vital access routes and towns.

Following the Wenchuan earthquake, 15 million people were evacuated from their homes

(USGS, 2014), many due to the continued threat of landsliding and outburst floods. Earth-

quakes in mountainous environments therefore pose both an immediate, local hazard and a

long-term, more widespread hazard.

1.4 Previous Alpine fault earthquake scenarios

To-date, the only publicly available disaster scenario studies undertaken for an Alpine fault

earthquake are the West Coast Engineering Lifeline Group (WCELG) reports completed in

2006 (see McCahon et al., 2006a,b,c). These were a series of reports for each of the three

West Coast District Councils and the West Coast Regional Council that investigated the po-

tential effects of an Alpine fault earthquake on critical infrastructure throughout the region.

The precise scenario was derived qualitatively from a collaboration of information on previ-

ous earthquakes in New Zealand and globally, but no new research was carried out (McCahon

et al., 2006a,b,c). Until recently (see Chapter 3) this was the most detailed Alpine fault dis-

aster scenario available. The scenario identified the likely scale of ground shaking as well

as locations susceptible to liquefaction, and was able to draw conclusions about the likely

affects for transport, drainage, water supply, sewerage, power supply, and telecommunica-

tions networks. Detailed estimates of landsliding were not undertaken with only qualitative

statements of the potential hazard included. While the reports did provide estimates of the

potential impacts and recovery times on a qualitative basis for landslide affected infrastruc-

ture, a robust and accurate assessment cannot be completed without a quantitative evaluation

of the coseismic landsliding likely to occur.

Since the 1950s many methods have been proposed to assess the stability of slopes dur-

ing earthquakes (see Lee et al., 2008; Miles and Keefer, 2000; Newmark, 1965; Stewart

et al., 2003), however to date this remains challenging, particularly in regions with no his-

toric events (Wasowski et al., 2011). Advancing understanding of coseismic landsliding is

a critical research priority, and is vital to increasing the resilience of society in general to



Figure 1.5: Time series of the infilling of the Wushe Resevoir as a result of heavy rainstorms following
the 1999 Chi-Chi earthquake. Image from: http://www2.ce.ntu.edu.tw/⇠mh/TaiwanPostcards/Wushe-
Resevoir.html.
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future earthquakes. One of the primary research needs is for a quantitative method to model

coseismic landsliding from scenario earthquakes in regions where no historic events have

occurred and no geotechnical data is available. Developing such a method will allow the

creation of a more detailed Alpine fault earthquake scenario that includes detailed estimates

of the potential scale of landsliding. The difficulties associated with modelling coseismic

landsliding, particularly in terms of landslide occurrence, location, volume, and runout dis-

tance, make detailed risk assessments for critical infrastructure complex. Recent attempts by

Catani et al. (2005) and Pellicani et al. (2013) have made significant strides forward, however

these primarily focus on the potential financial losses. Emergency response planning requires

a detailed account of infrastructure functionality, as it is a significant factor in determining

the response (Whitman et al., 1997). Developing a means to assess critical infrastructure

exposure to coseismic landsliding specifically for emergency response planning purposes is

therefore a further important research gap.

1.5 Thesis aims and objectives

The primary aim of this research is to develop a detailed and realistic disaster scenario for

an Alpine fault earthquake that includes quantitative estimates of coseismic landsliding for

use in emergency response planning. Given the widespread use and importance of disaster

scenarios for such purposes, this research will also address the process of developing disaster

scenarios for any hazard for emergency management. Disaster scenarios have been addressed

by several previous authors (e.g. Alexander, 2000; Borodzicz and van Haperen, 2002; Facci-

oli, 2006; Preuss and Godfrey, 2006) yet specific frameworks or models for their development

are still currently lacking. Similarly, modelling coseismic landsliding has been addressed by

several authors (e.g. Lee et al., 2008; Miles and Keefer, 2000; Newmark, 1965), yet each of

these models requires either detailed geotechnical data or accurate historic inventories from

the study area. No method currently exists for assessing landslide susceptibility in regions

without this information (e.g. New Zealand), and thus understanding coseismic landslide

hazards remains a critical research priority (Freeman et al., 2003; Wasowski et al., 2011).

This research will provide information that will enable greater preparedness and yield better

community resilience within New Zealand to an Alpine fault earthquake, and enable similar

work to be undertaken elsewhere.

The primary aim of this research will be addressed in the following objectives:

1. Identify, describe, and review the various geomorphic hazards that result from large

earthquakes in mountainous environments.
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2. Establish a general framework/model for the development of disaster scenarios for

emergency management with application to other hazards.

3. Establish a method for modelling coseismic landslide susceptibility for regions with no

historic inventories or geotechnical data.

4. Quantify the magnitude of coseismic landsliding likely to arise from a maximum-

credible Alpine fault earthquake scenario.

5. Establish a method for assessing the exposure of critical infrastructure networks to

landslide susceptibility scenarios and apply this to an Alpine fault earthquake scenario.

1.6 Thesis structure

The body of this thesis consists of five chapters comprising either published, submitted, or

prepared-for-submission manuscripts for scientific journals. Chapter 2 reviews published ma-

terial on the various geomorphic effects of large mountainous earthquakes and the evidence

for such effects in the South Island. Chapter 3 establishes a method for developing detailed

and realistic disaster scenarios and applies the method to a New Zealand CDEM exercise for

an Alpine fault earthquake. Chapter 4 utilises data from historic coseismic landslide invento-

ries to derive a statistically-based method for establishing coseismic landslide susceptibility

from scenario earthquakes. This method is applied in Chapter 5 to the Alpine fault earthquake

scenario described in Chapter 3, and analysed to provide estimates of the scale of landslid-

ing expected. Finally, Chapter 6 develops a method for assessing the exposure of critical

infrastructure to coseismic landsliding and applies the method to the Alpine fault earthquake

scenario. Chapter 7 concludes the thesis with a general summation and discussion of the main

results, and highlights potential avenues for further research. The Appendices describe addi-

tional research undertaken by the author which supports, but is not directly relevant to, the

main aim of the thesis. Appendix A demonstrates an extreme example of coseismic landslid-

ing hazard from Kyrgyzstan. Appendix B describes in further detail the processes undertaken

to develop the CDEM Exercise described in Chapter 3. Appendix C details a method for

rapid evaluation of fatalities from scenario earthquakes, and provides fatality estimates for

the Alpine fault earthquake scenario described in Chapter 3 and Appendix B.

All of the methodologies, applications, and results described herein are the direct out-

comes of the author’s own research; however, several co-authors have made invaluable con-

tributions to some of the chapters. Their specific inputs have been detailed in the signed

co-authorship statements at the beginning of this thesis.



Chapter 2

Geomorphic consequences of large
earthquakes in mountainous
environments

2.1 Introduction

New Zealand is especially susceptible to large earthquakes, being situated at the boundary

between the Pacific and Australian tectonic plates. The South Island, in particular, has an

extremely high seismic hazard with numerous active faults distributed throughout the island

(Fig. 2.1; GNS, 2014). However, because of New Zealand’s relatively short recorded his-

tory (European settlement only began around the mid-1800s), historic rupture has only been

recorded on a small number of these faults (Fig. 2.1). Of these ruptures, only two have oc-

curred on major faults with the other ruptures occurring on subsidiary, and usually previously

unknown faults. The hazard from most of the subsidiary faults is relatively poorly known,

with most having long or unknown recurrence intervals (Fig. 2.1; GNS, 2014). Research

has therefore focussed primarily on the larger-scale fault systems which are thought capable

of producing large (>Mw7.0) earthquakes (Pettinga et al., 2001; Stirling et al., 2002) and are

therefore thought to present the most significant hazard. Of these larger-scale faults, the plate-

boundary Alpine fault at the western edge of the Southern Alps presents the most significant

hazard.

The Alpine fault has a ⇠400 km long onshore surface expression and is a segment of

one of the most active tectonic plate boundaries on earth (Fig. 1.3). The well-defined 200

km long central segment accommodates 2⁄3 of the ⇠38.5 mm/a relative plate motion as a

combination of dextral slip (70%) and uplift (30%) (Cooper and Norris, 1994). Recognised as



Figure 2.1: South Island active faults: a) location map; b) faulting motion; c) recurrence interval; d)
known historic rupture. Adapted from GNS, 2014.
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the source of large displacements of lithologic units in the 1940s (Wellman and Willett, 1942)

and generally accepted as being seismogenic in the 1990s (Norris and Cooper, 1995; Yetton,

1998), the Alpine fault is thought capable of generating Mw8+ earthquakes with a recurrence

interval of ⇠200-400 years (Berryman et al., 2012b; De Pascale et al., 2014; Sutherland et al.,

2007). The most-recent event occurred in c. 1717 CE and involved a 380 km long segment of

the fault (Wells et al., 1999; Yetton, 1998). Thus, currently there is an estimated 1-2% annual

likelihood of rupture (Rhoades and Van Dissen, 2003) and at least a 30% probability in the

next 50 years.

Geological evidence of previous Alpine fault earthquakes suggests the next rupture could

have potentially devastating consequences for the entire South Island. This corresponds

with observations from recent historic earthquakes elsewhere in the world which gener-

ated widespread geomorphic consequences (see Chapter 1). The subsequent geomorphic

effects from an Alpine fault event may include landslides, landslide dams, outburst floods,

river aggradation and avulsion, lake tsunami, liquefaction, debris flows, and glacier advance,

amongst others. Many of these will occur immediately, during the initial ground shaking;

however some may persist for many decades after the initial earthquake (see Hewitt et al.,

2008). This chapter therefore reviews published material on the consequential geomorphic

effects of historic earthquakes around the globe as well as the evidence for such effects from

previous Alpine fault events. It serves as a baseline compilation of likely processes with

order-of-magnitude estimates of their scale from the available data, from which more detailed

work can develop.

2.2 South Island tectonic setting

2.2.1 Plate motion

The Alpine fault marks the onshore boundary between the Australian and Pacific plates and

accommodates the change from east-dipping subduction in the south to west-dipping subduc-

tion in the north (Fig. 1.3). The rate of displacement across the boundary averaged over the

last 3 million years is 37 ± 2 mm/a on a bearing of 071 ± 2° (DeMets et al., 1994). Along the

central segment of the fault this motion is partitioned 35.5 ± 1.5 mm/a parallel and 10 ± 1.5

mm/a perpendicular to the fault, forming a transpressional boundary with right-lateral oblique

motion (Norris and Cooper, 2001). Strike-slip displacement rates along the fault consistently

average 27 ± 5 mm/a while dip-slip rates vary widely from a maximum of ⇠12 mm/a in the

Aoraki/Mt Cook region to almost zero south of Haast (Norris and Cooper, 2001).
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2.2.2 The Alpine fault

At a broad scale, the Alpine fault appears as a simple linear feature striking southwest-

northeast; however in detail the fault is more complex (Fig. 2.2). The central and northern

segments of the fault are segmented at a scale of kilometres, consisting of north-striking

oblique-reverse sections and east-striking dextral strike-slip sections (Norris and Cooper,

1995); however the southern segment appears to simplify to a linear structure with little to

no reverse motion (Berryman et al., 1992; Norris and Cooper, 2001; Sutherland and Norris,

1995). Seismic reflection imaging in the Aoraki/Mt Cook region suggests that the fault dips

⇠ 40± 5° southeast and continues to depths of ⇠25 km (Davey et al., 1995).

Figure 2.2: Structure of the Alpine fault: a) Overview of the central segment of the Alpine fault which
appears as a simple linear feature; b) simplified 3D model showing complex segmentation (adapted
from Norris and Cooper 1995); c) birds-eye view of b.

Uplift on the hanging wall, which has formed the Southern Alps, is estimated to have

begun between 10 Ma (Cooper, 1990; Kamp and Tippett, 1993) and 7 Ma (Kamp et al.,

1989). Total uplift estimates are between 21.5 km (Kamp et al., 1989) and 25 km (Cooper,

1990) and total lateral offset is ⇠480 km (Berryman et al., 1992; Wellman, 1955). Beavan

et al. (1999) found little to no aseismic slip anywhere along the fault suggesting this offset has

accumulated purely coseismically. Recent work has identified and dated the last 24 ruptures

of the fault deriving an average recurrence interval of 329 ± 66 years between events with the

most recent event occurring in c. 1717 (Berryman et al., 2012a). Combined with measured

slip-rates this suggests individual ruptures involve ⇠9 m horizontal and up to ⇠3 m vertical

motion which matches identified individual rupture displacements of 8-9 m lateral and 2-3 m
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vertical (Adams, 1980b; Berryman et al., 2012a; Cooper and Norris, 1990; De Pascale and

Langridge, 2012; De Pascale et al., 2014; Hull and Berryman, 1986; Sutherland et al., 2007;

Sutherland and Norris, 1995). This suggests previous magnitudes of ⇠M8 and confirms that

all motion along the fault is accommodated coseismically.

2.2.3 The Southern Alps

The Southern Alps have formed on the hanging wall of the Alpine fault as a result of the

Australian-Pacific plate collision. They have an average elevation of ⇠1,000-1,500 m, cur-

rently reaching a maximum of 3,724 m at Aoraki/Mt Cook. The mountains are relatively

young, forming in the last 7-10 Ma (Kamp et al., 1989; Kamp and Tippett, 1993) and present-

day uplift rates along the Alpine fault make them some of the fastest rising mountains on

earth. For this reason, west-draining rivers are relatively short and steep, reaching the Tas-

man sea in <30 km, while east-draining rivers have a much gentler gradient, travelling for

>100 km to reach the Pacific ocean and building extensive alluvial fans. As a result of the

rapid uplift, the Southern Alps are also some of the fastest-eroding mountains on earth, with

regional erosion rates matching uplift, suggesting they are in an overall dynamic equilibrium

(Adams, 1980a; Wellman, 1979). Consequently, South Island rivers carry large sediment

loads resulting in extensive alluvial fans and braided gravel-bed river systems.

The central and northern Southern Alps are composed primarily of Mesozoic greywacke

and schist which alters to mylonite and ultramylonite close to the Alpine fault. To the west

of the fault, the underlying bedrock is primarily granitic, however on the west coast this

is generally covered by thick quaternary deposits and thus only visible in isolated outcrops.

This granite has been sheared and displaced to the north by the Alpine fault from its emplaced

location west of Fiordland. As a result, the central and northern Southern Alps form tall, steep

mountains with deeply incised river valleys, while Fiordland consists of lower mountains with

high vertical cliff faces and obviously glaciated valley systems.

During the Last Glacial Maximum (LGM) ⇠22,000 years before present (yrs BP), the

Southern Alps were extensively glaciated as evidenced by the large, well-preserved lateral

moraines along the west coast, the numerous large glacial lakes within the ranges south of

Aoraki/Mt Cook, and the extensive cirques and fiord systems in Fiordland. Presently, there

are >3,100 glaciers in the South Island covering a total area of >245 km2 with a total ice

volume of ⇠53.3 km3 (Chinn, 1989, 2001). Despite the large number of glaciers, most are

very small with just seven covering >0.1 km2, the longest of which is Tasman Glacier at 27

km. The six largest glaciers (Tasman, Murchison (18 km), Fox (13 km), Mueller (13 km),

Franz Josef (12 km), and Hooker (11 km)) are all located in the central-Southern Alps within
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15 km of Aoraki/Mt Cook, and the two west-flowing glaciers (Fox and Franz Josef) reach

their termini at just ⇠ 300 m above sea level (asl).

The prevailing winds blow from the west bringing heavy rainfall to the western ranges

averaging >11 m/a, and forming a rain-shadow east of the main divide (annual rainfall in

Christchurch is as little as 600 mm (Hicks et al., 1996)). Rainfall is evenly distributed

throughout the year with no defined wet and dry seasons (Chinn, 2001). Consequently, the

western ranges are covered in a thick temperate rainforest which extends to ⇠1,500 m asl

while east of the divide are semi-arid tussock grasslands, much of which have been cultivated

for farming. Intensive agriculture has also developed on most west coast alluvial fans, how-

ever the region is particularly remote and difficult to access, especially south of Fox Glacier,

and thus it remains sparsely inhabited. The ranges themselves are also largely uninhabited

and remote with only a few townships. Most are small with populations of up to several hun-

dred, however the major tourist towns of Wanaka and Queenstown exist in the lower ranges of

inland Otago (Fig 2.1a) and have permanent populations of 10,000 and 30,000 respectively.

2.3 Historical Earthquakes

Since European settlement of New Zealand in the mid 1800s, the South Island has sustained

at least 20 damaging earthquakes (Table 2.1). Almost all of these earthquakes are known to

have generated widespread, and in some instances catastrophic, secondary geomorphic con-

sequences. Unsurprisingly, virtually all have resulted in some degree of landsliding within

the Southern Alps; however liquefaction is also a common occurrence (Table 2.1). Nonethe-

less, very few of these earthquakes are likely to be representative of an Alpine fault event.

The Puysegur trench earthquakes recorded between 1988 and 2009, for instance, primar-

ily affected the Fiordland region which is markedly different from the central and northern

Southern Alps most likely to be affected by an Alpine fault event (see above). Both of the

1929 events as well as the 1968 Inangahua earthquake may be representative of an Alpine

fault event but on a smaller scale as these each generated very strong shaking within the cen-

tral Southern Alps. However, it is the 1855 Wairarapa earthquake which is likely to be most

representative of an Alpine fault event. Despite occurring in the lower North Island this event

caused widespread landsliding in the Southern Alps in Marlborough and northern Canterbury,

as well as the Rimutaka mountains in the North Island (Downes, 2005; Grapes and Downes,

1997; Hancox, 2005). These are similar to the Southern Alps in that they are comprised of

sheared greywacke with steep slopes reaching heights ⇠1,000 m, and are bounded by, and on

the upthrown side of, the Wairarapa fault.



Table 2.1: Damaging earthquakes and their known geomorphic effects for the South Island since European settlement.

Year Location Region Fault Mw Geomorphic effects References

1848 Blenheim Marlborough Awatere 7.4-7.5 Landsliding Grapes et al. (1998)

1855 Wairarapa Wellington Wairarapa 8.0-8.2 Landsliding; landslide dams;

outburst floods; liquefaction;

tsunami; seiche

Grapes and Downes (1997); Downes

(2005); Hancox (2005)

1868 Farewell Spit Tasman Wakamarama 7.2-7.6 Unknown Anderson et al. (1994)

1869 Christchurch Canterbury Unknown ⇠6 Unknown Pettinga et al. (2001)

1870 Christchurch Canterbury Unknown 5.5-6.0 Rockfall Pettinga et al. (2001)

1881 Castle Hill Canterbury Castle Hill? 6.0-6.8 Liquefaction Pettinga et al. (2001)

1888 Lewis Pass Canterbury Hope 7.0-7.3 Unknown Smith and Berryman (1986); Cowan

(1990)

1901 Cheviot Canterbury Unknown 6.9 Landsliding; liquefaction Berril et al. (1994)

1922 Motunau Canterbury Unknown 6.4 Landsliding; liquefaction Pettinga et al. (2001); Bull (2003)

1929 Arthur’s Pass Canterbury Poulter 7.0-7.1 Landsliding; landslide dams Berryman and Villamor (2004)

1929 Murchison West Coast White Creek 7.3 Landsliding; landslide dams Dowrick (1994)

1968 Inangahua West Coast Inangahua? Lyell? 7.1 Landsliding; landslide dams Adams (1981); Anderson et al. (1994)

1988 Te Anau Southland Puysegur trench 6.7 Landsliding Reyners et al. (1991)

1993 Secretary Island Southland Puysegur trench 6.8 Landsliding; tsunami Reyners and Webb (2002)

1994 Arthur’s Pass Canterbury Unknown 6.7 Landsliding; avalanches

(snow)

Robinson et al. (1995)

2003 Secretary Island Southland Puysegur trench 7.2 Landsliding; tsunami Power et al. (2005)



Table 2.1 – continued from previous page
Year Location Region Fault Mw Geomorphic effects References

2007 George Sound Southland Puysegur trench 6.7 Landsliding Peterson et al. (2009)

2009 Dusky Sound Southland Puysegur trench 7.8 Landsliding Beavan et al. (2010b)

2010 Darfield Canterbury Greendale 7.1 Rockfall; liquefaction Quigley et al. (2010); Gledhill et al.

(2011)

2011 Christchurch Canterbury Lyttelton 6.3 Rockfall; liquefaction Beavan et al. (2011); Holden (2011)
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2.3.1 The 1855 Wairarapa earthquake

This earthquake occurred on the Wairarapa fault near Wellington and is thought to have been

Mw8.1-8.4, making it the largest recorded earthquake in New Zealand (Grapes and Downes,

1997; Little and Rodgers, 2004). Surface rupture was measured over >140 km with lateral

displacements reaching 18.7 m, the largest ever measured anywhere in the world (Little and

Rodgers, 2004; Ongley, 1943). It is known to have generated widespread landsliding, affect-

ing an area of at least 52,000 km2 possibly extending to 135,000 km2 (Grapes and Downes,

1997; Hancox, 2005). Some of these landslides were noted by Hancox (2005) to be reacti-

vated by a severe rainstorm in 2005, exactly 150 years after the initial earthquake.

The largest reported landslide was ⇠ 11⇥106 m3 (Hancox, 2005), however at the time of

the earthquake much of the affected area was uninhabited and larger landslides may have oc-

curred without being identified. Nevertheless, this landslide blocked the Ruamahanga River

forming several landslide dams, one of which subsequently partially failed causing an out-

burst flood which destroyed a Māori Pā (village) downstream (Grapes, 1988). Some of these

lakes still remain intact as of 2014 and therefore pose a continued downstream hazard.

As well as landsliding this event is known to have caused substantial liquefaction, seiches,

and tsunami. Liquefaction is reported to have occurred in numerous susceptible locations in

the lower North Island and upper South Island (Grapes and Downes, 1997; Hancox, 2005).

Seiches, which are the oscillation of confined or semi-confined water bodies, are reported to

have occurred at many locations across the entire country, most distantly in Dunedin, >600

km from the epicentre (Downes, 2005). Submarine landsliding in Cook Strait, which sep-

arates the North and South Islands, was also recorded and potentially resulted in a 10 m

tsunami wave recorded along the southern coast of the North Island, although offshore rup-

ture has also been attributed as the cause (Grapes and Downes, 1997).

2.4 An Alpine fault earthquake

Despite no historically recorded Alpine fault earthquake having occurred, geological evi-

dence of the consequences of previous ruptures has been identified. Combined with obser-

vations of historic New Zealand earthquakes, such as the Wairarapa earthquake, as well as

other large earthquakes in mountainous environments globally, it is possible to infer the likely

magnitude of geomorphic effects resulting from a future Alpine fault earthquake.
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2.4.1 Seismic effects

Mainshock

Using a variety of different methods, including fault trenching, tree coring, landscape offset

features etc., various authors have concluded that the Alpine fault produces characteristic

(i.e. unimodal) earthquakes (see Berryman et al., 2012b; De Pascale and Langridge, 2012;

Leitner et al., 2001; Wells and Goff, 2007; Wells et al., 1999). Of the last nine dated ruptures,

eight appear to have involved rupture of >380 km of the fault, virtually its entire length from

Milford Sound to its junction with the Awatere and Waiau faults (Fig. 2.3). Such a rupture

length likely corresponds to ⇠Mw8.0 earthquakes, confirmed by measured individual offsets

(Adams, 1980b; Berryman et al., 2012a; Cooper and Norris, 1990; De Pascale and Langridge,

2012; De Pascale et al., 2014; Hull and Berryman, 1986; Sutherland et al., 2007; Sutherland

and Norris, 1995).

Nevertheless, De Pascale et al. (2014) suggested that the Alpine fault may accommodate

bimodal behaviour, with smaller (M6-7) earthquakes occurring between major, full-length,

M8 events. They showed direct evidence for partial rupture of the Alpine fault around 1600

CE and indirect evidence of rupture around 1826 CE, either side of the well-defined, full-

length rupture in 1717 CE. However, evidence for the event in 1826 is primarily Tasman

sea tsunami deposits found in Fiordland and along the west coast. It seems unlikely that

a predominately onshore, strike-slip fault would generate a large-scale ocean tsunami and

no evidence of Tasman sea tsunami has been identified from other confirmed Alpine fault

events. The 1826 earthquake may therefore actually represent a large earthquake on the

Puysegur trench offshore of Fiordland, where large earthquakes and tsunamis have occurred

historically (Table 2.1). Thus, no rupture of the Alpine fault has likely occurred since 1717

(297 years in 2014), which, combined with slip-rate estimates, suggest the next earthquake

has the potential to result in displacements of at least 8 m laterally and 3.5 m vertically. This

matches measured rupture offsets corresponding to M8 earthquakes and thus, regardless of

whether the fault is unimodal or bimodal, it seems most likely that the next Alpine fault

earthquake will involve its full length and be ⇠Mw8.

Presently, the Alpine fault is estimated to be locked to a depth of at least 10 km (Beavan

et al., 2010a, 1999) suggesting any future earthquake is likely to initiate at a relatively shallow

depth, possibly around 8-12 km. Combining this with the above knowledge, the likely extent

of MM shaking intensity can be modelled using OpenSHA modelling software. OpenSHA is

an open-source Seismic Hazard Analysis (SHA) tool which calculates the probability that an

Intensity Measure Type (IMT) will exceed some Intensity Measure Level (IML) (Field et al.,
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Figure 2.3: Known and inferred rupture lengths of the last nine identified ruptures of the Alpine fault.
Dates from Berryman et al. (2012a) and De Pascale et al. (2014).

2003). For example, one can calculate the probability of Peak Ground Acceleration (PGA)

exceeding 0.7g or, alternatively, the MM intensity that will occur 50% of the time. Thus it is

an excellent tool for modelling potential earthquake scenarios. The results of this modelling

for an Mw8.0 Alpine fault earthquake with a randomly assigned epicentre location are shown

in Figure 2.4, which demonstrates that a maximum intensity of MM 9 is expected in isolated

locations along the fault, with MM 7+ expected across most of the western range-front of

the Southern Alps. While OpenSHA utilises a crude global shear wave velocity model for

estimating shaking intensity attenuation as a result of lithology (Field et al., 2003) it does not

account for topographic amplification (see Buech et al., 2010) and therefore higher shaking

intensities are possible within the Southern Alps.

The duration of shaking is also an important concept, as mountain slopes exposed to

longer periods of intense shaking experience more dynamic fatigue and are therefore more

likely to result in failure during the earthquake. Shaking duration is closely related to duration

of fault rupture which in turn is dependent on rupture length and rupture speed. Rupture

speed during the 1906 Mw7.8 San Francisco earthquake has been estimated to have averaged

⇠3.2 km/s and peaked at ⇠3.7 km/s (USGS, 2014) while that of the 2001 Mw7.8 Kunlun

earthquake varied between 2.4 km/s and 5 km/s (Bouchon and Vallèe, 2003; Robinson et al.,

2006). Both faults accommodate predominantly lateral motion, with rupture lengths in excess

of 350 km and maximum displacements of >7 m, as well as being similar magnitudes to an



Figure 2.4: Modelled isoseismals for a Mw8.0 earthquake involving full-length rupture of the Alpine
fault (black line).
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expected Alpine fault earthquake. Bi-directional rupture of the Alpine fault initiating from

a central epicentre would include rupture length of ⇠200 km in either direction while uni-

directional rupture from one end would have a full ⇠400 km of rupture. Thus, assuming

similar rupture speeds, shaking could last between ⇠40 seconds (200 km at 5 km/s) and 160

seconds (400 km at 2.5 km/s), and will most likely last at least a minute or more close to the

fault. This agrees with much of the published work on the duration of strong ground motion

from various different earthquake magnitudes (see Bommer and Martı́nez-Pereira, 1999). As

distance from the fault rupture increases so will the duration of shaking as the seismic waves

spread out, however intensity will also decrease due to attenuation. Thus, regions west of the

Southern Alps main divide can expect to experience strong (MM 7+) shaking for possibly up

to a minute while locations east of the mountains will experience less severe shaking (<MM

6) lasting for possibly several minutes.

Aftershocks

All aftershock sequences are unique, but it is possible to make general statements about the

expected maximum magnitude aftershock and its possible timing, as well as estimating gen-

eral aftershock decay patterns. For instance, Utsu (1970) showed that the difference, D be-

tween the mainshock magnitude, Mm and the maximum aftershock magnitude, Ma could be

roughly determined by

D ⇡ 5.0�0.5Mm (for Mm > 6.0) (2.1)

Thus Ma for an Alpine fault earthquake is expected to be ⇠ 7.0 which agrees with Hainzl

et al. (2000) who showed that typically the largest aftershock is one magnitude smaller than

the mainshock. The average time, T , between Mm and Ma in days was empirically shown by

Utsu (1970) to be

logT ⇡ 0.5Mm �3.5 (2.2)

suggesting on average Ma will occur ⇠ 3 days after the initial mainshock. However, Utsu

(1970) noted that there was a large degree of scatter between T and Mm, such that the former

varied between 0.01T and 100T . Thus, Ma could feasibly occur anytime between 40 mins

and 1 year after the initial mainshock.

A more appropriate method for analysing aftershock sequences is the modified Ohmori

formula which effectively measures the decay of an aftershock sequence over time (Utsu

et al., 1995) such that

n(t) = k(t + c)�p (2.3)
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where n(t) is the number of aftershocks above a given magnitude per time, t, and k, c, and

p are constants to be calculated, with c and p dependent on the aftershock magnitude being

considered. Following the 1993 Mw7.8 Nansei-Oki earthquake, Utsu et al. (1995) showed that

100 days after the mainshock, aftershocks > Mw4.0 were still occurring at a rate of one every

10 days, while those > Mw3.2 (considered the smallest ‘noticeable’ magnitude) were still

occurring at a rate of almost three per day. Following the 2010 Mw7.1 Darfield earthquake

in central Canterbury, three major (> Mw6.0) aftershocks occurred five, nine, and 15 months

after the initial mainshock (Bannister and Gledhill, 2012). These were each preceded by a

decrease in aftershock rates and, unsurprisingly, immediately followed by a large increase

in aftershock rates. Furthermore, the spatial distribution of aftershocks was unusual, in that

aftershock locations did not cluster around the mainshock-generating Greendale fault, instead

gradually moving eastwards, first beneath the city of Christchurch and then offshore (Fig. 2.5;

Bannister and Gledhill 2012).

Figure 2.5: Location of all earthquakes during the Canterbury earthquake sequence from 4 September
2010 to 17 December 2012. From GNS.

Thus, there is much difficulty in estimating an aftershock sequence following an Alpine

fault earthquake; however it will most likely involve several aftershocks > Mw6 and possi-
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bly up to Mw7, with the largest most likely occurring sometime within the first year. The

whole sequence will last for several years and will most probably focus around the epicentre

and along the length of the Alpine fault and other proximal faults, although the Canterbury

sequence demonstrates the possibility of aftershocks affecting a much larger area. Further,

(Toda et al., 2008) demonstrated that following the 2008 Mw8.0 Wenchuan earthquake, the

probability of earthquakes on active faults >400 km away from the mainshock fault more

than doubled. Thus it is prudent to anticipate aftershocks of all sizes on other active South

Island faults (see Fig. 2.1).

2.4.2 Geomorphic effects

The resulting geomorphic effects of earthquakes are intricately linked in a cascading sequence

of effects over various timescales (see Hewitt et al., 2008). From available data on historic

earthquakes in mountains it is possible to derive the interlinkages between these various cas-

cading effects and delimit broad timings for their occurrence and duration (Fig. 2.6). Below

is a detailed discussion of each effect including evidence for previous occurrences during

Alpine fault earthquakes if present.

Figure 2.6: Flow chart of geomorphic consequences resulting from earthquakes in mountainous ter-
rain. I - immediate: lasting for or occurring within one week of the mainshock; P - prolonged: lasting
or occurring within one year of the mainshock; L - long-term: lasting or occurring for more than one
year after the mainshock.
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Landslides

Landslides are always a major hazard in the Southern Alps due to the steep, heavily eroded

topography, high annual rainfall, and high seismicity on numerous active faults. Globally,

the majority of rapid, large (> 106 m3, also referred to as rock avalanches), deep-seated

landslides result from high-intensity shaking, and a large number of these have been identified

throughout the Southern Alps and Fiordland (Fig. 2.7). Several of these are very large (>

108 m3) including Green Lake (27 km3), John O’Groats (1 km3), Adelaide (0.75 km3), and

Cascade (0.75 km3) all of which are thought to have resulted from Alpine fault earthquakes

(Barth, 2014; Hancox and Perrin, 2009). The Green Lake rock avalanche, one of the largest

globally, is thought to have required MM 9-10 shaking intensity to initiate failure (Hancox

and Perrin, 2009); yet at >100 km distance from the Alpine fault (Fig. 2.7) it seems unlikely

any earthquake on the Alpine fault could generate such strong shaking at such a large distance

(see Fig. 2.4). It seems much more likely that the Green Lake rock avalanche initiated from a

large earthquake on the nearby Hauroko fault (Hall et al., 2014). Thus, the largest identified

landslide likely to have formed from an Alpine fault earthquake is the 1 km3 John O’Groats

landslide, which demonstrates the large size of individual landslides possible in the Southern

Alps.

Maximum run-out distances for landslides have been related to total fall height by Hsü

(1975) who showed that:

L =
H

tana
(2.4)

where H is total fall height in metres, L is runout distance in metres, and tana is the appar-

ent coefficient of friction. The coefficient of friction for rock-on-rock is approximately 0.6

(Byerlee, 1978), and fall heights in the Southern Alps are likely to be at least several hundred

metres suggesting runout distances of up to 1 km are possible. Nevertheless, Davies (1982)

showed that for large volume events, a process of mechanical fluidisation occurred within the

moving rock debris which substantially increased runout distance. He showed that

Ld ⇠ 10(V )
1
3 (2.5)

where V is the landslide volume and Ld is deposit length. Thus for a 1 km3 rock avalanche

a deposit length of 10 km is possible. Numerous other factors have also been identified

as influencing runout distance including runout over glacial ice (Eisbacher, 1979; Evans and

Clague, 1988; McSaveney, 1978) and valley morphology (Nicoletti and Sorriso-Valvo, 1991).

Furthermore, an earthquake-generated landslide in Kyrgyzstan, central Asia, has recently

been identified with a runout length of ⇠28 km from an initial failure volume of just 4 km3

as a result of a high water content and large-scale entrainment during runout (see Appendix



Figure 2.7: Landslide deposits larger than 1 million cubic metres throughout the Southern Alps and
Fiordland. The proximity to the Alpine fault has led many authors to assume an Alpine fault earth-
quake origin for the majority of these deposits
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A). The longest-runout landslide deposit identified in the Southern Alps is the ⇠ 45⇥106 m3

Round Top landslide which ran out for a total of 4 km (Dufresne et al., 2009; Wright, 1998).

This landslide has been dated to c. 930 CE around the same time as a major Alpine fault

earthquake, although other dates have been reported suggesting it may represent multiple

events (Dufresne et al., 2009). The potential for large volume, long runout landslides in the

event of an Alpine fault earthquake is therefore evident, especially along the western range-

front where there are very few obstacles (such as steep valley walls) to hinder runout. Despite

the substantial evidence for major, individual landslides from Alpine fault earthquakes, the

total scale of coseismic landsliding is still poorly-known.

Keefer (1984) and Malamud et al. (2004) attempted to relate earthquake magnitude to

total scale of landsliding using numerous historical earthquakes. Using data from Keefer

(1984) along with data from the 1994 Northridge earthquake, Malamud et al. (2004) showed

that

logNLT = 1.27Mw �5.45(±0.46) (2.6)

where NLT is the total number of landslides generated and Mw is the moment magnitude of

the earthquake. Despite achieving a good statistical fit, this formula does not consider the

topography that the earthquake occurs in (i.e. flat plains vs. mountains) and thus there is

a wide degree of variation. For instance, the Mw6.9 Kobe earthquake in Japan affected a

primarily flat, urban environment and thus generated just 700 landslides, while the Mw6.7

Northridge earthquake in California affected a largely mountainous area and thus caused

>11,000 landslides. Malamud et al. (2004) were also able to relate Mw to total landslide area

(sum of all individual landslide areas, not affected area), ALT (km2), total landslide volume,

VLT (km3), largest landslide area, ALmax (km2), and largest landslide volume, VLmax (km3) by

logALT = 1.27Mw �7.96(±0.46) (2.7)

logVLT = 1.42Mw �11.26(±0.52) (2.8)

logALmax = 0.91Mw �6.85(±0.33) (2.9)

logVLmax = 1.36Mw �11.58(±0.49) (2.10)

while Keefer and Wilson (1989) were able to show that the affected area (area within which

all landslides are encapsulated), A (km2) could also be estimated from earthquake magnitude

by

logA = Mw �3.46(±0.47) (5.5 < Mw  9.2) (2.11)

Again however, despite achieving a good statistical fit there is a wide degree of variability

in the observed data. For instance, the Mw7.6 Buller earthquake in New Zealand generated
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Table 2.2: Landslide variables for a future Mw8.0 Alpine fault earthquake as calculated from the
equations of Keefer and Wilson (1989) and Malamud et al. (2004).

Variable Mean Value Range

Total number 51,286 17,782 - 147,910

Affected area (km2) 34,673 11,749 - 102,329

Total landslide area (km2) 158 55 - 457

Largest landslide area (km2) 2.7 1.3 - 5.8

Total landslide volume (km3) 1.3 0.4 - 4.2

Largest landslide volume (km3) 0.2 0.07 - 0.6

1.3 km3 of landslide debris while the larger Mw7.9 Torricelli Mountains earthquake in Papua

New Guinea generated just 0.2 km3. Furthermore, these equations are unable to anticipate

extreme events. For instance, according to equation 2.10 the Green Lake rock avalanche

required a Mw9.5 earthquake, an event for which there is no evidence on any faults around

the southern South Island. The Daguangbao landslide, the largest formed during the 2008

Mw8.0 Wenchuan earthquake, had an area of ⇠7.8 km2, almost 2 km2 larger than suggested

by equation 2.9. These formulae are therefore useful to gauge an order of magnitude of

landsliding likely from a given earthquake but not for a detailed hazard assessment.

Applied to a Mw8.0 Alpine fault event (Table 2.2) this suggests that between ⇠20,000

and 150,000 landslides could occur, affecting an area between ⇠12,000 and 100,000 km2.

However, the largest landslide expected is between 0.07 and 0.6 km3, smaller than the John

O’Groats, Adelaide, and Cascade landslides which are all inferred to have resulted from

Alpine fault earthquakes. Furthermore, the total expected landslide volume has a mean value

similar to the size of each of these landslides with a maximum range only four times larger.

Given the volume of the largest known events, and the number of landslides expected (Ta-
ble 2.2), this value may be substantially underestimated. Nevertheless, this shows that land-

sliding from an Alpine fault earthquake is likely to affect a very large area with a substantial

number of landslides, some of which are likely to be large volume. Howarth et al. (2012)

appear to have confirmed this by showing that in some instances during the ⇠50 years im-

mediately post-earthquake, as much sediment is deposited in Lake Paringa on the west coast

as during the entire intervening period before the next earthquake. This suggests that Alpine

fault earthquakes provide a substantial contribution to the overall erosion of the Southern

Alps (Davies and Korup, 2007).
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Landslide Dams

Landslides falling into river valleys often form landslide dams and landslide-dammed lakes.

These have a number of associated up- and downstream hazards, the most significant of which

is a catastrophic collapse of the dam resulting in an outburst flood. At least 232 landslide

dams have been recorded in New Zealand since c. 1846 including 140 with currently intact

lakes (Korup, 2004b, 2005a). Statistically, New Zealand has some of the largest landslide

dams in the world in terms of dam volume and lake volume (Korup, 2004b). In the Southern

Alps the majority are situated between 400 m asl and 1,000 m asl although in Fiordland most

appear to form at, or close to, sea-level. Of all New Zealand landslide dams, most (88%) have

very small contributing catchment areas, often <100 km2; of those with catchment areas <10

km2, 79% have yet to fail while a further 5% have had lakes infilled without failure (Korup,

2004b). In fact, only 37% of all landslide dams in New Zealand appear to have failed, far

below the global average; however this is likely to be a result of under-reporting due to the

short historical records and relatively unpopulated mountainous terrain.

Costa and Schuster (1988) showed that globally 27% of landslide dams failed within a

day of formation, and ⇠50% failed within the first 10 days; only 15% survived for longer

than one year. Korup (2004b) showed similar results, but highlighted that there was a large

degree of variation between failure times, ranging from several minutes after formation up

to >15 years. Some landslide dams appear to become permanent landscape features, such

as Lake Waikaremoana in the North Island of New Zealand which has survived for two mil-

lennia (Read et al., 1992). Nevertheless, their stability is purely a statistical concept (Nash

et al., 2008) and all landslide dams which form from an Alpine fault earthquake should be

considered able to fail, with failure most likely within a few days of the event.

Costa and Schuster (1988) demonstrated six different types of landslide dams, of which

most require steep-sided, narrow valleys to form although this is not always the case. In the

central Southern Alps, up to 22 sites have been identified where the risk of large landslides

falling into a river gorge was high (Arshad et al., 2004). A more regional study found that

15 west-draining rivers along the entire Southern Alps had the potential for landslide dam

following an Alpine fault earthquake (Fig. 2.8; McCahon et al. 2006a,b,c) several of which

are known to have been blocked by both historic and pre-historic earthquakes in the region

(Adams, 1981). Very little work has been undertaken as to the potential of east-draining

rivers to form landslide dams in an Alpine fault earthquake; however these rivers have very

different morphology to west-draining rivers with far larger catchment areas and wider trib-

utary valleys and thus may have a smaller potential for damming. Nevertheless, the major

Waimakariri River which flows just north of the city of Christchurch has previously been
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identified as a potential source of landslide dam with at least eight active landslides identi-

fied in the Waimakariri Gorge (Yetton and McMorran, 2004). Thus, there is the potential

for several, primarily west-draining rivers to become blocked following an Alpine fault event

with Davies et al. (2005) estimating somewhere between three and 30. Given the number

of landslides expected (Table 2.2) this seems reasonable, however following the Wenchuan

earthquake, >250 landslide dams formed (Xu et al., 2009) across a landslide affected area

>100,000 km2 with an estimated ⇠60,000 landslides (Gorum et al., 2011; Li et al., 2014;

Parker et al., 2011). It is possible therefore for several hundred landslide dams to form, pos-

sibly with multiple dams on a single river.

Outburst Floods

Outburst floods or dam-break floods are the most obvious hazard resulting from landslide

dams. They occur as the result of complete or partial dam failure releasing the impounded

water to cause major, rapid-onset downstream flooding, and occasionally debris flows as the

dam material mixes with the water. Following the initial flood wave sediment stored in the

dam and the dammed lake is progressively deposited downstream on the active alluvial fan

often resulting in widespread aggradation. Landslide dams can fail from a number of different

processes as shown by Costa and Schuster (1988) including overtopping, piping, and slope

failure. Overtopping is by far the most common and occurs when the impounded lake level

exceeds the dam height, resulting in water spilling over and eroding the dam crest creating a

positive feedback loop which typically results in catastrophic failure. Since landslide dams

do not undergo compaction as with engineered dams, they are often porous allowing internal

erosion (piping) to occur, causing failure. While this is rare, at least three historic cases are

known (see Costa and Schuster, 1988). Occasionally the landslide dam itself will be unstable

after formation and can experience secondary slope failure resulting in outburst. Another

potential source of failure is further landsliding, either impacting the dam itself, or into the

impounded lake causing an overtopping wave. This is of particular concern following a large

earthquake as subsequent aftershocks will continue to shake the region for some time after

the mainshock (see above) increasing the likelihood of further landsliding. Any older dams

existing at the time of the mainshock are also at risk (see Fig. 2.6).

The best-studied example of a landslide outburst flood in New Zealand is that from the

1999 Mt Adams rock avalanche, which blocked the Poerua River. The initial landslide had a

volume of 10-15 ⇥106 m3 and blocked the river to a depth of ⇠120 m, forming a lake with

an estimated volume of 5-7 ⇥106 m3 (Becker et al., 2007; Hancox et al., 2005). It took 48

hours for the lake to completely fill and overtop the dam, however it did not fail until heavy



Figure 2.8: Major South Island river catchments with identified landslide dam potential from an
Alpine fault earthquake.
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rainfall five days after formation (Hancox et al., 2005). The dam failure was catastrophic

with ⇠75% of the lake being rapidly drained resulting in a peak flow of ⇠3000 cumecs

(cubic metres per second) (Davies, 2002; Davies et al., 2007; Hancox et al., 2005). In the

gorge immediately downstream of the dam, the flood peak is inferred to have reached ⇠5 m in

height, travelling at up to 5 m/s while in the Poerua valley flood heights peaked at 2 m (Davies,

2002). Fortunately, the downstream valley was only very sparsely populated, and nobody

was injured, however the farmland immediately below the gorge was substantially affected

in both the short- and long-term (see below). Had the event occurred in a river with a large

downstream population, the results could have been catastrophic. Following the Wenchuan

earthquake, the Tangjiashan landslide dam, which was the largest of the >250 that formed,

posed an immediate threat of outburst flood to >1.2 million people living downstream, some

as far as 30 km away (Peng and Zhang, 2012; Xu et al., 2009). This dam posed such a

high risk that the Chinese government elected to artificially control breach the dam using a

spillway (Xu et al., 2009). The low population of the South Island, and particularly the West

Coast region, mean landslide dams will likely pose a threat to several hundred people at most;

however this will still require a rapid response from authorities in order to mitigate the hazard

before dam failure occurs.

Aggradation

Aggradation is the process of rivers building up their alluvial fan(s) when sediment is de-

posited from upstream. Under normal circumstances this can be a very gradual process,

however following massive sediment inputs into river catchments (e.g. following a large

earthquake) it can be relatively rapid and devastating. Davies and Korup (2007) investigated

a number of alluvial fans on the west coast in the central Southern Alps and identified buried

soils and massive gravel deposits at depths of several metres on all the studied fans. Fur-

thermore, they found that these deposits appeared to be contemporaneous, dating to between

1616 and 1682 CE, matching results found by Berryman et al. (2001) on the Whataroa fan

north of Davies and Korup (2007)’s study area. It was inferred that at some time in the 1600s a

massive landsliding event had occurred in the Southern Alps which had subsequently resulted

in large-scale aggradation on many, if not all, alluvial fans on the west coast. The most likely

cause of this landsliding was a large earthquake, corresponding with other external evidence

of a possible Alpine fault earthquake in the early 1600s (see De Pascale et al., 2014).

No such evidence was found on any of these fans dating to post-1717 CE, the date of

the last Alpine fault earthquake. This suggests that either very little landsliding occurred in

the mountains or the evidence for it has not been identified. The former may be explained



38 Geomorphic effects of earthquakes

by the short time interval between the ⇠1600 and 1717 events (<100 years) not providing

enough time for the slopes to re-stabilise in order to sustain massive landsliding. However,

Howarth et al. (2012, 2014) showed that following the 1717 earthquake, thick hyperpycnal

deposits formed in Lake Paringa and Lake Mapourika over a period ⇠50 years suggesting

that large sediment inputs had occurred within the mountains. Thus it seems most likely that

evidence of such landsliding has not been identified, perhaps because the short time between

the last two events did not allow soil to develop on the re-surfaced alluvial fans, allowing the

later aggradation deposits to be deposited contiguously on top of the early deposits. Delin-

eating the boundary between these deposits would be particularly difficult. The Lake Paringa

evidence suggests alluvial fans may have had <50 years to develop soils before the 1717

earthquake, which may be insufficient for soils to develop. Alternatively, had soils developed

they could have been removed by erosive flow prior to deposition of landslide debris.

Following the 1999 Poerua outburst flood, it is estimated that ⇠1-1.5 ⇥106 m3 of sedi-

ment was deposited along a 5 km stretch of the Poerua alluvial fan in just six years (Davies

et al., 2005). By 2001 aggradation had caused the flow of the river to shift ⇠800 m to the east,

actively eroding a channel across farmland and a tributary rivers alluvial fan (Fig. 2.9). By

2003, alluvium deposited in the river channel had raised that tributary 25 m above its 1992

level (Hancox et al., 2005). This resulted in widespread gravel deposition through rainforest-

covered terraces, destroying much of the vegetation. Aggradation of >10 m elevated the main

river bed so that the river flowed across the fan surface into which it was previously incised,

resulting in severe damage (Davies et al., 2005; Hancox et al., 2005). The aggradation is

thought to have reached its peak ⇠10 years after the initial outburst flood. In total the event

is estimated to have added the equivalent of 500 years of normal supply of sediment to the

fanhead (Davies et al., 2005) with sediment delivery only beginning to return to normal in

2014.

Following a large sediment input, most of the sediment carried by rivers will be trans-

ported offshore as suspended load. The aggradation will therefore primarily result from the

sediment carried as bedload, although suspended load may be deposited as overbank deposits

for which there is evidence in the Whataroa Gorge >15 km from the range-front (Davies and

Korup, 2007). The proportion of bedload to total sediment load is estimated to be between

10% (Griffiths, 1979) and 50% (Davies and McSaveney, 2006) suggesting between 0.04 km3

and 2.1 km3 (see Table 2.2) could be deposited across all active South Island alluvial fans.

The total area of active fans in the South Island (calculated from QMap; see Rattenbury and

Isaac 2012) is ⇠13,351 km2 suggesting an average depth of between 3 mm and 16 cm. How-

ever, sediment will not be evenly distributed across the whole fan, with most being deposited



Figure 2.9: Aerial photos of the Poerua River from 1987 to 2005 showing the change in channel flow
and active aggradation across the alluvial fan. After Davies et al. (2005).
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in the sections proximal to the range-front, suggesting substantially greater average depths

will occur. Furthermore, not all alluvial fans in the South Island will sustain aggradation

because not all catchments will have upstream landslides. Landsliding is expected to be fo-

cussed primarily on the western range-front of the central Southern Alps meaning aggradation

will likely be most prevalent on west coast fans. These fans cover an area of just ⇠2,200 km2

suggesting average aggradation depths (if material is deposited evenly across the entire fan)

could reach up to 1 m, with local depths being much greater in places.

Debris Flows

Debris flows occur when sufficient available loose sediment is (re)mobilised by heavy or

long-duration rainfall. Catchments which are particularly small and steep are especially sus-

ceptible (Welsh and Davies, 2011). In the central Southern Alps, at least 77 catchments have

been identified has having potential for debris flows to form (O. Korup, University of Pots-

dam, pers. comm., 2011). Many west-draining catchments are small and steep and thus the

potential for debris flows across much of the West Coast is high.

More than two years after the 2008 Wenchuan earthquake, long-duration rainfall resulted

in a series of debris flows forming in the vicinity of Qingping town and Yingxiu city (Tang

et al., 2011; Xu et al., 2012). In Qingping, 95 mm of rain fell over a 12 hour period with

reports suggesting larger amounts fell in the mountains. As a result, debris flows formed

simultaneously in 11 different river catchments, burying Qingping town, killing 14, and de-

stroying >370 buildings (Xu et al., 2012). In Yingxiu 162 mm fell over a 33 hour period

resulting in 21 separate debris flows which combined and became a hyperconcentrated flow,

blocking the Minjiang River which subsequently flooded Yingxiu city (Tang et al., 2011). In

both instances, the amount of rain that fell was not unusual for the region; however the dura-

tion was. Rainfall along the western Southern Alps is especially high, with rainfall intensities

often exceeding 50 mm/hr and storms lasting for several days at a time. Given widespread

landsliding following a major earthquake, debris flows should therefore be anticipated in

many of the short, steep catchments during subsequent rainstorms.

From available data on the Qingping events (see Xu et al., 2012), approximately 20% of

the initial landslide volume was remobilised in the debris flows. This suggests that between

0.08 km3 and 0.8 km3 (see Table 2.2) of sediment could be mobilised in debris flows fol-

lowing an Alpine fault earthquake. The Qingping events did not occur until >2 years after

the initial earthquake, meaning rivers had time to rework and remove some of the original

landslide deposit. However, on the South Island west coast, long-duration heavy rainstorms

can occur several times per year. Thus the time between the earthquake and the next long-
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duration rainstorm is likely to be very much less than two years. Rivers will therefore have

very little time to rework and remove landslide debris meaning any resulting debris flows

could potentially involve a larger percentage of the initial debris volume. Consequently, a

very large number of debris flows could occur with many containing very large volumes.

Tsunami

As the 2004 Sumatran and 2011 Japanese disasters vividly demonstrated, large near-field

tsunami can be catastrophic, resulting in tens-to-hundreds of thousands of deaths and wide-

spread devastating damage. Tsunami most typically result from large, offshore subduction

earthquakes which vertically displace the seabed, although both large submarine and subaerial

landslides can also cause tsunami. Despite the Alpine fault being neither an offshore, or

(primarily) reverse fault, instances of tsunami in the Tasman Sea have been identified and

related to Alpine fault events. De Pascale et al. (2014) identified several tsunami deposits

along the west coast and in Fiordland which all dated to ⇠1826. Fault trenching did not

identify rupture of the Alpine fault at this date, despite identifying ruptures in 1717 and

⇠1600 CE. Furthermore, all other off-fault evidence was concentrated in the southernmost

region of the Southern Alps and Fiordland. It therefore seems unlikely that the ⇠1826 event

was an Alpine fault earthquake; more likely it was an earthquake on the Puysegur trench for

which tsunami are expected and have been witnessed historically. Nonetheless, Nichol et al.

(2007) used trenching and coring techniques to identify tsunami deposits at Okarito Lagoon

on the central west coast which they dated to the mid 1400s, matching a known rupture of the

Alpine fault. However, Okarito Lagoon is comprised of very fine silty and sandy sediments

which are especially susceptible to liquefaction (see below) during strong ground shaking.

Thus, this tsunami deposit may be a local anomaly resulting from subsidence of the lagoon

allowing the sea to move inland, mimicking a tsunami. There is therefore no conclusive

evidence for large-scale, widespread ocean tsunami following Alpine fault earthquakes and

thus it seems unlikely that one will occur with the next earthquake.

Regardless, the South Island, and especially the alpine region, has numerous large lakes

and fiords surrounded by steep mountain slopes and is therefore susceptible to landslide-

generated tsunami. Most of Fiordland’s fiords are remote and unpopulated, however Milford

Sound is relatively accessible by a main highway and is a popular tourist destination, attract-

ing on average >1,000 visitors per day (Dykstra, 2012). The Alpine fault runs offshore at the

mouth of Milford Sound, and thus the entire fiord is within 15 km of the fault. Analysis of

swath bathymetry identified as many as 20 large (> 107 m3) landslide deposits on the bed of

Milford Sound, post-dating deglaciation of the fiord ⇠16,000 yrs BP (Dykstra, 2012). Each



42 Geomorphic effects of earthquakes

of these deposits are large enough to have generated a tsunami of several metres, and it was

concluded there was a 25% chance of such a landslide occurring in the fiord in any given

Alpine fault earthquake. Thus there is a substantial threat of landslide tsunami at Milford

Sound in the next Alpine fault earthquake.

Globally, the best-known example of landslide-generated tsunami occurred at Lituya Bay,

Alaska, following a Mw8.3 earthquake on the nearby Fairweather fault in 1958. This earth-

quake caused a landslide of ⇠ 30⇥ 106 m3 to fall into the bay generating a mega-tsunami

with a maximum measured run-up of 524 m asl (Fig. 2.10); the largest ever recorded (Fritz

et al., 2009; Miller, 1960; Tocher, 1960). In total this wave destroyed >10 km2 of shoreline

forest and sank two boats, killing two people onboard. While this is an extreme example,

the possibility of a similar tsunami in one of the South Island’s lakes cannot be discounted.

Of particular concern are Lakes Wakatipu and Wanaka which have the major tourist town-

ships of Queenstown and Wanaka immediately on their shoreline. These events are incredibly

rapid, with the Lituya Bay wave estimated to have reached speeds of 150-200 km/hr. At such

speeds, there will be little time to evacuate any exposed people with the wave potentially

making landfall while shaking from the earthquake is still occurring.

Liquefaction

Liquefaction affects saturated, loose, sandy/silty soils which settle and compress under in-

tense shaking causing fluids and silts within the soil to rise towards the surface. Hancox

et al. (1997) found that throughout New Zealand the intensity threshold for liquefaction was

MM 7 while lateral spreading requires MM 8; however it is possible for each to occur at

one intensity lower for particularly susceptible material. During the 2011 Tohoku earthquake

liquefaction occurred in Tokyo >400 km from the epicentre and is believed to have resulted

from long-duration, low frequency, MM 6 shaking (Bhattacharya et al., 2011). Thus, any sus-

ceptible area within the South Island must be considered to have the potential to experience

liquefaction during an Alpine fault earthquake.

During the Canterbury earthquake sequence, Christchurch experienced multiple liquefac-

tion events following each > Mw6.0 earthquake, with some areas experiencing >1 m of total

subsidence (Cubrinovski et al., 2011b). This was particularly devastating to the built envi-

ronment and resulted in large swathes of the city’s eastern suburbs being designated as no

longer suitable for residential purposes. Subsequently, several recent heavy rainstorms in the

city have resulted in widespread flooding throughout subsided areas, further exacerbating the

effects of the earthquake sequence. Similarly, historic liquefaction has been recorded in mul-

tiple susceptible locations throughout Canterbury following major earthquakes (Table 2.1).
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Figure 2.10: Lituya Bay following the 1958 mega-tsunami. a) panoramic view of Lituya Bay looking
NW; b) NW view of Lituya Glacier and the landslide scar (right) showing maximum wave run-up on
the spur opposite; c) overview of Liutya Bay looking NE. Photos from USGS.

These locations may therefore also be at threat of liquefaction following a large Alpine fault

earthquake. McCahon et al. (2006a,b,c) also identified a number of potential liquefaction lo-

cations in the West Coast region and found that the major towns of Westport, Greymouth, and

Hokitika were particularly susceptible being situated on the floodplains of the Buller, Grey,

and Hokitika rivers respectively.

Glacial Response

Landslides that deposit supraglacially can significantly alter glacier behaviour by adding extra

mass and by reducing ice-surface ablation. Debris covering >10% of a glacier’s ablation zone

suppresses ablation, causing glacial advance (Reznichenko et al., 2011; Shulmeister et al.,

2009). This effect was first witnessed in Alaska following a series of large earthquakes in

1899 (Tarr and Martin, 1912) but was not properly studied until the 1964 Alaskan earthquake

when ⇠50% of the Sherman glacier ablation zone was covered by landslide deposits leading
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to an 80% reduction in surface ablation (McSaveney, 1975). Prior to the earthquake the

Sherman glacier was experiencing substantial retreat, however following the earthquake this

changed to a slow advance which was still continuing 40 years later (Reznichenko et al.,

2011). Another well-studied example is the Baultar glacier in the Karakoram Himalayas

where 15-20% of the ablation zone was covered by a landslide, causing a two year glacial

surge followed by a slower 2 km advance over the next 12 years (Hewitt, 2009).

Despite the South Island hosting >3,100 glaciers, most are very small (<0.1 km2; Chinn

2001) and remote. Landslides falling onto such small glaciers are unlikely to have a signif-

icant effect. Nevertheless, landslides falling onto the major glaciers may have a substantial

effect. These glaciers cover an area of ⇠245 km2 which accounts for ⇠1% of the total area

affected by landsliding (Table 2.2); however each glacier is situated in a steep-sided, heavily

eroded valley <20 km from the Alpine fault and thus the chance of landsliding onto any of

the glaciers is high. Reznichenko et al. (2011) estimated that an 80% reduction in ablation

of the Franz Josef glacier was sufficient to cause the glacier to advance ⇠6 km down valley

towards Franz Josef township. Such a scenario was estimated to occur within 3-6 years of the

ablation zone becoming covered (Shulmeister et al., 2009). The Waiho Loop, a large terminal

moraine down-valley from Franz Josef Glacier, is thought to have formed as a result of a large

landslide, possibly from an Alpine fault earthquake, covering much of the glaciers ablation

zone causing a substantial glacial advance (Tovar et al., 2008). Previous advances of South

Island glaciers have caused severe aggradation of proglacial rivers although it is not known

how much aggradation might follow such a large-scale advance.

2.5 Discussion

2.5.1 Importance of landsliding

Other than liquefaction, the geomorphic effects described above are a direct result of co-

seismic landsliding. However the estimates provided for landsliding (Table 2.2) cover an

extremely large range and provide no data on potential spatial distribution, which further ex-

acerbates the difficulty of understanding the hazard presented by an Alpine fault earthquake.

Despite the Southern Alps and West Coast region having only small populations, determining

whether or not these populations are susceptible to coseismic landsliding and its associated

geomorphic effects is vital in understanding the hazard posed. Many of the critical lifelines

that make everyday life possible in the West Coast region pass through the Southern Alps.

Impacts to these from geomorphic effects could have substantial consequences for the West

Coast region including isolation and long-term power loss. Further, very little work has in-



2.5 Discussion 45

vestigated the historical effects for regions east of the main divide, and the estimates outlined

above do not offer any more substantial detail than is already available. Thus for these areas

Alpine fault hazard remains very much a subject of conjecture.

Additionally, the coseismic landsliding estimates above are based upon empirical rela-

tionships for historic earthquakes globally. An Alpine fault earthquake is not included in this

data having not occurred historically and therefore it is not possible to conclusively determine

whether these relationships are appropriate. An Alpine fault earthquake could feasibly gen-

erate much smaller or larger values than those presented. It is prudent therefore, to assume

the values presented are reasonable at least as order-of-magnitude estimates. This highlights

the need for a more robust and detailed analysis of the coseismic landsliding likely to result

from an Alpine fault earthquake.

2.5.2 The Wenchuan earthquake

Various references to geomorphic effects resulting from the Wenchuan earthquake have been

discussed above, because it is one of the best-studied recent examples of large mountainous

earthquakes and their associated geomorphic effects. This Mw8.0 earthquake occurred on

a major dextral-oblique fault with >300 km of surface rupture and displacements of ⇠6 m

lateral and ⇠1 m vertical (Gorum et al., 2011; Xu et al., 2009). It affected steep, heavily

vegetated mountainous terrain which bears remarkable similarities to the central Southern

Alps and therefore may represent a reasonable analogue for the next Alpine fault earthquake.

The Wenchuan event was particularly devastating because of the widespread, catastrophic

landsliding that occurred. Xu et al. (2013) suggested that as many as ⇠200,000 landslides,

however most agree the number was closer to ⇠60,000 (Gorum et al., 2011; Li et al., 2014;

Parker et al., 2011). As a result, it has been suggested the earthquake had a net negative effect

on mountain building, with more material being eroded from mountains by landslides than

was uplifted by the earthquake (Parker et al., 2011); more recently however, this has been

shown to be incorrect, however landsliding was still substantial enough to offset uplift. (Li

et al., 2014).

There are major differences in the lithology between Wenchuan and the Southern Alps;

the former is comprised of carbonates overlying granitic basement, while the latter consists

of schists and greywacke. This may influence the degree of landsliding, however it is not

currently known what effect, if any, this may have. Regardless, the Wenchuan earthquake

demonstrates that large earthquakes in mountainous terrain can be extremely devastating,

resulting in substantial geomorphic consequences. It therefore serves as a warning of the

potential effects of such events and the need for better understanding of these secondary
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processes in mountainous regions with known earthquake hazard, such as the Southern Alps.

2.6 Conclusions

There is ⇠30% probability that the Alpine fault will generate a large earthquake at some

time in the next 50 years. Evidence from previous ruptures suggests that the fault typically

produces rupture lengths in excess of 300 km resulting in Mw8.0 earthquakes. Such an event

will result in MM 8+ shaking across the western range-front of the Southern Alps with the

Southern Alps themselves experiencing MM 7+ shaking. Empirical observations of other

large earthquakes globally suggests that such an event could generate between ⇠20,000 and

150,000 landslides affecting an area of ⇠12,000 to 100,000 square kilometres. Geologic ev-

idence appears to support the inference that the earthquake will be followed by substantial

landsliding throughout the mountains. As a result, many South Island rivers are expected

to be blocked by landslide dams; most of these are west-draining although the east-draining

Waimakariri River is also of concern. The threat of outburst flood from any landslide dams

which form will require immediate assessment as to the potential threat to downstream pop-

ulations, with most dams expected to survive for only a short time period. Those surviving

longer-term will present a continued hazard which will require on-going monitoring. Post-

event aggradation is anticipated to occur on most, if not all, west coast alluvial fans and could

reach average depths of >1 m. There is the possible threat of landslide-generated tsunami in

lakes and fiords, particularly in Milford Sound, although Lake Wakatipu and Lake Wanaka

are also at risk. Nevertheless, without more detailed, robust assessment of the likely magni-

tude and spatial distribution of coseismic landslides it is difficult to fully quantify the hazard

an Alpine fault earthquake poses to the South Island. This thesis aims to address this gap in

existing knowledge by developing a detailed and realistic scenario for an Alpine fault earth-

quake, including estimates of coseismic landsliding.



Chapter 3

Developing effective disaster scenarios
for local- and regional-scale
emergency management exercises: a
case study of an Alpine fault
earthquake scenario

3.1 Introduction

Disasters are infrequent and unpredictable events in which a range of interactions between

societal and environmental systems can lead to major losses (Burton and Hewitt, 1974; Fritz,

1961). When considering specific future disasters, there is therefore the need to focus on

the integrated social-environmental system (Berkes et al., 2003; Berkes and Folke, 1998).

Deterministic scenario approaches provide such an opportunity as these consider a hazard

scenario and its consequent social impacts as one; a hazard that does not affect the social sys-

tem cannot be a disaster. Freeman et al. (2003) therefore highlight that developing scenarios

is a key stage in pre-disaster risk management. Scenarios also enable lessons learnt during

and in the aftermath of historic disasters to be applied to potential future events in order to

gauge whether or not social systems have adapted sufficiently to cope with future disasters.

They therefore act as a means to invoke and to test the processes and behaviours involved

in responding to a disaster, which is vital to achieving resilience (Holling, 2004; Park et al.,

2013).
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To be effective, disaster scenarios must be as realistic as possible in the hazards and im-

pacts that they describe (Alexander, 2000). Accurate disaster scenarios can only be developed

when experts from a wide variety of social groups, including disaster science, engineering,

emergency management (EM), health operators, governance, and local communities amongst

others, combine their knowledge and understanding (Preuss and Godfrey, 2006). Thus ef-

fective disaster scenarios act as ‘boundary objects’ between the various groups involved in

their development (Carlile, 2002; Star and Griesemer, 1989), requiring knowledge to be co-

produced by all participants. Yet to be truly fit for purpose, a disaster scenario must force the

players involved to respond to the unravelling emergency in the same way they would respond

to the actual emergency when it occurs (Holling, 2004). Thus the scenario must describe re-

alistic events, but it is the process of responding to these events that is more important than

the precise scenario.

Disaster scenarios have a wide variety of potential applications, including EM exercises,

commercial planning, contingency planning, community preparedness, personnel training,

public education, and risk communication amongst others. The scale of the scenario (i.e.

how large a disaster it represents) is entirely dependent on its desired application. In EM

exercises, scenarios can involve large-scale disasters such as earthquakes, volcanic eruptions,

and major terrorist attacks. They are used widely in health and nursing studies to simulate

emergency medical requirements, as they provide efficient and effective means for training

personnel (Bearnson and Wiker, 2005; Scherer et al., 2007). Similarly, they are becoming

popular tools for teaching university level students, particular those in hazard and disaster

management and emergency management courses, as they provide first hand experience in

dealing with disasters without requiring an actual disaster (Harpp and Sweeney, 2002). Pa-

ton and Johnston (2001) showed that scenarios are also an effective method for promoting

preparatory behaviour in exposed communities. Yet it is in EM where they are perhaps most

widely and successfully used. Their value to EM has long been known and in most industri-

alised nations, the use of disaster scenarios for emergency response exercises is mandated by

legislation (Selvarajah 1993; CDEM Act, 2002).

This chapter focuses on the development of effective disaster scenarios for EM exer-

cises, using a recent example from a regional-scale New Zealand exercise around a large

plate-boundary earthquake. This exercise was the first regional-scale exercise scenario to be

developed in New Zealand via the co-production of knowledge between EM personnel, dis-

aster scientists, and infrastructure operators. It follows a maximum-credible earthquake on

the Alpine fault and involves all the South Island Civil Defence and Emergency Management

(CDEM) Groups and their associated local councils (Fig. 3.1). This exercise (Exercise Te
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Ripahapa) follows two similar exercises in 2004 (Exercise Pegasus) and 2007 (Exercise Pan-

dora) which also used maximum-credible earthquakes on the Alpine fault. However the 2004

and 2007 scenarios, which were developed primarily by EM personnel with limited science

input, considered only the seismic scenario and its consequent impacts on built infrastructure.

Chapter 2 has demonstrated that a rupture of the Alpine fault is also likely to contain numer-

ous geomorphic effects, widely distributed spatially and temporally. Thus, to be a realistic,

and therefore effective exercise, the disaster scenario for Exercise Te Ripahapa required the

inclusion of detailed geomorphic effects, as well as seismic effects, and the resulting impacts

of both. This chapter outlines the development of disaster scenarios for EM exercises and

presents the Exercise Te Ripahapa scenario as an example of its application. It identifies sev-

eral key knowledge gaps which require further research in order to increase understanding of

an Alpine fault event, and of earthquakes in mountainous environments in general.

Figure 3.1: Location of the South Island, New Zealand, CDEM Groups and their associated local
councils (www.civildefence.govt.nz).
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3.2 Methodology

3.2.1 Disaster scenarios and their required elements

Developing resilience to future disasters from environmental hazards requires a focus on an

integrated socio-environmental system (Berkes et al., 2003; Berkes and Folke, 1998) as, by

definition, a disaster is the result of one or more natural hazards affecting the social system

(Fritz, 1961). Learning from past events enables a better understanding of the ability of social

systems to respond to future disastrous events and provides direct observations of previous

successful and unsuccessful management processes (Alexander, 2000; Folke et al., 2005).

Basing scenarios on previous events for which there is a substantial amount of information

is common (Alexander, 2000; Faccioli, 2006). Nevertheless, simply re-enacting historical

events is unwise as this can limit potential outcomes by allowing players to apply de facto

solutions based upon their knowledge of the historic event (Alexander, 2000; Borodzicz and

van Haperen, 2002). Using previous events as the basis for scenario design and altering

various aspects of the disaster as well as including realistic but unexpected events is a better

option (Alexander, 2000). Using available scientific literature on well-defined prehistoric

events, particularly in an effort to establish the effects such an event would have had to society

today, is also useful. Both these options allow realistic disaster scenarios to be developed

without participants having pre-existing knowledge of the event and the processes required to

respond.

Developing an effective scenario utilises both the implicit and explicit knowledge of those

creating the scenario. Disasters affect the whole spectrum of society, so to produce a real-

istic scenario requires collaboration across all stakeholders. This includes disaster scientists

(physical and social), emergency managers, governance (including politicians), engineers,

local communities, commercial businesses etc. However communicating this knowledge be-

tween the different groups is often impeded by invisible boundaries (for instance terminology)

between the groups that prevent the sharing of knowledge (Carlile, 2002). ‘Boundary organi-

sations’ provide a conduit for sharing this knowledge, and for developing ‘boundary objects’

(e.g. a scenario; Fig. 3.2) which can be used by players from any of the associated groups

without requiring the specific expertise of another group (Star and Griesemer, 1989). The

key element for scenario development is therefore that they are co-produced by all associated

social groups who effectively share their relevant knowledge.

To achieve realistic scenarios of disasters triggered by natural hazards it is important to

include the full complement of hazards that are likely to arise. Natural hazards do not oc-

cur in isolation, as an initial (primary) hazard affects the surrounding environmental system



3.2 Methodology 51

Figure 3.2: Schematic diagram of knowledge boundaries, boundary organisations, and boundary ob-
jects in the development of disaster scenarios (boundary objects).

as well as the social system, often resulting in a series of complexly interlinked cascading

(secondary) hazards (Hewitt et al. 2008; Chapter 2). These can include storm surges and

flooding from hurricanes and typhoons, jokulhaups (glacial outburst floods) from sub-glacial

volcanic eruptions, landslides and debris flows from mountainous earthquakes, and landslide

dams and outburst floods from landslides (see Chapter 2). Considering only the primary haz-

ard in the disaster scenario therefore substantially underestimates the effects, both spatial and

temporal, of the disaster. Recently, several large-scale EM exercises have successfully in-

cluded secondary hazards in the associated disaster scenarios. These include Hurricane Pam

(FEMA, 2004), the Southern California ShakeOut (Jones et al., 2008), and Exercise Capital

Quake and Exercise Ruamoko in New Zealand (www.civildefence.govt.nz). However, these

examples are exceptions as most disaster scenarios, particularly for smaller-scale exercises,

typically only consider the primary hazard. This is especially true of earthquake scenarios

(see Ansal et al., 2009; Faccioli, 2006; Fäh et al., 2001; Hok et al., 2011; Irikura and Miyake,

2011; Reichle, 1991; Slavov et al., 2004).
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The inclusion of secondary hazards in recent large-scale exercises is primarily a result

of wide collaboration between emergency managers, disaster scientists, engineers and criti-

cal infrastructure operators, local-, regional-, and national-governance, and communities (see

Jones et al., 2008). In addition, perhaps their most notable advantage was their scale. All

were large-scale (national-scale in the New Zealand cases) exercises which consequently had

substantial development time, resources (data and funding), and personnel available (Jones

et al. see 2008; FEMA, 2004). For instance the Southern California ShakeOut scenario in-

volved >300 developers and used three different modelling teams each utilising different

super-computers (Jones et al., 2008). For smaller-scale (local- and regional-scale) exercises

this level of development is not possible due to timeframe, resource, and personnel con-

straints. Thus an alternative approach to co-producing disaster scenarios for these exercises

is required.

As stated above, disaster scenarios must consider an integrated socio-environmental sys-

tem. As well as including primary and secondary (and tertiary etc.) hazards, they must

therefore also outline the impacts of these hazards on society. Particular societal elements

are included depending on the intended application, and they can include multiple different

elements or an individual element. For instance, a disaster scenario intended for risk identi-

fication for transportation and access can focus purely on the impacts on transport networks.

Alternatively, a scenario intended for community preparedness should detail the impacts on

a large number of different aspects including transport, power, sanitation, communications,

welfare, business operations, and life safety. Understanding the intended application of the

disaster scenario and the required impact needs are therefore crucial.

Finally, before a scenario can be applied, it must be independently verified (see Bielak

et al., 2010) to ensure that it is both realistic and fit for purpose. This provides an added level

of credibility which is typically desired by those participating in its application. Paton and

Johnston (2001) suggested that for community preparedness applications, achieving consen-

sus between the various participating groups is critical for maintaining empowerment within

these individual groups. Undertaking a process of review and validation can cement such a

consensus by demonstrating that the proposed disaster scenario is generally accepted, even

beyond those involved in its creation and application. For multi-faceted scenarios involving

multiple hazards and impacts on multiple aspects of society it is impractical to expect any

single reviewer to have expertise on all included aspects. Including subject specific experts to

review the relative particular elements as well as two (or more) traditional reviewers for the

whole document is therefore more appropriate. This approach was successfully undertaken

for the 2008 Southern California ShakeOut disaster scenario (Jones et al., 2008) with each
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individual aspect of the scenario independently reviewed (e.g. Bielak et al., 2010), as well as

the scenario as a whole.

3.2.2 Conceptual model

A generic conceptual model of the required contents for disaster scenarios is presented in

Fig. 3.3. It has been developed through review of pertinent literature and from some expe-

rience of the author. First a description of the hazard events which initiate the disaster are

required, based upon information on historic and/or pre-historic events. This information

must include detailed descriptions of the primary and secondary (and tertiary etc.) hazards

that occur. Including potentially unexpected hazards is possible as unpredictability is a defin-

ing characteristic of disasters (Quarantelli, 1998). The hazard scenario thus developed, forms

the foundation of the disaster scenario as its spatial and temporal evolution is the basis of the

resultant social impacts and thus of the disaster scenario as a whole.

Despite the hazards forming the foundation of the disaster scenario, it is their consequent

impacts to society that are of the most interest, regardless of the desired application (Preuss

and Godfrey, 2006). When considering the effects of the hazard scenario on the social system,

the exposure of the elements required for the particular application need to be established

first. The exposure of those elements to the hazard scenario will define the disaster. As stated

above, a hazard which does not affect the social system cannot be a disaster; thus an element

not directly exposed to a hazard cannot be directly affected. Nevertheless, an element can

be indirectly affected as a result of direct (or other indirect) impacts on another element or

elements (see Kameda, 2000). Thus it is important that the spatial and temporal distribution

of all involved elements with respect to each other is also considered (see Preuss and Godfrey,

2006).

Combining the hazard and element exposure yields the vulnerability of individual ele-

ments, and also of society as a whole. The fragility and vulnerability of an element to the

hazard(s) it is directly exposed to determines its consequent impacts. Consideration of any

pre-existing mitigation is also important as this fundamentally alters elements’ vulnerabili-

ties. Finally, the interdependencies between the various elements are necessary to ascertain

indirect losses. Preuss and Godfrey (2006) use the example of building damage to critical fa-

cilities such as hospitals, fire and police stations where collapse of these structures may result

in direct fatalities, but will also have the potential to indirectly increase fatalities elsewhere

through a lack of emergency response.

The disaster scenario thus derives from the vulnerability and the resultant impacts. An

important factor in assessing the consequences of disasters is the remaining functionality of
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Figure 3.3: Conceptual model of the required elements for the design and development of disaster
scenarios. Dashed arrows represent elements included only as required.

the various elements involved as this limits the response (Whitman et al., 1997). For instance,

it is insufficient to know that a road has been damaged by landslides; what is required is a

description of whether this damage is a complete or partial blockage of the road. As well

as considering the spatial extent of impacts, it is necessary to consider their temporal extent

(Alexander, 1995), both within the limits of the disaster scenario and beyond. Understanding

how the effects progress throughout the scenario is evidently important, however participants

must also consider how these effects will develop and perhaps continue after the scenario has

ended, as this may influence their response during the scenario. For instance, following the

1991 Mt Pinatubo volcanic eruption, fluvial remobilisation of unconsolidated pyroclastic de-

posits over six years after the eruption meant lahars were still affecting exposed communities

throughout central Luzon in the Philippines (Leone and Gaillard, 1999).
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The review phase is vital to the credibility of the proposed scenario. An internal re-

view process can be applied in the closing stages of development to ensure group consensus,

which is vital for maintaining empowerment between all involved groups (Paton and John-

ston, 2001). External review can also be used to check the reality of the proposed scenario

and to ensure it is scientifically plausible (Alexander, 2000). This can be important for stake-

holder (participants and governance) confidence in the scenario. Most importantly however,

the review must ensure that the proposed scenario is sufficient to invoke the appropriate re-

sponses and behaviours during its application (Holling, 2004; Park et al., 2013). As long as

the scenario contents are plausible and realistic, their precise details are unimportant as long

as they are eliciting the correct processes to respond to such an event. Thus, the intended

application and outcomes of the disaster scenario must be kept in mind throughout all stages

of development, and should actively sculpt the development of the scenario.

3.3 Application: Exercise Te Ripahapa

In order to illustrate the use of this model, and its effectiveness for EM exercises, the 2013

New Zealand CDEM Exercise Te Ripahapa is briefly described below. For a full account of

the methods undertaken and the complete scenario, see Appendix B. This example demon-

strates the value of the model in local- and regional-scale exercise scenario development. The

Exercise Te Ripahapa disaster scenario was the first regional-scale exercise in New Zealand

to be fully co-developed and also the first to include detailed descriptions of secondary haz-

ards. The scenario and exercise was judged to have been very successful and there is already

evidence of up-take of the scenario beyond CDEM. Furthermore, the development of the sce-

nario directly identified gaps in the current level of knowledge of earthquakes in mountainous

environments, which the following chapters of this thesis address.

3.3.1 Exercise scope

Following the devastating 2010-11 Canterbury earthquake sequence (e.g. Gledhill et al., 2011;

Kaiser et al., 2012), there has been a strong drive by the public and government at all levels

to increase earthquake resilience throughout New Zealand. A country with already relatively

high levels of earthquake mitigation and preparedness, the Canterbury earthquake sequence

has provided an opportunity to instigate policy changes and embed lessons learned as a result

of the disaster (MBIE, 2013). Consequently, Canterbury CDEM Group initiated proceedings

for a regional South Island-wide exercise for an anticipated Alpine fault earthquake (Te Ri-

pahapa is ‘The Alpine fault’ in the Māori language of New Zealand). The exercise aim was
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to practise emergency response procedures resulting from a large-scale earthquake as well as

to implement and test the lessons learned during the Canterbury earthquake sequence. The

exercise was intended to simulate the first 18 hours following the occurrence of an Alpine

fault earthquake, beginning six hours after the mainshock.

The specific requirements for the Exercise Te Ripahapa disaster scenario were to:

• represent a maximum-credible event from an Alpine fault rupture;

• be scientifically plausible;

• be extensive enough to generate regional effects;

• include consequences for critical infrastructure (State Highways, Hydroelectric Power,

and Telecommunications)

• include an estimate of the number and spatial distribution of fatalities; and

• be of high enough probability that it cannot be criticised as an unusual or extreme event.

Previous Alpine fault scenarios (2004 Exercise Pegasus and 2007 Exercise Pandora) had

successfully and accurately included the potential maximum-credible seismic effects of an

Alpine fault earthquake, yet geomorphic effects were largely ignored. However, the geomor-

phic effects of the 2008 Wenchuan earthquake (see Gorum et al., 2011; Huang et al., 2010;

Yin et al., 2009) and the widespread liquefaction and rockfall from the Canterbury earthquake

sequence (Cubrinovski et al., 2011b; Khajavi et al., 2012) demonstrated to the CDEM Groups

the need to include these effects in an Alpine fault scenario. Despite knowledge of the po-

tential seismic effects within the CDEM and partner agencies being high (Exercises Pegasus

and Pandora produced accurate earthquake effects with limited science input), knowledge of

the potential geomorphic effects was significantly lacking. Consequently, Canterbury CDEM

Group enlisted a group of disaster researchers from the University of Canterbury and the

University of Otago to develop the scenario in conjunction with the South Island CDEM

Groups and their associated partner agencies (Table 3.1). The disaster scientists were able

to include their knowledge of geomorphic hazards and their cascading interactions following

large earthquakes (see Chapter 2) to develop a scientifically plausible, maximum-credible and

more complete event.

3.3.2 Scenario summary

The co-production of knowledge can take many different forms. One suggested approach

to co-ordinating such multi-participant collaboration is that of an Integrated Design Team



Table 3.1: Exercise Te Ripahapa participants and their corresponding societal groups.

Discipline Organisation

Disaster

Scientists

University of Canterbury

University of Otago

GNS Sciencea

Emergency

Management

Canterbury CDEM

Marlborough CDEM

Nelson-Tasman CDEM

Otago CDEM

Southland CDEM

West Coast CDEM

Ministry of Civil Defence and Emergency Management

National Crisis Management Centre

Emergency

Services

Coast Guard

Defence Force (Military)

Fire Service

Police

Health

Operators

Ministry of Health

St Johns Ambulance Service

Critical Infrastructure

Organisations

Christchurch International Airport

Chorus (Telecommunications)

Kiwi Rail

Meridian Energy Ltd (Hydroelectric Power)

NZ Transport Agency (NZTA; State Highways)

Telecom (Telecommunications)

Transpower Ltd (HEP Transmission)
aExternal reviewers
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(IDT) as suggested by Reitman (1989). This involves a series of group-based discussions

between the various participants in order to gather the best and most relevant data. It ef-

fectively deals with the issue of pragmatic knowledge (Reitman, 1989), whereby the desired

output is actually a function of the various groups’ knowledge and the specific requirements

the team is attempting to achieve. Reitman (1989) applied this method to the development

of expert systems processes; however it can be suitably adapted for EM exercises and thus a

similar approach was suggested by Preuss and Godfrey (2006). An IDT allows participants

to collaborate and share both knowledge and solution processes via a series of discussion

groups. Mullin (1989) showed that for well-defined problems it is actually the experts’ so-

lution processes and judgements that are important rather than their underlying knowledge.

Thus, including all of the participant groups in a round-table discussion can allow such so-

lution processes to occur, as there is a need to explain systematically the reasoning behind

the various conclusions rather than simply stating the conclusions themselves. Furthermore,

Cooke and Goosens (2004) showed that expert elicitation resulted in no appreciable loss in

detail or realism compared to other methods.

Such a process can expedite scenario development by effectively focussing the various

participants on their own particular value (Reitman, 1989). However, it should be highlighted

that it can require substantial development time which must be effectively managed with

limited timeframes, and can also be subject to personality clashes between participants as

well as professional pride (Reitman, 1989). Nevertheless, IDTs are a practical and easily

applicable method for developing co-produced knowledge and thus were used in the design

and development of the Exercise Te Ripahapa disaster scenario (Fig. 3.4).

These IDT-based discussion groups allowed the disaster scenario development teams to

identify the most relevant information for the exercise. The results of these discussions, which

took place over a four month period (Fig. 3.4), are summarised in Table 3.2. The evidence

for these various conclusions is briefly described below.

Primary hazard

The CDEM were able to achieve detailed and accurate seismic scenarios for previous earth-

quakes by using the large repository of existing scientific literature that has established the

seismic potential of the Alpine fault (e.g. Adams, 1980b; Beavan et al., 2010a; Berryman

et al., 1992, 2012a,b; Bull, 1996; Cooper and Norris, 1990; De Pascale and Langridge, 2012;

De Pascale et al., 2014; Norris and Cooper, 2001; Sutherland et al., 2007; Wells et al., 1999;

Yetton, 1998). The current scientific consensus suggests that a maximum-credible event is

likely to be a full length (⇠400 km) rupture, initiating at a shallow (<12 km) depth, resulting



Figure 3.4: Indicative work-flow of the design and development of Exercise Te Ripahapa showing key inputs, integrated design teams, and timeframes.



Table 3.2: Summary of the key data for the Alpine fault earthquake disaster scenario for Exercise Te
Ripahapa

Summary

Hazards Primary M8.0 earthquake. Epicentre - Aoraki/Mt Cook re-

gion. 400 km bi-directional rupture. Maximum

shaking intensity MM9; whole South Island >MM4

(Fig. 2.4). Shaking duration - ⇠1 min near-field; >2

min far-field.

Secondary ⇠50,000 landslides in MM7+ zone. Landslide dams

on 20 rivers. Debris flows in Aoraki/Mt Cook re-

gion. Outburst floods on 2 blocked rivers. 2 land-

slide generated tsunami in lake and fiord. No ocean

tsunami. Liquefaction in all highly vulnerable soils

(see McCahon et al., 2006c). See Fig. 3.5.

Impacts Fatalities 293 total deaths; 224 in West Coast region. Grey-

mouth worst affected (77); Hokitika (12) and

Queenstown (10) also badly affected. Majority of

fatalities in rural areas. See Fig. 3.6 and Appendix

C.

Highways >1,000 km of road impassable (1/5 of South Is-

land network; Fig. 3.7). 10% of bridges in MM8+

zone catastrophically damaged. All alpine passes

blocked by fault rupture, bridge collapse, and land-

slides/rockfalls. >20,000 people isolated by road;

majority in West Coast region.

Hydroelectric Power No dams structurally damaged; temporary (<2

hours) shut-down of half generation sites. Inter-

Island link remains functional. Transmission lines

damaged by rockfall in alpine passes. Long-term

power loss to >20,000 people in West Coast region

and Queenstown (Fig. 3.7).

Telecomms. Short-term (1-2 hours) saturation-related loss na-

tionwide (both islands). Power loss + tower damage-

related long-term loss for West Coast region and

Queenstown.
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in an Mw8.0+ earthquake. Simple isoseismal modelling suggests a maximum shaking inten-

sity of MM9 in isolated patches along the fault rupture (although MM10 cannot be discounted

in some locations), MM8 along the entire rupture length, and MM5 shaking across ⇠3⁄4 of the

South Island (see Chapter 2; Fig. 2.4).

Secondary hazards

There is substantial evidence of widespread, cascading, secondary geomorphic hazards oc-

curring throughout the South Island dating to known ruptures of the Alpine fault (see Davies

and Korup, 2007; Wright, 1998), and the likely scale and extent of these hazards has been

broadly outlined in Chapter 2. Given the available timeframes and data, a rapid and basic em-

pirical approach for establishing the scale of landsliding was undertaken. This followed the

works of Keefer (1984) and Malamud et al. (2004) as outlined in Chapter 2. These empirical

relationships suggest that for a Mw8.0 earthquake, ⇠50,000 landslides are expected across

an area of ⇠34,000 km2 (see Chapter 2). Further, Keefer (1984) showed that landsliding is

typically most prominent in shaking intensities greater than MM6, although landslides have

been observed at lower intensities under rare circumstances.

With such a large number of landslides it is clearly impractical to generate precise loca-

tions for each individual landslide. The alpine region of the South Island is sparsely inhabited

(⇠50,000 people), with only a few long, thin corridor links crossing the region and connect-

ing the east and west coasts. Thus, the majority of landslides will have no direct impacts

on population or infrastructure. Identifying the relatively small areas where landslides are

likely to have direct impacts for population and/or infrastructure was therefore undertaken

(Fig. 3.5). Of further interest, are those landslides that present an indirect threat to population

and/or infrastructure in the form of landslide dams, outburst floods, and potential debris flows.

For instance, the Aoraki/Mt Cook region in the central Southern Alps is known to be prone

to debris flow hazard, while McCahon et al. (2006a,b,c) identified numerous west-draining

river catchments likely to be blocked by landsliding in an Alpine fault earthquake (Fig. 2.8;

Fig. 3.5).

The precise location of two landslides was included to form large landslide tsunamis as

the potential hazard is considered high (Dykstra, 2012). The first of these was at Milford

Sound in Southland region (Fig. 3.5). Dykstra (2012) investigated the threat of landslide

tsunami at this location and found there had been multiple occurrences in the last ⇠22 ka,

concluding a 1 in 4 likelihood of occurrence during any given Alpine fault earthquake. The

second occurred in Lake Brunner in West Coast region (Fig. 3.5) at the request of the West

Coast CDEM Group to enable them to practise responding to a similar event. The original



62 Developing disaster scenarios

Figure 3.5: Regional-scale geomorphic scenario used in Exercise Te Ripahapa.

request was for a seiche, however during discussions this was considered unrealistic given

Lake Brunner’s close proximity to the Alpine fault.

Fatalities

Various models for estimating fatalities from strong earthquakes were available for the Ex-

ercise Te Ripahapa. However most of these require substantial data inputs and modelling

time, which was not available, so a published empirical method was adapted for the rapid

estimation of fatalities (see Appendix C). This method relied solely on global observations of

the relation between fatality numbers, shaking intensity, and population density. The result

was an estimated total 293 fatalities, 76% of which occurred in West Coast region, with 77 in

Greymouth, West Coast region’s largest town (Fig. 3.6).
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Figure 3.6: Estimated distribution of casualties resulting from an Alpine fault earthquake. Note:
estimate only accounts for fatalities resulting from building collapse due to ground shaking and does
not consider tourist numbers.

State Highways

The State Highway network has long, narrow corridor links with limited redundancy (Fig. 3.7).

Only three routes traverse the Southern Alps connecting the east and west coasts, each of

which crosses the known trace of the Alpine fault and passes through steep terrain prone to

landslides. McCahon et al. (2006a,b,c) concluded that the alpine passes and SH6 in West

Coast region were unlikely to be functional post-earthquake. The NZTA estimated that up to

10% of bridges experiencing MM8 or greater shaking would fail catastrophically (Fig. 3.7).

The remaining bridges were likely to be damaged but useable for emergency vehicles only.

Bridges experiencing MM7 or less were not anticipated to suffer any significant structural

damage. Further, only short (<100 m) sections of one of the alpine passes has any rock-

fall/landslide mitigation, so roads in landslide-prone areas were assumed to be highly vulner-

able to landslide blockages.
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Functionality of the South Island State Highway network following the earthquake was

divided into three categories:

1. Impassable

Road surface substantially displaced by fault rupture or cracking; bridges catastrophi-

cally damaged; fully blocked by landslide/rockfall

2. Disrupted

Road surface damaged by cracking; bridges damaged but useable; partially blocked by

landslide/rockfall

3. Passable

Road surface generally undamaged; bridges intact; no landslides/rockfalls

Figure 3.7: Estimated functionality of the a) State Highway and b) Hydroelectric Power networks
following an Alpine fault earthquake.

Hydroelectric power

According to Meridian Energy Ltd. all South Island hydro-dams are constructed to withstand

MM9 shaking. No dams experience such shaking levels in the present scenario, so none were

inferred to be damaged. Any dams experiencing MM7+ shaking were likely to shutdown for
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safety inspections (Fig. 3.7). The most exposed asset in the HEP network was the transmis-

sion network which distributes electricity around the country. Evidence from the Canterbury

earthquake sequence was used to determine the likely extent of damage during the Exercise Te

Ripahapa scenario. Following both the 4 September 2010 and 22 February 2011 earthquakes,

substations and steel towers were observed to perform remarkably well despite experiencing

shaking intensities >MM8 in several places (Giovinazzi et al., 2011) and it was concluded

that significant damage as a result of ground shaking was unlikely. However, transmission

lines which distribute power to the West Coast region follow two of the main State Highway

routes which were inferred to be completely impassable due to landslides. It was therefore

thought likely that the transmission lines would be severely damaged by landslides in these

locations (Fig. 3.7).

Telecommunications

Telecommunications towers also performed well during the Canterbury earthquake sequence,

according to two major telecommunications providers, so damage to these was inferred to

only be likely from landslides and rockfalls in the alpine regions. Saturation of the network

due to excess use was anticipated to occur in the first 1-2 hours following the event, resulting

in telecommunications loss throughout New Zealand. Power loss was inferred as the main

long-term vulnerability for telecommunications. The region suffering long-term power loss

(Fig. 3.7) would therefore also experience communication loss.

3.3.3 Reflection

The disaster scenario developed for Exercise Te Ripahapa was, to the best of our knowledge,

the first for a regional-scale New Zealand exercise to comprehensively include details of sec-

ondary hazards. Consequently, the scenario was substantially different from the previous

Exercise Pegasus and Exercise Pandora, which also simulated an Alpine fault earthquake.

Notably, Exercise Te Ripahapa involved a far larger spatial distribution of effects than either

of the previous scenarios. Despite the majority of impacts occurring in the West Coast re-

gion, a substantial number of effects, including debris flows, landslide dams, outburst floods

and liquefaction (Fig. 3.5) also affected areas east of the Southern Alps. Landslide tsunamis

were also included for the first-time ever in a New Zealand EM exercise, forcing participants

to carefully consider the required response. The differences in temporal affects between

Exercise Te Ripahapa and Exercises Pegasus and Pandora were also significant. Following

the earlier exercises, the primary long-term concern for EM personnel was continued after-

shocks, however beyond the emergency response the main focus was on long-term recovery.
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Conversely, Exercise Te Ripahapa presented the CDEM and their partner agencies with the

issue of longer-term continuing hazards in the form of debris flows, surviving landslide dams,

increased flooding risks from liquefaction, and aggradation issues from remobilised landslide

material. The exercise participants were forced to confront and consider these longer-term

issues throughout the exercise, resulting in a more realistic process for an Alpine fault earth-

quake. The independent reviews from GNS Science, a New Zealand government-funded

crown research institute, determined that the proposed disaster scenario was scientifically

plausible, realistic, and capable of generating the required processes and behaviours from

exercise participants.

There is evidence of subsequent uptake of the disaster scenario, with CDEM Groups of-

fering the same scenario for a joint international Military table-top exercise several months

after Exercise Te Ripahapa. The disaster scientists involved in the development of the Alpine

fault scenario were also involved in this later exercise, building further vital relationships

with emergency response personnel and facilitating the further dissemination of realistic haz-

ard information for an Alpine fault earthquake. Exercise Te Ripahapa participants who were

involved in the response to the Canterbury earthquake sequence have commented on the re-

alism of the disaster scenario. They observed that the required response processes as well as

time constraints and flow of information during Exercise Te Ripahapa were more represen-

tative of real events during the Canterbury earthquakes, compared to previous exercises such

as Exercise Pegasus and Exercise Pandora.

3.4 Discussion and conclusions

Despite the success of the Exercise Te Ripahapa disaster scenario, a key gap in the current

level of knowledge was identified during the IDT discussion groups. It was noted that without

an accurate ability to forecast landslide number and, in particular, the spatial distribution of

landslides, it was extremely difficult to estimate the subsequent hazards (debris flows, land-

slide dams, aggradation etc.) and the impacts on critical infrastructure. Whilst the use of

empirical models, historic occurrences, and expert elicitation was able to derive a scenario,

there remained the potential for significant inaccuracies in the results, which could substan-

tially alter the resulting scenario. Several methods for estimating regional coseismic landslide

susceptibility exist, including pseudostatic analysis (Stewart et al., 2003), finite-element mod-

elling (Clough and Chopra, 1966), and Newmark displacement modelling (Newmark, 1965).

However, each of these methods requires either a complete historic landslide inventory, or

detailed, densely populated geotechnical information; such data do not exist in New Zealand.
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Establishing a method to estimate the spatial distribution of landslide susceptibility in loca-

tions where no such data exists is therefore a key research gap. In addition, more research is

required towards undertaking robust impact assessments for critical infrastructure networks

and estimating potential restoration times.

In summary, Exercise Te Ripahapa provided an excellent opportunity to directly connect

active Hazard and Disaster science research with end-user groups such as emergency man-

agers and critical infrastructure operators. This is a demonstration of the required collabora-

tion between disaster scientists and EM personnel, amongst others, which can be effectively

coordinated through the process of developing co-created disaster scenarios. Furthermore,

it demonstrates how disaster scenarios can act as effective boundary objects for enabling the

sharing and dissemination of vital hazard knowledge between a variety of differently-affected

social and other groups. Developing disaster scenarios through the co-production of knowl-

edge is therefore vital for any application for which the disaster scenario is intended.

Finally, Exercise Te Ripahapa has generated a substantially increased level of knowledge

amongst all participants about the potential affects of a future Alpine fault earthquake - or in-

deed any major earthquake in mountains. Such knowledge and understanding pre-event may

prove critical in the event of the actual disaster as the resulting geomorphic effects should

no longer present an unexpected consequence. The uptake of the scenario beyond CDEM

suggests that a more widespread understanding of these potential effects is developing, per-

haps enabling more extensive and more focussed pre-event mitigation. As well as fostering

stronger relationships between disaster researchers and CDEM, it has identified further re-

search needs in identifying the information EM personnel require to understand and manage

a future event. The process of developing disaster scenarios is shown to be a vital component

of disaster risk reduction, and the conceptual model and methods undertaken herein present a

framework for the development of future disaster scenarios, regardless of desired application.





Chapter 4

Regional coseismic landslide
susceptibility analysis

4.1 Introduction

The importance of coseismic landsliding in mountainous environments has led to numerous

attempts to model its regional-scale effects since the 1950s (Terzhagi, 1950). The complexity

of the processes involved has led to the development of many different modelling methods

with the most commonly applied being pseudostatic analysis (Bray and Travasarou, 2009;

Stewart et al., 2003), finite-element modelling (Clough and Chopra, 1966), Newmark dis-

placement analysis (Jibson et al., 2000; Newmark, 1965) and statistical analysis methods

(Lee et al., 2008; Miles and Keefer, 2000). However, each of these methods requires the

availability of either densely-populated geotechnical data (i.e. uniaxial compressive strength,

soil behaviour, critical acceleration etc.) throughout the study area, or substantially complete

historic landslide inventories from the region. For many regions around the world however,

such data are not available. The collection of adequate geotechnical data across large areas

is extremely expensive and often infeasible in mountainous terrain. Further, the collection

of detailed and substantially complete landslide inventories has only been possible since the

advent of remote sensing technology in the mid-20th century, yet could not be fully exploited

until the development of computer-based geographic information systems (GIS) in the 1990s

(Xu, 2014). Consequently, Xu (2014) report just 25 published coseismic landslide inventories

globally, of which 13 post-date the advent of GIS and are therefore considered complete and

accurate enough for regional analysis.

In the majority of mountainous regions exposed to high seismic hazard, landslide sus-

ceptibility modelling relies on basic empirical relationships (see Keefer, 1984; Keefer and
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Wilson, 1989; Malamud et al., 2004). Whilst useful to provide first-order estimates of the

likely scale of landsliding, such methods have significant margins of error (see Chapter 2).

Further, these relationships take no account of the topography of the area affected, relying

solely on earthquake magnitude. For instance, the 2010 Mw7.1 Darfield earthquake in Can-

terbury, New Zealand, is estimated by the empirical relationships defined in Chapter 2, to

have produced between 1,200 and 10,500 landslides based on its magnitude. However, this

earthquake affected the predominantly flat Canterbury Plains and consequently only a small

number of rockfalls occurred in the nearby Port Hills; the majority of damage resulted instead

from ground shaking and liquefaction (Cubrinovski et al., 2011a). Clearly there is a need to

establish an accurate and detailed method for analysing regional-scale coseismic landslide

susceptibility to avoid both over- and under-estimating the potential hazard.

The application of fuzzy logic in GIS provides a viable method for such assessment. Sta-

tistical analysis methods have historically accurately modelled specific study areas, yet this

method may also be applicable on a more generic basis. The concept of statistical analysis

methods assumes that the factors influencing slope failures in previous recorded events in a

given area, will similarly influence future slope failures in the same area. However, multiple

conditioning factors influence landslide susceptibility and these factors may have similar ef-

fects across different regions. If these factors can be identified, recognised and statistically

analysed, it may be possible to apply them to model landslide susceptibility in different re-

gions, in the same way that previous methods have modelled susceptibility for specific areas.

This chapter approaches this possibility by analysing three historic earthquakes for which

substantially complete and accurate landslide inventories are available. The aim is to identify

the primary factors that control the spatial distribution of landslides in two of these events, and

test if the identified factors can adequately model landslide susceptibility in the third event,

from which no data has been included. If this is possible and shown to achieve accurate,

meaningful results, those identified factors and their relationships may be applied to other

regions for scenario earthquakes in order to establish the consequential landsliding hazard

posed.

4.2 Previous methods of predicting coseismic landsliding

4.2.1 Pseudostatic analysis

Pseudostatic analysis considers the seismic stability of a given slope in terms of the horizontal

component of seismic shaking in order to determine a factor of safety (Jibson, 2011; Stewart

et al., 2003). Typically it provides a rough approximation of slope stability for preliminary
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assessments only. If the factor of safety is >1 the site passes and does not require further anal-

ysis; however, if the factor of safety is <1 the site fails and requires a more detailed analysis,

using different stability assessment methods (Stewart et al., 2003). To calculate the factor of

safety a maximum horizontal acceleration likely to occur for the particular rock conditions

at the study site is derived. The method has notable drawbacks, particularly that it assumes

the applied earthquake force is a constant unidirectional force applied only in the direction

that promotes failure (Jibson, 2011; Terzhagi, 1950). To counter this most applications use

a pseudostatic coefficient, however these coefficients are primarily calibrated for earth dams

and are therefore not necessarily applicable to natural slopes (Blake et al., 2002; Wieczorek

et al., 1985). In addition, pseudostatic analysis assumes that the slope fails on the same failure

surface on which it would fail aseismically, presenting a possibly non-conservative assump-

tion. Thus despite the simplicity of application, pseudostatic analysis severely over-simplifies

the dynamic landslide processes and thus is not applicable for detailed, regional-scale analy-

sis.

4.2.2 Finite-element modelling

Finite-element modelling is a computational assessment of the response of a dense deformable

mesh to applied earthquake stresses (Jibson, 2011). This model has the potential to be ex-

tremely detailed, representing a slope as a number of different nodes within the mesh, each

of which can deform independently of the surrounding nodes. However, these models are

computationally intensive and require dense, high-quality geotechnical data and soil models

to predict their stress-strain behaviour (Jibson, 2011). As it accounts for the spatial variability

of stress-strain properties in a particular slope, this method is recommended for site-specific

investigations (often following pseudostatic analysis factor of safety results <1) where de-

tailed soil data are available (usually in engineered slopes); however, it is not appropriate for

regional scale analysis or in locations with limited soil data, such as natural slopes (Wasowski

et al., 2011).

4.2.3 Newmark analysis

Newmark displacement analysis effectively bridges the gap between overly simplistic pseu-

dostatic analysis and complex finite-element modelling (Newmark, 1965). The method mod-

els landslides as a rigid block sliding along an inclined plane when the block’s critical ac-

celeration is exceeded. For this, a particular earthquake strong motion record is selected

and analysed, with the block being displaced each time the critical acceleration is exceeded

and the total cumulative displacement calculated. It is then a task for the user to evaluate
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the significance of the cumulative displacement (Jibson, 2011). Newmark analysis has been

shown to accurately predict slope displacements but only if slope properties, soil properties,

and earthquake ground motions are known (Wartman et al., 2003, 2005; Wilson and Keefer,

1983).

4.2.4 Statistical analysis in GIS

Statistical methods have recently been utilised via GIS for the assessment of aseismic land-

slides (see Crozier and Glade, 2005; Guzzetti et al., 1999; van Western et al., 1997). The

method is based on relationships between known historic landslide locations and various

conditioning factors (Remondo et al., 2003b) assuming that future slope failures are likely

to occur under similar conditions as those in the past (Varnes et al., 1984; Carrara et al.

1991; Dai and Lee 2002; Guzzetti et al. 1999). This method is generally considered the

most appropriate for landslide susceptibility analysis at a regional scale because the results

are objective, reproducible, and easy-to-update (He and Beighley, 2008; Naranjo et al., 1994;

Soeters and van Western, 1996; van Western et al., 2006). Thus, similar methods have been

proposed for modelling coseismic landslide susceptibility in combination with fuzzy logic in

GIS (Lee et al., 2008; Miles and Keefer, 2000, 2007, 2009). These methods have been shown

to successfully assess the regional landsliding susceptibility for all landslide types without

the requirement for detailed geotechnical data required by the methods described above (Lee

et al., 2008; Miles and Keefer, 2009). Nevertheless, to perform statistical analysis requires

that the area in question has an historic landslide inventory from which statistical data can be

collected.

In spite of this, a combination of statistical analysis with fuzzy logic in GIS currently

presents the most appropriate method for susceptibility analysis. By expanding these efforts

and analysing landslide occurrence across multiple locations it may be possible to derive

similarly accurate and meaningful results without being limited to a single location.

4.3 Fuzzy logic

4.3.1 Fuzzy set theory

Landslide susceptibility modelling via statistical analysis, like most other models, requires a

number of generalisations and simplifications of the complex processes involved in slope

stability. Uncertainties associated with these necessary assumptions can be increased in

regional-scale studies leading to unreliable results. Fuzzy logic offers a method for modelling

such highly complex systems and effectively deals with uncertainties related to insufficient
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knowledge, data limitations, and ambiguous or imprecise input information (Zadeh, 1965).

Fuzzy logic derives from classical set theory in which an element has a clearly defined rela-

tionship within a set, either belonging (1) or not belonging (0) to that set, therefore achieving

a membership value of either 0 or 1.

cA(x) =

8
<

:
1, x 2 A

0, x /2 A
(4.1)

where cA(x) is the function of element x representing the membership of x in the set A.

Fuzzy logic adapts this theory by employing the concept of partial membership, where

elements can have a varying degree of membership between 0 and 1:

µA(x) 2 [0,1] (4.2)

where µA(x) is the degree of membership of element x to the set A; a value of 1 indicates full

membership, 0 indicates no membership, and values between 0 and 1 are possible. Thus fuzzy

logic can be thought of as a description of the degree of influence set A has over the occurrence

of element x. When undertaken for a variety of different sets, A,B,C, . . ., it becomes possible

to accurately model the most susceptible locations for x to occur based on the distributions of

various categories within those sets A,B,C, . . ..

Establishing the membership function µA(x), is the fundamental component of fuzzy

logic modelling. These functions are defined based on the frequency ratio, Fr, of x with

respect to A. The frequency ratio defines the relative frequency of x in various categories of A

(e.g. a level of shaking intensity or a particular slope angle etc.) against the relative frequency

of x across the entire area.

Fr =
Nxi/NAi

Nx/NA
(4.3)

where Nxi is the number of occurrences of x in category i of set A, NAi is the area of category

i in set A, Nx is the total number of occurrences of x, and NA is the total area of set A.

The resulting frequency ratios are then converted to a fraction of the largest observed value

in order to scale the values between 0 and 1. Membership functions can then be derived

directly from the normalised frequency ratios. Membership functions can be either user-

defined (i.e. based on expert judgement) or data-driven (Fig. 4.1). Data-driven memberships

are most accurate as they ensure the fuzzy membership identically represents the frequency

ratio results; however user-defined functions are most common as they allow the user to

control input assumptions and account for uncertainties/errors in the data (Fig. 4.1). To reduce

the subjectivity of user-defined memberships, the coefficient of determination (R2 value) can

be applied.
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Figure 4.1: Comparison between data-driven and user-defined fuzzy memberships. Data-driven mem-
berships intersect all data points while user-defined memberships have more flexibility and can use
expert judgement to account for uncertainties/errors in the data.

Within GIS various membership functions are available which represent the most com-

mon distributions (Fig. 4.2), however users can define their own functions if necessary. The

fuzzy gaussian and fuzzy near functions define curves which fit a normal distribution, with

the user-defined midpoint fully belonging to the set (1) and values on either side of the mid-

point decreasing in membership at a rate established by the user-defined spread. The fuzzy

near membership is most useful for sets with faster-decreasing membership rates and smaller

spreads. The fuzzy linear function assumes a linear distribution between user-defined mini-

mum and maximum values. The user must also define whether the distribution is increasing

or decreasing thus assigning full membership (1) for values above the maximum or below

the minimum respectively. Fuzzy large defines distributions where larger input values are

more likely to be a member of the set. The user-defined midpoint establishes the location of

membership value 0.5 (the crossover point) and the user-defined spread establishes the rate of

change either side of the midpoint. Fuzzy MS large is identical to fuzzy large except that the

definition of the function is based on a specified mean and standard deviation. Fuzzy small

and fuzzy MS small are the opposite of fuzzy large and fuzzy MS large respectively.
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Figure 4.2: Effect of various user-defined values on the shape of a) Gaussian, b) Linear, c) Large, and
d) Small fuzzy membership curves

4.3.2 Fuzzy overlay

When presented with a variety of different membership sets, A,B,C, . . ., the occurrence of

element x is dependent on how those various membership sets are combined. Fuzzy overlay

operators are therefore used to combine membership sets A,B,C, . . . together on a cell-by-cell

basis into a single fuzzy set (Dubois and Prade, 1985; Zimmerman, 1991). This final fuzzy

set delineates the susceptibility of a cell to the occurrence of element x; high susceptibility

represents cells where the combination of memberships results in a large final membership

value (i.e. close to 1), while low susceptibility represents those with small final values (i.e.

close to 0). This combining of individual memberships is known as aggregation and requires

the user to determine how the memberships are combined to produce a meaningful output.

Again, different types of fuzzy overlay are available within GIS to accommodate the most

common combination styles. These are fuzzy AND, fuzzy OR, fuzzy Product, fuzzy Sum, and

fuzzy Gamma (Bonham-Carter, 1994). Fuzzy AND returns the minimum value of all the sets
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that the cell belongs to and is useful for identifying the lowest common denominator for the

membership of all input data.

f uzzyAND = min(A,B,C, . . . ,n) (4.4)

Fuzzy OR is the opposite of fuzzy AND, returning the maximum value of all the sets the cell

belongs to. This is useful for identifying the highest membership value for any of the input

criteria.

f uzzyOR = max(A,B,C, . . . ,n) (4.5)

Fuzzy Product multiplies the fuzzy values for all input criteria in each cell and thus the output

value will be less than any of the input values. It effectively assumes that the combination of

multiple sets reduces the overall susceptibility of a cell to the occurrence of x and thus is not

often used.

f uzzyProduct =
n

’
i=A,B,C,...

(A,B,C, . . . ,n) (4.6)

Fuzzy Sum is the opposite of fuzzy Product and thus returns output values higher than any

of the input values. In this case it assumes that the combination of sets increases the overall

susceptibility to the occurrence of x and thus, like fuzzy Product, is not often used.

f uzzySum = 1�
n

’
i=A,B,C,...

(A,B,C, . . . ,n) (4.7)

Fuzzy Gamma is the product of the fuzzy Product and fuzzy Sum both raised to the power of

some value, g , between 0 and 1. It is thus a compromise between fuzzy Product and fuzzy

Sum and effectively establishes the relationship between the various membership sets. Fuzzy

Gamma is therefore the most appropriate method for analysing susceptibility for natural phe-

nomena.

f uzzyGamma = (1�
n

’
i=A,B,C,...

(A,B,C, . . . ,n))g · (
n

’
i=A,B,C,...

(A,B,C, . . . ,n))1�g (4.8)

Selection of g is user-defined with a value of 1 returning the same output as fuzzy Sum and

a value of 0 returning the same as fuzzy Product. Values in-between effectively represent

how much relative importance is given to those factors favouring the occurrence of x. Values

closer to 1 give a higher importance to favourable memberships while values closer to 0

give higher importance to unfavourable memberships. Appropriate outputs should produce

relatively small areas of high susceptibility values corresponding to observed occurrences

of x. It is not appropriate to achieve low susceptibility values for known locations of x or

areas of high susceptibility very much larger than the area affected by x. Values of ⇠0.9 are
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most typical for g and Kritikos (2013) showed that such a value provides the best trade-off

between ensuring relatively high susceptibilities in locations where x occurs and relatively

low susceptibilities where x does not. g values >0.9 achieve very high susceptibilities in all

locations due to the higher weighting of favourable memberships, thus over-predicting the

overall susceptibility of the entire area. g values <<0.9 do not produce high values even

at known locations of x due to the weighting for unfavourable memberships and therefore

under-predict overall susceptibility.

4.4 Coseismic landslide datasets

In order to identify those factors (or sets in fuzzy logic) that influence landsliding across mul-

tiple environments, substantially complete landslide inventories from the 1994 Northridge

and 2008 Wenchuan earthquake have been statistically analysed in GIS. The resulting fuzzy

memberships have then been tested on the 1999 Chi-Chi earthquake in order to test their ap-

plicability to other, unrelated environments. Below are brief descriptions of these earthquake

events and the associated landslide inventories.

4.4.1 Northridge earthquake

The 1994 Mw6.7 Northridge earthquake occurred 30 km north of the Los Angeles basin be-

neath the city of Northridge in the San Fernando Valley, Southern California (Fig. 4.3). Slip

occurred along a 14 km long section of a 42° south dipping blind thrust fault (Wald and

Heaton, 1994). The earthquake had a focal depth of 18 km, however little to no slip was

detected within 7 km of the surface and consequently no surface rupture occurred. Peak slip

was estimated at ⇠4 m and average slip is thought to have been ⇠1.2 m. The rate of tectonic

deformation in the region is relatively high with shortening rates estimated at 7-10 mm/a

within 30 km of the epicentre (Donnellan et al., 1993). Consequently, the region has high

seismicity with 15 M>4.8 earthquakes occurring in the greater Los Angeles area between

1920 and 1994 including the 1971 Mw7.1 San Fernando earthquake (Hauksson et al., 1995).

Despite being centred in the San Fernando Valley, the earthquake generated strong shak-

ing intensities (up to MM 9) throughout the surrounding Santa Susana Mountains (Fig. 4.3).

These mountains are bounded by the Santa Ynez fault to the south and the plate boundary

San Andreas fault to the north, with many other active faults within the ranges. As a result

>11,000 landslides were generated across an area of ⇠10,000 km2 with the most distant

located 70 km from the epicentre (Harp and Jibson, 1996). Nevertheless, a distinct 1,000

km2 zone north-west of the epicentre represents the region of most concentrated landsliding
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Figure 4.3: The 1994 Mw6.7 Northridge earthquake. a) Location map; b) Shaking intensity and
epicentre location; and c) coseismic landslide locations.

(Fig. 4.3). Fortunately, landslide-related damage was minor due to a combination of the gen-

erally small volume of the landslides and the sparse population of the affected area; however

there were some road blockages and disrupted services (Harp and Jibson, 1996).

This event was the first to have a digital landslide inventory compiled using remote sens-

ing imagery and GIS (Xu, 2014). A substantially complete landslide inventory containing

11,111 landslides was compiled immediately after the event and is currently freely available

from the USGS. The inventory was compiled via a combination of high-altitude aerial pho-

tographs collected within hours of the initial earthquake, and field investigations which lasted

several days beginning the day after the event (Harp and Jibson, 1996).
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4.4.2 Wenchuan earthquake

The 2008 Wenchuan earthquake occurred in the Longmen Shan mountains of Sichuan Prov-

ince, eastern China (Fig. 4.4). The causative Yingxiu-Beichuan fault is one of three major

faults in the Longmen Shan fault zone which accommodate both dip-slip and dextral strike-

slip motion (Densmore et al., 2007). As a result, the earthquake involved oblique thrust

motion along a >320 km north-west dipping fault (Xu et al., 2009). Rupture originated at

a focal depth of 14-19 km and propagated unilaterally towards the north-east, with surface

rupture present along the entire fault length. Maximum vertical displacements were measured

at 4.5 m while dextral displacements reached 6.2 m (Gorum et al., 2011). The region has a

slow slip rate with <1 mm/a dextral slip and an estimated shortening rate of <3 mm/a (Shen

et al., 2009). Consequently, prior to 2008, only 66 major earthquakes are known to have

occurred in the region since 638 CE, the largest of which was a Ms7.2 in 1976 (Li et al.,

2009).

The Longmen Shan mountains are characterised by extreme relief with elevations up to

7,500 m asl. The mountains are bounded on the south-eastern side by a combination of the

Yingxiu-Beichuan and Pengguan faults, with the major Wenchuan-Maoxian and Qingchuan

faults within the ranges. The earthquake generated MM 9 ground shaking along nearly its

entire rupture length with shaking above MM 6 affecting an area of nearly 100,000 km2

(Fig. 4.4). As a result, Xu et al. (2013) suggested up to 200,000 landslides may have formed

although several more conservative estimates put this number closer to ⇠60,000 (Gorum

et al., 2011; Li et al., 2014; Parker et al., 2011). Up to a third of the estimated 88,000 fatalities

are thought to have resulted from landsliding (Wang et al., 2009).

Following the event, numerous studies of the landsliding were undertaken and various in-

ventories have been compiled (see Gorum et al., 2011; Li et al., 2014; Parker et al., 2011; Xu

et al., 2013). In the present study an inventory of 60,109 landslides identified from high reso-

lution satellite images and air photos was kindly provided by Gorum et al. (2011) (Fig. 4.4).

The images from which this inventory is derived were flown in the weeks following the event

and therefore may include some landslides resulting from strong aftershocks between the

mainshock and the image collection. However, these are thought to be few in number.

4.4.3 Chi-Chi earthquake

The 1999 Mw7.7 Chi-Chi earthquake was centred 7.5 km beneath the town of Chi-Chi in

central Taiwan (Fig. 4.5). The earthquake had a highly complex source, rupturing over 100

km along the Chelungpu fault in a series of jumping dislocations (Shin and Teng, 2001).
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Figure 4.4: The 2008 Mw8.0 Wenchuan earthquake. a) Location map; b) Shaking intensity and
epicentre location; and c) coseismic landslide locations.

Furthermore, the rupture surface was non-planar, with numerous changes in strike. Generally

the fault had north-south strike and a 30° eastward dip (Chi et al., 2001). Thrust motion

predominated with maximum surface displacements of ⇠8 m, however the complex fault

trace resulted in multiple styles of motion including oblique slip (Chi et al., 2001; Shin and

Teng, 2001). The region is tectonically complex, with eastward subduction of the Eurasian

plate beneath the Philippine Sea plate in the south-to-southwest, and northward subduction of

the Philippine Sea plate beneath the Eurasian plate to the north (Angelier et al., 1986). As a

result, the region has an extremely high seismicity rate with ⇠80 mm/a shortening (Yu et al.,

1997) and at least 17 damaging earthquakes during the 20th century.

The Chelungpu fault marks the boundary between the central mountains of Taiwan and
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Figure 4.5: The 1999 Mw7.7 Chi-Chi earthquake. a) Location map; b) Shaking intensity and epicentre
location; and c) coseismic landslide locations.

the coastal plains (Fig. 4.5). The large magnitude of the earthquake resulted in very strong

shaking intensities across a large area with MM 8 covering an area >4,000 km2 and MM 9

occurring at the surface rupture extremities and extending ⇠25 km into the Central Mountain

Range (Fig. 4.5). As a result the earthquake generated >22,000 landslides with the majority

occurring across a 3,000 km2 region (Fig. 4.5; Dadson et al. 2004). Most of the landslides

were shallow debris slides, and a large amount of landslide debris was subsequently reac-

tivated as devastating debris flows in ensuing typhoons (Lin et al., 2003). There were also

at least two very large rock avalanches that occurred and resulted in a total of 78 fatalities

(Chigira et al., 2003).

The landslide inventory used herein was kindly provided by Prof. Hongey Chen of the

National Taiwan University. It was compiled from comparison of pre- and post-earthquake

aerial and satellite images and contains a total of 21,969 landslides. Various other invento-
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ries are also available which contain similar numbers (see Lin et al., 2003) suggesting the

inventory included in this study is substantially complete.

4.5 Inventory analysis and modelling

The approach taken in this research is based on the hypothesis that those factors which con-

trol the regional distribution of coseismic landsliding should be similar for all earthquakes

across similar geotectonic environments. In order to identify those factors, this research does

not consider local factors such as lithology, vegetation cover/type, soil moisture, etc., as these

cannot be applied across multiple locations. Those regionally important factors have been

identified using the Northridge and Wenchuan inventories. Fuzzy memberships are then de-

veloped for each factor and aggregated using the fuzzy Gamma overlay for both earthquakes.

The resulting spatial distribution of susceptibility is evaluated to test the model’s success. To

do this, both inventories in Wenchuan and Northridge are randomly split into two datasets;

one acted as a training dataset from which factors are identified, and the other acted as a test

dataset on which no statistical analysis has occurred, to evaluate the success of the resulting

fuzzy memberships. This provides a test of the model’s predictive capability rather than how

well it fits the (training) data, known as goodness of fit (Chung et al., 1995; Remondo et al.,

2003a). Finally, the derived fuzzy memberships are applied to the Chi-Chi earthquake to es-

tablish how applicable they are beyond the Northridge and Wenchuan environments. Below

are detailed descriptions of each of these phases.

4.5.1 Factor identification

There are two types of factors which define landslide susceptibility: conditioning (intrin-

sic) factors which contribute to a location’s susceptibility; and triggering (extrinsic) factors

which may cause a landslide to occur in a given, already susceptible location. For coseismic

landslides, the triggering factor is strong ground motion, measured either quantitatively as,

for example, peak ground acceleration (PGA), or qualitatively as, for example, MM inten-

sity. Conditioning factors include slope angle, slope aspect, distance from active faults, and

distance from streams, amongst many others. To identify which of these factors control the

spatial distribution of landslides in multiple environments, numerous factors are analysed to

establish how variations within those factors affect the frequency ratio of landsliding. For ex-

ample, to establish the effect of slope angle, a slope map is derived and classified into various

slope angle classes for which the variation in landslide frequency ratio is then assessed. The

results are then compared across both the Northridge and Wenchuan events to identify which
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factors show a good degree of correlation. For those which correlate well fuzzy memberships

are developed, while those which do no correlate are inferred to have only local effects and

are therefore not considered further.

Triggering factor

To test which measure of ground shaking is most appropriate for modelling, both MM in-

tensity and PGA were examined. Interestingly, PGA values did not appear to have a strong

influence on the occurrence of landsliding compared to MM intensity, particularly in the

Northridge event (Fig. 4.6). However, a strong degree of correlation was observed across

both the Northridge and Wenchuan events for MM intensity, with stronger intensities result-

ing in higher landslide occurrences. The lowest shaking intensity inducing landslides was

MM 5, in accordance with numerous observations from other historic events (see Keefer,

1984), and as intensity increased the frequency ratio in both events increased almost expo-

nentially (Fig. 4.6). Such a result is not unsurprising as ground shaking is the triggering factor

and thus it is expected that more landslides will occur with stronger shaking intensities.

Figure 4.6: Landslide occurrence with respect to ground shaking in Northridge and Wenchuan: a)
PGA (g) showing a gaussian distribution in Northridge compared to a large distribution in Wenchuan;
and b) MM intensity showing strong correlation with large distribution and the resulting derived best-
fit earthquake specific and average fuzzy memberships. Note: for MM 4 and 5 both events have
frequency ratios very close to 0.

Conditioning factors

At a regional scale, conditioning factors are generally related to the topography of the region,

although other non-topographic factors also play a role (see below). Thus a key component
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of identifying various conditioning factors is an accurate DEM. The resolution of the DEMs

used should be identical in both study areas to ensure consistency between the factors being

analysed. Selecting the resolution of the DEM involves a trade-off between the desired level

of detail and computational processing times. In this research 60 m DEMs have been used as

these provide a good level of accuracy without involving long processing times. Where the

base DEM was of higher resolution it has been re-sampled to 60 m.

Slope angle

Slope gradient is generally considered to be the most critical conditioning factor regardless of

triggering mechanism. The greater downslope component of gravity at steeper slopes results

in increased gravity-induced shear stress and lower friction because slope-normal stresses

are reduced in slope material increasing its susceptibility to failure. This was seen in both

events, with frequency ratio increasing at similar rates as slope angle increased (Fig. 4.7).

Interestingly, a reduction in frequency ratio is observed in Northridge for slopes >45° which

is not seen in Wenchuan. This likely does not represent some physical process in Northridge

increasing the stability of steeper slopes; instead it is likely a result of only ⇠6% of slopes

>45° occurring in >MM 6 intensity zones. Thus the steepest slopes in Northridge were

not exposed to strong enough shaking intensities to trigger significant landsliding; MM 6

corresponds to a membership value of <0.1 therefore making the likelihood of landslides

being triggered relatively small.

Active faults

The presence of active faults generally reduces the strength of a rock mass primarily by dam-

age during earthquakes (Brune, 2001; Dramis and Sorriso-Valvo, 1994; Kellogg, 2001); how-

ever, other weakening mechanisms such as fault-related gully-slip systems (Korup, 2004a) or

groundwater infiltration and geochemical alterations (Warr and Cox, 2001) also play a role.

The result is that material close to active faults is strongly primed for future failure (Petley,

2012). Thus, frequency ratio was predictably highest immediately adjacent (<5 km) to active

faults in both environments (Fig. 4.7). In Northridge a greater density of active faults resulted

in no landslides occurring at distances >20 km while in Wenchuan landslides were observed

at distances >50 km. Nevertheless, beyond 30 km the frequency ratio in Wenchuan is very

close to 0 (Fig. 4.7) and thus has virtually no effect on the membership shape.
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Figure 4.7: Normalised frequency ratio data and associated earthquake specific and averaged fuzzy
memberships for a) slope angle, b) distance from faults, c) distance from streams, and d) slope posi-
tion.

River systems

The role of river channel incision on hillslope processes and landscape evolution has been

discussed in numerous studies (see Korup, 2004a; Larsen and Montgomery, 2012; Snyder

et al., 2000; Whipple, 2004). Fluvial undercutting, causing high shear stress due to loss of

lateral support, has been identified as a key mechanism of slope instability (Korup, 2004a).

Therefore, proximity to drainage networks has been used as a factor in many landslide sus-

ceptibility studies as a conditioning factor (Akgun and Bulut, 2007; Akgun et al., 2008; Lee

and Sambath, 2006; Süzen and Doyuran, 2004). Thus various drainage-related localised pro-

cesses increasing failure susceptibility (see Dai et al., 2001; Donati and Turrini, 2002; He

and Beighley, 2008) are incorporated. This effect is most pronounced in Wenchuan where

frequency ratio decreases with distance from stream channels (Fig. 4.7). The increase in fre-
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quency ratio in Northridge at distances of 500-1,000 m is of note however. The extent of

shaking intensity does not explain this difference as it is relatively evenly distributed across

each stream distance category. However, >30% of the 500-1,000 m category has slopes

>25°, while >80% of the <500 m category has slopes <20° which may explain the increase

in frequency ratio. Slopes <20° have a membership value of <0.3 while slopes >25° have

values >0.5 thus having a notable effect on the relative likelihood of landslide occurrence.

Slope position

Amplification of seismic waves by topography, known as topographic amplification, is thought

to be a key contributor to landslide occurrences (Buech et al., 2010). Thus, identifying differ-

ent slope positions is potentially a key factor in the spatial distribution of landslides. Buech

et al. (2010) showed that ground motions were most notably amplified on mountain ridges,

thereby promoting failure at these locations compared to mid-slopes. A few studies have

attempted to model the effect of slope position at a regional scale (Lee et al., 2008, 2009).

By adapting the Topographic Position Index (TPI) of Weiss (2001) it is possible to establish

four distinct slope positions: flat ground, valley, mid-slope, and ridge. As expected, in both

the Northridge and Wenchuan events the highest frequency ratios were observed at mountain

ridges and the lowest on flat plains, where frequency ratios were virtually 0 (Fig. 4.7). In-

terestingly however, in Wenchuan, valley bottoms had an equal effect to mid-slopes. This is

likely a result of many lateral spreads (which occur predominantly at river banks in valleys)

being included in the inventory and thus increasing the effect of valley bottoms.

Other factors

Other factors that were investigated included slope aspect, slope curvature, elevation, and

distance from epicentre (Fig. 4.8). Slope aspect did show definite changes in frequency ratio

with different aspect directions, however this could not be correlated across both events.

Northridge appeared to show a fuzzy large distribution as slope aspect rotated from north

facing to approximately southwest-to-west facing slopes; however Wenchuan showed fuzzy

gaussian distribution around east-to-south facing slopes (Fig. 4.8a). A better measure of

slope aspect is likely to be slope orientation compared to direction to source, however this

requires complex modelling of wave propagation which is beyond the scope of this study.

Slope curvature did appear to demonstrate correlation across both events, however there was

very little change between concave and convex slopes with both shapes producing similar

frequency ratios (Fig. 4.8b). Further, curvature is evaluated at a multi-pixel level and thus

results for individual pixels may not be representative of the slope as a whole. Thus curvature
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is inferred to have little impact on landslide occurrence other than that flat slope faces are

less likely to produce landslides than curved slopes. Elevation showed no correlation across

either event; Northridge had a fuzzy small distribution with highest frequency ratio on slopes

250-500 m asl, while Wenchuan had fuzzy gaussian distribution with highest values recorded

on slopes 1,500-2,500 m asl (Fig. 4.8c). Finally, distance from epicentre did show good

correlation and had a very definite fuzzy small distribution (Fig. 4.8d). However, this is

effectively mimicking shaking intensity which on a regional level decreases with distance

from epicentre for point source earthquakes, or fault rupture for finite-source earthquakes.

Thus including distance from epicentre will regionally have the same effect as MM intensity

and is therefore deemed unnecessary.

Thus only MM intensity, slope angle, distance from faults and streams, and slope posi-

tion are expected to control the regional spatial distribution of landslides with similar effects

across multiple environments. These are the factors which will therefore be used to model

landsliding in other regions.

4.5.2 Fuzzy memberships and fuzzy overlay

For each of the five identified controlling factors, three different fuzzy memberships have

been developed: Northridge specific, Wenchuan specific, and average memberships (Figs. 4.7).

In order to remove subjectivity from the development of the region-specific fuzzy member-

ships, these have been fitted using the coefficient of determination (R2). Due to the strong

correlation across both events in each factor, the region-specific memberships, and therefore

the resulting averaged memberships, are, as expected, similar. The only noticeable differ-

ence is in slope position, perhaps reflecting that this effect is less well-defined than the other

factors (Figs. 4.7).

Each of the memberships is user-defined, allowing for known errors and inconsistencies

within the data. For instance, in Wenchuan there is a notable increase in landslide occurrence

on very low slope angles (<10°). Gorum et al. (2011) suggest this is a result of specifically

mapping lateral spreads on river banks which don’t appear to be included in the Northridge

inventory. Thus when fitting the fuzzy membership to the Wenchuan data greater weight has

been given to those observations on steeper slope angles (i.e. not containing lateral spreads)

to better correspond with the Northridge data, resulting in a relatively low R2 value (0.7). If

the two lowest slope angle categories are not included in the best-fit calculations, the R2 for

the Wenchuan specific membership increases to ⇠0.9, a much more appropriate value.

Two different susceptibility maps are then created for each location: one using the mem-

berships derived specifically for the corresponding location, and one using the averaged mem-
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Figure 4.8: Normalised frequency ratio data for a) slope aspect, b) slope curvature, c) elevation and
d) distance from epicentre.

berships. To develop these susceptibility maps, each of the fuzzy memberships is aggregated

using the fuzzy Gamma operator with g = 0.9. The results for each event can then be com-

pared to identify any differences between using the specific memberships and the averaged

memberships (Fig. 4.9). Qualitatively, there appears to be very little difference between ei-

ther model in both locations. This is expected as there is very little difference between the

specific and averaged memberships as a result of the strong correlation across both events.

Nevertheless, quantitative evaluation is required to confirm the applicability and success of

each set of membership functions.



Figure 4.9: Coseismic landslide susceptibility maps for Northridge from a) earthquake specific and b)
average memberships, and for Wenchuan from c) earthquake specific and d) averaged memberships.
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4.5.3 Model evaluation

The aim of model evaluation is: a) to assess how successfully the fuzzy memberships and ag-

gregation process represent the spatial probability of landslide occurrence; and b) to demon-

strate that no meaningful loss in accuracy occurs between the earthquake-specific and average

susceptibility maps. The most commonly applied technique for quantitative evaluation is the

construction of success rate curves (Chung and Fabbri, 1999; Frattini et al., 2010; Remondo

et al., 2003a; van Western et al., 2003). This is based on a comparison between the spatial

distribution of landslides and modelled susceptibility. Success rate curves measure the cu-

mulative percentage of landslides against the cumulative percentage of susceptibility area,

from highest susceptibility to lowest (Guzzetti et al., 2006; Remondo et al., 2003a). To be

successful, the majority of landslides should be modelled by a relatively small area of high

susceptibility; a model achieving 100% success would model all landslides in the area rep-

resented by the highest 1% of susceptibility. Such a graph would have an area under the

curve (AUC) of 1; thus achieving AUC values close to 1 demonstrates a successful model.

Generally, AUC values >0.7 are considered successful, with values <0.7 approaching totally

random performance. AUC values >0.8 represent good model performance, while values

>0.9 are considered excellent.

The success rate curves for Northridge and Wenchuan have been developed using the test

datasets which were not used in factor identification. This confirms whether the memberships

accurately model landslides whose spatial distribution is effectively unknown (predictive abil-

ity rather than goodness of fit). In Northridge the earthquake specific memberships result in

⇠85% of landslides from that event occurring in the area representing the highest 20% of

susceptibility, corresponding to an AUC of 0.909 (Fig. 4.10). In Wenchuan the earthquake

specific memberships result in ⇠73% of landslides in the highest 20% of susceptibility, giving

an AUC of 0.843 (Fig. 4.10). Using the averaged memberships the success curves demon-

strate AUC values of 0.904 and 0.839 for Northridge and Wenchuan respectively (Fig. 4.10).

This demonstrates that the method is applicable and highly successful and, furthermore, that

the averaged memberships result in no meaningful loss in model accuracy. However, an ex-

ternal, independent assessment is required to confirm these memberships are applicable to

other regions.

4.5.4 External analysis

Applying the derived average fuzzy membership curves to another earthquake, for which

no data on the factors controlling spatial distribution of landslides have been collected, is in-



4.5 Analysis & modelling 91

Figure 4.10: Success rate curves of the earthquake specific and average membership functions for the
a) Northridge and b) Wenchuan earthquakes.

tended to demonstrate that the five factors established from Northridge and Wenchuan are also

applicable to other (similarly geotectonic) environments. To establish this, the average mem-

berships should be able to accurately model the spatial distribution of landslides from another

event with a success rate >0.7, and ideally >0.8. This tests whether coseismic landsliding

processes are the same globally, and whether the Northridge and Wenchuan earthquakes are

representative examples.

To do this, the 1999 Chi-Chi earthquake has been modelled. The distribution of slope

angles, streams, and slope positions has been derived from the 60 m ASTER DEM, isoseis-

mals have been digitised from the USGS (USGS, 2014), and active faults are located from

Shyu et al. (2005). These factors are subsequently classified into the same-sized categories

as Northridge and Wenchuan and modelled using the derived average fuzzy memberships

and the fuzzy Gamma overlay (g = 0.9). The resulting susceptibility map (Fig. 4.11) qual-

itatively appears to be a good match to the observed landslide distributions (Fig. 4.5c). As

before, plotting success rate curves show that ⇠90% of landslides occur in the highest 20%

of susceptibility, corresponding to an AUC of 0.924 (Fig. 4.12). This equates to excellent

model performance and is significantly larger than the 0.7 minimum required value and the

0.8 desired value. Furthermore, the success rate for Chi-Chi is higher than that seen for both

Northridge and Wenchuan, suggesting the data from Chi-Chi is more accurately fit by the

average fuzzy memberships than either of these events.

This confirms that those controlling factors identified from Northridge and Wenchuan

appear also to be the dominant control on the spatial distribution of coseismic landslides at

Chi-Chi. Thus, identifying these factors and establishing appropriate averaged fuzzy mem-



Figure 4.11: Modelled coseismic landslide susceptibility for the 1999 Chi-Chi earthquake.
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Figure 4.12: Success rate curve for the Chi-Chi earthquake.

berships allows coseismic landslide susceptibility to be modelled for a given earthquake in

other geotectonic environments similar to Northridge and Wenchuan.

4.6 Discussion

The spatial distribution of landslides in a given geotectonic environment (i.e. a non-glaciated,

fault-bounded mountain system) can be accurately modelled by fuzzy memberships derived

from other similar geotectonic environments. This suggests that regional coseismic landslide

spatial distribution is dominantly controlled by ground shaking, active tectonics, and topog-

raphy. Local factors such as lithology, vegetation cover/type, soil moisture etc. appear to

have only a minor influence; if such factors played a dominant role it should not be possible

to achieve accurate models without their inclusion. This is important for hazard analysis in

mountainous regions lacking coseismic landslide data, where previously such detailed mod-

elling was not possible (e.g. the Southern Alps). Demonstrating that it is possible to model

susceptibility in a region by using data derived from other regions may allow accurate mod-

elling in those places where it has not previously been possible.

Currently, this model can only be assumed to apply to those geotectonic environments
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similar to Wenchuan, Northridge, and Chi-Chi, as it cannot be assumed that spatial distri-

bution in different geotectonic environments is controlled to the same degree by the factors

included, or indeed by the same factors themselves. The applicable environment is defined as

being a primarily non-glaciated, fault-bounded mountainous region such as the Southern Alps

of New Zealand, the Basin and Range in western USA, or the Zagros Mountains in Iran. It is

not known how applicable the model is for heavily-glaciated environments such as Alaska or

the Karakorum Himalayas. The presence of large glaciers and thick ice accumulation zones

may fundamentally alter those factors which control spatial distribution (see McColl et al.,

2012). Performing the above analysis on historic coseismic landslide inventories from earth-

quakes in such regions (e.g. the 2002 Denali earthquake) should therefore be investigated to

establish their applicability.

Thus, despite the very high success rate achieved in Chi-Chi, this model needs to be tested

and evaluated on a variety of other historic earthquake scenarios. This will conclusively test

the model’s applicability and also identify if these user-defined memberships are specific to

fault-bounded mountainous settings or are in fact more widely applicable. Further analysis

of the frequency ratios of other inventories should also be undertaken to fully develop the

average fuzzy memberships which currently are derived from just two events. The high suc-

cess rate for Chi-Chi suggests that the frequency ratios of landslides for each factor in this

event must be very close to the average memberships; if there were significant differences the

model would not have achieved such a high success rate. This is confirmed by analysing the

landslide dataset with respect to each of the five factors. MM intensity, distance from faults,

and distance from streams produce expectedly high R2 values (>0.94) while slope position

produces reasonable results (>0.7).

However, slope angle does not conform to this trend; the highest frequency ratios occur

on slopes 20-25° and decrease as slope angle increases. This is in stark contrast to what

is expected and to the observations of Khazai and Sitar (2003) who showed that 90% of

landslides in Chi-Chi occurred on slopes >45°. However, their observations were based on

field data while the present data have been analysed from a 60 m DEM. In a 60 m DEM,

slopes with angles >45° must have a downslope length of >60 m to be resolved, otherwise

the slope angle will be averaged across the pixel resulting in a smaller angle (Fig. 4.13). The

area affected by landslides in the Chi-Chi event was generally at low elevation with ⇠50% of

landslides occurring on slopes <500 m asl. Local relief in this region was also relatively small

with valley bottoms having elevations of ⇠200 m asl. Thus most of the steep slopes which

initiated landslides (Khazai and Sitar, 2003) are unlikely to have downslope lengths sufficient

enough to be resolved on a 60 m DEM; field photographs from Khazai and Sitar (2003)
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Figure 4.13: Schematic view of the effect of coarse scale (60 m) pixel resolution on slope angles. This
effect causes increased frequency ratio of shallow slopes and decreased on steep slopes in Chi-Chi.

appear to confirm this. Thus frequency ratio will be artificially increased on shallow slopes

and decreased on steep slopes. Nevertheless, excellent model results were still achieved for

Chi-Chi demonstrating that combining multiple factors is able to effectively resolve issues

such as this and suggests the method is robust.

As with all GIS-based statistical methods, this model is particularly sensitive to the qual-

ity and accuracy of the landslide inventories and the input information layers (i.e. the DEM).

The quality of the inventory, which depends on the accuracy of landslide mapping, is crucial

to both training and evaluation stages as the spatial correlation between landslides and fac-

tor categories is the fundamental component of the modelling approach. For the Wenchuan

inventory it is notable that the inventory used herein contains ⇠60,000 landslides compared

to the inventory of Xu et al. (2013) which contains >190,000 landslides. Using an inventory

which is not substantially complete may result in frequency ratios that are not representative

of the complete inventory, thus resulting in incorrect fuzzy memberships. Nevertheless, mul-

tiple other inventories compiled for this event agree with Gorum et al. (2011) that the total

number of landslides for this event was ⇠60,000 (see Li et al., 2014; Parker et al., 2011). No

other study to-date has found the number of landslides in Wenchuan to be substantially larger

than 60,000 and thus this work does not consider the Xu et al. (2013) inventory to be correct.

A final limitation stems from the over-simplification of input data. For instance, the influ-

ence of topographic amplification is based on the TPI (Weiss, 2001) to classify the landscape

into various slope positions. This is a very simplified method to model an extremely com-

plex process and does not take into account other factors such as resonant frequencies or

orientation compared to seismic wave motion, for example. Further, TPI is a scale-dependent

parameter, defining slope position based on changes in slope gradient in surrounding pixels.

Finer pixel sizes will therefore be able to better resolve slope positions; in some instances

in the Northridge and Wenchuan models, ridges are observed adjacent to valleys with no
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mid-slope between as the 60 m pixel size is not fine enough to identify constant slope angles

(mid-slopes). This may explain why the effect of slope position appears relatively less de-

fined than other factors. However, finer resolution DEMs are not necessarily applicable for

regional scale analysis as the computational processing time involved increases dramatically.

4.7 Conclusions

Despite the existence of several methods for the assessment of slope stability during earth-

quakes, regional-scale coseismic landslide susceptibility analysis remains a top research pri-

ority, especially in regions lacking historic landslide inventories and geotechnical data. Herein

a new approach for such analysis is presented based upon fuzzy logic in GIS. Statistical anal-

ysis of the Northridge and Wenchuan coseismic landslide inventories has shown that five

factors (MM intensity, slope angle, distance from faults and streams, and slope position)

are dominant in controlling the spatial distribution of landslides. Based on the frequency

ratio of landslide occurrence within these factors, user-defined fuzzy memberships are de-

veloped and aggregated to produce susceptibility maps for both earthquakes. These models

have shown good-to-excellent model performance and have thus been applied to an external

event, the Chi-Chi earthquake, for which no statistical analysis of the controlling factors was

performed. For this event the model achieved a success rate of 0.924 corresponding to ex-

cellent model performance and demonstrating that this method is able to accurately model

landslide susceptibility even in regions where no data has been included (i.e. where no data

exists). Thus applying this model to areas anticipating future large seismic events with as-

sociated landsliding provides a possible method to better quantify the landslide hazard than

any currently available. Such applications are likely to yield a greater level of understanding

of the entire earthquake-related hazard and thus result in increased societal awareness and,

potentially, resilience.



Chapter 5

Coseismic landsliding estimates for an
Alpine fault earthquake and the
effects on river systems

5.1 Introduction

Landsliding in the Southern Alps is a potential hazard at all times, regardless of cause. Nev-

ertheless, the high seismicity of the region means that large (>M7) earthquakes are common,

with 10 recorded since European settlement, most of which have generated widespread land-

sliding across large areas (Table 2.1). The Alpine fault is the longest fault in the South Island,

stretching for >400 km along the western edge of the Southern Alps (Fig. 2.1) and is thought

to be capable of generating Mw8.0+ earthquakes (Adams, 1980b; Berryman et al., 2012a;

Cooper and Norris, 1990; De Pascale and Langridge, 2012; De Pascale et al., 2014; Hull and

Berryman, 1986; Sutherland et al., 2007; Sutherland and Norris, 1995). Geologic evidence

from previous ruptures suggests that earthquakes on this fault have resulted in large-scale

landsliding within the Southern Alps, with some suggesting that erosion due to the event ex-

ceeds inter-sesimic erosion (Howarth et al., 2012). However, to date, accurately assessing the

likely scale of landsliding from a future rupture has been limited to simplistic and imprecise

empirical relationships, as outlined in Chapter 2. As current estimates suggest that the Alpine

fault is close to its average recurrence interval, and within the error margin (Berryman et al.,

2012a), accurately assessing the scale of landsliding likely to result from rupture of the fault

is urgent and vital to understanding the true hazard posed by an Alpine fault earthquake.

Previously, estimating coseismic landslide susceptibility has required either detailed geo-

technical data or substantially complete historic coseismic landslide inventories for the study
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region. No such data exist for the Southern Alps, and consequently detailed regional coseis-

mic landslide assessments have proved elusive. The method established in Chapter 4 how-

ever, demonstrates that it is possible to accurately model coseismic landslide susceptibility

for a region with no such data by utilising historic landslide inventories in other similar envi-

ronments. Applying this method to a scenario earthquake on the Alpine fault should enable

detailed and accurate modelling of the resulting landslide susceptibility. However, despite the

method showing good success in modelling susceptibility in Taiwan, it has yet to be shown to

be successful in New Zealand. Thus before it can be applied to an Alpine fault earthquake, it

must first be shown to be able to successfully model historic coseismic landslide occurrences

in New Zealand.

Coseismic landsliding is an important process in landscape evolution; Li et al. (2014)

showed that during the Wenchuan earthquake, the total volume of landslide debris produced

was comparable to that of the volume of rock uplifted by the earthquake. Subsequent fluvial

remobilisation of this landslide material can have dramatic consequences in the form of aggra-

dation on alluvial fans and floodplains and the infilling of reservoirs as seen in Wenchuan and

Chi-Chi. Landsliding in large earthquakes therefore plays an important role in the erosion of

active mountain ranges and the evolution of active alluvial fans both within and outside the

mountain range. Assessing the potential scale of landsliding likely to occur from an antic-

ipated earthquake is therefore a vital component of pre-disaster hazard assessments and of

understanding landscape evolution processes.

This chapter will present strong evidence that landsliding following two earthquakes in

Fiordland in 2003 and 2009 can be modelled successfully using the method developed in

Chapter 4. The method is then applied to a scenario earthquake on the Alpine fault (see

Chapter 2 and 3) to estimate the scale and spatial distribution of landsliding likely to result

from this event. The total number and volume of landslides are estimated using observations

from the three inventories presented in Chapter 4 and the two Fiordland earthquakes presented

herein. Finally, the potential scale of erosion and aggradation likely to result from an Alpine

fault earthquake is estimated for some of the South Island’s major river systems.

5.2 Background erosion rates in the Southern Alps

As a result of the rapid uplift along the range-bounding Alpine fault, the Southern Alps are

some of the fastest-eroding mountains on earth. Regional erosion rates match uplift (up to

12 mm/a; Norris and Cooper 2001), suggesting the Southern Alps are in an overall dynamic

equilibrium (Adams, 1980a; Wellman, 1979). Consequently, west-draining river catchments
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typically drain far smaller areas than east-draining catchments: the average catchment area

for order 6 or higher west-draining rivers is ⇠1,300 km2 compared to ⇠4,500 km2 for east

draining catchments (Fig. 5.1). Stream order is a measure of a river’s branching complexity

with larger numbers corresponding to larger, more powerful rivers. Stream order effectively

measures the scale of upstream inputs; combining two first-order streams forms a second-

order stream, two second-order streams form a third-order stream etc.

In total, using the National Institute for Water and Atmospheric Research (NIWA) River

Environment Classification (REC) system, there are 36 river catchments of order 6 or above

draining >70% of the South Island, with an almost even split between east-draining and

west-draining rivers (Fig. 5.1). As a result the Southern Alps form tall, steep mountains with

deeply incised river valleys. By contrast, Fiordland to the south has a much lower uplift and

erosion (<1 mm/a) and consequently consists of lower mountains with high vertical cliffs

and spectacularly-glaciated valley systems.

The NIWA suspended sediment yield (SSY) model (Fig. 5.1; NIWA, 2014) shows that

erosion is highest in the central Southern Alps where annual rainfall is extremely high (Hicks

et al., 1996) and uplift rates are at a maximum. Suspended sediment is estimated to account

for ⇠50% of total river sediment capacity (Davies and McSaveney, 2006). Thus, the to-

tal amount of material removed annually can be estimated by converting SSY, measured in

tonnes/a (t/a), into sediment volume SV :

SV =
2SSY

r
(5.1)

where r is the density of suspended sediment in t/m3, inferred to be close to 2.5 t/m3, corre-

sponding to the densities of schist and greywacke which comprise the majority of the South-

ern Alps and therefore contribute the majority of suspended sediment.

Total annual denudation in the central Southern Alps is up to 1 cm/a for west-draining

catchments. Outside the central Southern Alps, erosion rates are substantially lower, reach-

ing a minimum of <0.01cm/a (Table 5.1). Howarth et al. (2012, 2014) showed that these

background erosion rates persisted for ⇠250 years between earthquakes, with a >40 year

‘pulse’ of increased sediment yield following each major earthquake, suggesting that sub-

stantial erosion occurs in the major river catchments as a result of Alpine fault earthquakes.



Figure 5.1: a) Overview of the Southern Alps and Fiordland within the South Island; b) erosion rates
in the form of suspended sediment yield (from NIWA); c) major (order 6+) river catchments; and d)
active alluvial fans of major river systems - see Rattenbury and Isaac (2012) for rock unit descriptions.
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Table 5.1: Annual suspended sediment yield (SSY) and resulting denudation for the South Island
order 6 or greater river catchments.

Catchment
Catchment Area Alluvial Fan SSY Denudation

(km2) area (km2) (Mt/a) (cm/a)

Aorere 365.4 14.7 3.6 0.01

Arawhata 930.6 83.2 729.1 0.69

Ashburton 1,600.0 83.2 31.2 0.02

Ashley 1,149.8 93.6 8.4 0.01

Awatere 1,574.5 79.5 20.2 0.01

Buller 6,379.6 378.7 282.5 0.04

Clarence 3,300.7 184.3 64.8 0.02

Clutha 20,608.3 1,240.0 904.5 0.04

Grey 3,948.8 466.6 236.6 0.05

Haast 1,355.6 84.5 595.1 0.37

Hokitika 1,066.6 200.0 632.9 0.58

Hollyford 1,129.9 192.5 199.1 0.17

Hurunui 2,669.4 246.2 105.1 0.03

Karamea 1,211.7 41.9 14.9 0.01

Karangarua 408.2 27.4 249.9 0.53

Mataura 5,357.8 381.9 69.1 0.01

Mokihinui 751.4 22.7 28.5 0.03

Motueka 2,058.0 84.2 34.6 0.01

Okuru 467.9 45.7 312.0 0.59

Opihi 2,375.9 210.0 16.3 0.01

Oreti 3,513.2 516.6 26.0 0.01

Pelorus 891.1 25.4 23.7 0.02

Rakaia 2,830.4 445.1 451.0 0.15

Rangitata 1,816.1 298.6 162.7 0.09

Selwyn 2,027.1 415.4 14.4 0.01

Taieri 5,702.8 366.8 32.6 <0.01

Taramakau 1,002.9 186.7 219.4 0.22

Waiatoto 529.1 39.1 428.6 0.70

Waiau (Canterbury) 3,330.7 382.0 280.6 0.08

Waiau (Southland) 8,217.2 814.8 128.8 0.01

Waiho-Callery 290.3 58.4 340.4 1.17
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Table 5.1 – continued from previous page

Catchment
Catchment Area Alluvial Fan SSY Denudation

(km2) area (km2) (Mt/a) (cm/a)

Waimakariri 3,608.9 589.1 314.3 0.08

Waimea 771.1 52.6 10.9 0.01

Wairau 3,582.0 318.6 80.8 0.02

Waitaki 11,887.7 820.3 334.0 0.02

Whataroa 593.5 65.3 483.5 0.73

5.3 Methods

5.3.1 Coseismic landslide modelling

Assuming the processes controlling the spatial distribution of coseismic landsliding in New

Zealand are the same as those in Northridge, Wenchuan, and Chi-Chi, the fuzzy member-

ships and modelling process outlined in Chapter 4 should achieve similarly accurate results

when applied to a modelled Alpine fault earthquake. To ensure that these memberships are

applicable to New Zealand, they are first applied to two earthquakes in Fiordland in 2003 and

2009 for which landslide inventories are available. These inventories have not been used for

traditional statistical analysis (see Lee et al., 2008; Miles and Keefer, 2000) as the number

of landslides produced (⇠400 and ⇠200 respectively) are relatively small compared to the

tens of thousands included in the inventories in Chapter 4, making statistical analysis of the

controlling factors less robust. Nevertheless, they are sufficient for testing the applicability of

the fuzzy memberships.

The Fiordland earthquakes

The epicentre of the 2003 Mw7.2 Fiordland earthquake was at the mouth of Thompson Sound

near Secretary Island (Fig. 5.2) at a depth of ⇠20 km (Hancox et al., 2003; Power et al.,

2005). The earthquake generated a maximum of MM 9 shaking primarily in the uninhabited

region west of Lake Te Anau, although MM 6-7 shaking did cause some damage in Te Anau

80 km away (Fig. 5.2). As a result, >400 landslides were initiated in a region extending

20-30 km from the main fault rupture zone (Fig. 5.2; Hancox et al. 2003). Most of these

occurred on slopes of 35-60° or more and ranged in volume from a few cubic metres to a

maximum of ⇠700,000 m3. One landslide fell into Charles Sound and caused a tsunami with

maximum wave run-up of 4-5 m above high tide level, damaging a helipad and wharf (Power
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Figure 5.2: Extent of landsliding and shaking intensity from the a) 2003 Mw7.2 Fiordland earthquake
and b) 2009 Mw7.8 Fiordland earthquake.

et al., 2005).

The epicentre of the 2009 Mw7.8 Fiordland earthquake was at the mouth of Dusky Sound

on the Puysegur subduction zone (Fig. 5.2) at a depth of ⇠30 km, with rupture propagating

up-dip to a depth of ⇠15 km (Fry et al., 2010). Despite its large magnitude, the event gen-

erated far lower onshore shaking intensities than the smaller 2003 event: MM 7 compared

with MM 9 (Fig. 5.2). This is thought to have resulted from a combination of the oceanward

rupture directivity (i.e. up-dip) and a relatively small amount of radiated seismic energy (Fry

et al., 2010). Consequently, the earthquake produced far fewer landslides (⇠200) than the

2003 event (Fig. 5.2).

Modelling results

Application of the average fuzzy memberships derived in Chapter 4 resulted in the suscep-

tibility maps shown in Fig. 5.3 for the Fiordland earthquakes. High (�0.7) susceptibility

for the 2003 event covers ⇠2,300 km2 while for the 2009 event it covers an area of ⇠1,000

km2. This confirms the results of other authors (see Keefer, 1984) that shaking intensity is

a more relevant indicator of coseismic landslide occurrence than earthquake magnitude. Ac-
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Figure 5.3: Fuzzy logic-derived susceptibility maps for the a) 2003 and b) 2009 Fiordland earth-
quakes. Mapped landslides indicated as dots.

curate modelling of intensities for future events is therefore essential for useful susceptibility

modelling.

Quantitative assessment via success curves for each event confirms that this method is

applicable to the New Zealand environment (Fig. 5.4). For the 2003 Fiordland earthquake the

model estimates 43% of landslides in the 20% highest susceptibility values, corresponding

to an acceptable but low AUC of 0.749. The model achieves a much higher success rate for

the 2009 event, with 93% of landslides in the highest 20% of susceptibility giving an AUC of

0.912. Thus, each model has exceeded the minimum success rate of 0.7, with the 2009 event

achieving excellent model performance. This further establishes the appropriateness of the

fuzzy membership models in Chapter 4 and confirms their applicability to the New Zealand

environment.

5.3.2 Deriving the scale of landsliding

Total landslide number

Calculating the total number of landslides likely to occur directly from the spatial distribution

of susceptibility is difficult, as susceptibility does not determine whether a landslide will oc-

cur, only its relative likelihood. Analysing susceptibility maps developed for historic events
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Figure 5.4: Success curves for the 2003 and 2009 Fiordland earthquakes.

however, makes it is possible to relate susceptibility values to observed landslide occurrence

and spatial density. This therefore directly links the area of susceptibility to the number of

landslides which occur. Combined observations of multiple events thus provide an opportu-

nity to estimate landslide number for a given scenario. Classifying the continuous suscepti-

bility values into discrete classes (0.0-0.1, 0.1-0.2, 0.2-0.3 etc.) is therefore necessary. Using

the three events from Chapter 4, as well as the two Fiordland earthquakes described above,

shows the large variability in landslide density with respect to susceptibility class (Table 5.2).

Establishing the most likely landslide densities for each susceptibility class is therefore re-

quired. Ideally, probability distributions would be derived, as this would allow likelihoods

to be assigned to the total landslide number estimates. However this is not meaningful with

such a small sample set. Consequently, the standard error of the mean (SEM) is used instead.

The SEM (Fig. 5.5) provides a method for establishing average values from small sam-

ple sets. The SEM is the standard deviation of the sample mean’s estimate of a population

mean. The sample mean is the calculated average value of a given sample of a population;

it effectively uses a small sample of a population to estimate the average value for the en-

tire population. However, different samples from the same population can potentially have

widely varying sample means. The SEM describes the potential variability in the sample

mean for a given sample size, or alternatively, estimates a likely range for a given sample



Table 5.2: Landslide densities (per km2) observed in five historic inventories whose landslide susceptibility has been modelled herein for each susceptibility
class. NA - corresponding susceptibility value not present; a zero value demonstrates that the susceptibility class is present but no observed landslides occur
within that class.

Earthquake
Susceptibility class

0.0-0.1 0.1-0.2 0.2-0.3 0.3-0.4 0.4-0.5 0.5-0.6 0.6-0.7 0.7-0.8 0.8-0.9 0.9-1.0

Northridge 0 0 0 0.001 0.016 0.134 0.604 2.621 8.144 21.289

Chi-Chi 0 0 0 0.001 0.015 0.054 0.342 2.230 8.154 21.394

Wenchuan 0 0 0.008 0.050 0.195 0.589 0.808 1.885 4.787 8.919

Fiordland (2003) 0 0 0 0.001 0.002 0.033 0.027 0.034 0.028 0

Fiordland (2009) 0 0 0 0 0.002 0.013 0.031 0.083 0.058 NA
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Figure 5.5: Standard error of the mean (SEM) calculates the standard deviation of a sample mean in
order to estimate a possible range within which the true population mean exists. For particularly small
sample sets compared to the total population, extreme end member values account for the possibility
of extreme occurrences.

within which the population mean most likely exists (Fig. 5.5). The SEM is calculated from

the sample standard deviation, ss, and the sample size, n and is thus completely independent

of the population size:

SEM =
ssp

n
(5.2)

For natural phenomena, such as landsliding, it is useful to establish extreme values be-

yond the calculated mean range. This allows for the possibility that the event in question may

not represent an average event, instead being more extreme in its nature. It also accounts

for the fact that the sample size herein is very small compared to the overall population size.

Extending the calculated range by a single sample standard deviation accounts for this and

ensures the increased range is not arbitrary. Thus for coseismic landsliding it is possible

to identify the most likely range between which average landslide densities exist, as well

as some plausibly extreme high and low values. Applying the SEM method to the data in

Table 5.2 establishes such a range of densities for each susceptibility class (Table 5.3).

It is immediately apparent that this suggests that under extreme circumstances, an earth-

quake will not produce any landslides regardless of the corresponding susceptibility values.

This is intuitively meaningful because, as stated above, susceptibility does not identify if



Table 5.3: Calculated landslide densities (per km2) for each susceptibility class using the SEM method. Values calculated represent the Sample Average, the
likely range within which the true population mean exists (Minimum Average and Maximum Average), and Extreme Minimum (= Minimum Average - ss)
and Extreme Maximum (= Maximum Average + ss) values.

Susceptibility class

0.0-0.1 0.1-0.2 0.2-0.3 0.3-0.4 0.4-0.5 0.5-0.6 0.6-0.7 0.7-0.8 0.8-0.9 0.9-1.0

ss 0 0 0.004 0.022 0.084 0.242 0.342 1.225 4.065 10.405

SEM 0 0 0.002 0.010 0.037 0.108 0.155 0.548 1.818 5.202

Extreme Minimum 0 0 0 0 0 0 0 0 0 0

Minimum Average 0 0 0 0.001 0.008 0.056 0.208 0.822 2.416 7.698

Sample Average 0 0 0.002 0.010 0.046 0.164 0.362 1.369 4.234 12.900

Maximum Average 0 0 0.002 0.011 0.054 0.221 0.570 2.191 6.650 20.598

Extreme Maximum 0 0 0.005 0.033 0.138 0.462 0.916 3.416 10.715 31.003
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landslides will occur, only the locations where a combination of factors make occurrence

relatively more likely. Thus, for any given earthquake it cannot be guaranteed that any land-

sliding will occur. However, realistically, if an earthquake is able to produce even medium-

to-high susceptibility values it seems extremely unlikely that no landslides will occur. At

the other end of the scale landslide densities are extremely high, reaching >31 landslides

per km2 in the very highest susceptibility values. Achieving such extreme densities seems

unlikely but cannot be discounted especially since both Northridge and Chi-Chi were able to

produce densities of >21 per km2.

Applied to the five inventories herein, the SEM results are able to successful predict

the number of landslides that occurred in each event despite the large range in observed

densities (Table 5.4). For the Northridge, Wenchuan, and Chi-Chi earthquakes, the extreme

scenarios were not required as the potential range of the sample mean is sufficient to predict

(or get very close to) the number of landslides observed. For the two Fiordland events, the

Extreme Minimum prediction is closer to the observed values suggesting these two events

were extreme cases. Nevertheless, the SEM method does show that more landslides would

have been expected from the 2003 event compared to the 2009 event, demonstrating that it is

more applicable than simple empirical methods. Further, while still having a sizeable error,

the SEM method does achieve more accurate results than empirical methods. For instance,

for the 2009 Fiordland earthquake empirical methods suggest up to 28,500 landslides would

have occurred while the SEM method suggest it would not have exceeded 11,000. Hence,

qualitatively these results appear reasonable and able to suggest most likely values as well as

plausible extreme scenarios.

Table 5.4: Predicted number of landslides from the SEM method for the five inventories included
herein compared to the observed number of landslides.

Inventory
Observed

landslides

Ext.

Min.

Min.

Avg.

Sample

Avg.

Max.

Avg.

Ext.

Max.

Northridge 11,111 0 3,186 5,640 8,826 14,233

Chi-Chi 21,969 0 7,814 13,986 21,800 35,417

Wenchuan 60,109 0 33,301 57,344 90,645 141,889

Fiordland (2003) 455 0 4,554 8,511 13,065 21.882

Fiordland (2009) 233 0 2,035 4,108 6,143 10,780
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Total landslide volume

Calculating total landslide volume is important for evaluating sediment yield as a result of

the earthquake (see Li et al., 2014) and for establishing the amount of material available

for remobilisation and therefore aggradation. Estimating landslide volumes however is a

difficult task, particularly when dealing with a large number of individual landslides and

especially when attempting to estimate volume prior to an event. Estimating volumes for

each individual landslide from site-specific data is impractical when dealing with such large

numbers (hundreds-to-tens of thousands) and thus often a more empirical/statistical approach

is undertaken (see Guzzetti et al., 2009).

Brunetti et al. (2009) analysed 19 landslide datasets resulting from a variety of different

triggers both on Earth (subaerial and submarine) and on other planetary bodies. They showed

that the probability of any given landslide having a particular volume followed a negative

power law with average component value b ⇠�1.3 (range 1.0-1.9), such that:

p(VL) = kV�1.3 (5.3)

where p(VL) is the probability density of landslide volume, VL, in m3 and k is constant for

a given event. This behaviour was independent of lithology, slope morphology, triggering

mechanism, and length of period (e.g. instantaneous (coseismic) or during a prolonged pe-

riod (sustained rainfall)) and extent of area covered by the dataset. In doing so, this method

provides an appropriate means for estimating the total volume of landslide debris likely to re-

sult from any given number of landslides. When applying this to a future earthquake scenario,

calculating k is crucial to determining the total volumes of landslides produced. Historic in-

ventories for which total landslide volume estimates exist make this possible.

A generated random number, RAND, between 0 and 1 can be used to calculate a landslide

volume with a corresponding exceedance probability. As RAND is randomly generated, there

is only a 10% chance that it will exceed 0.9 etc. Thus, if RAND = 0.9, V is the volume for

which there is a 10% exceedance probability, or alternatively, V is the volume which exceeds

that of 90% of all landslides. If RAND is therefore considered to represent the probability that

V is less than some value V 0, then RAND is effectively equal to 1 minus the integral between

V 0 and • of the probability density function, p(VL):

RAND = 1�P(|V �V 0|) (5.4)

= 1�
Z •

V 0
kV�1.3 dV (5.5)

The range from V 0 to • is required because the limit on potential individual landslide volume

is thought to be very large but remains unknown. However, this is impractical and effectively
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makes the equation unsolvable. Setting an upper bound therefore allows V to be calculated

but has the negative effect of limiting individual landslide volumes to less than the upper

limit. Therefore, the upper limit must be set at a significantly large volume to allow all re-

alistic landslide volumes to occur. This requires identifying the largest realistically plausible

individual landslide volume.

Brunetti et al. (2009) noted that because landslides >1 km3 are so rare (probability density

<10�11), they could not be certain the established probability distribution accurately repre-

sented the occurrence of such landslides. Furthermore, for those inventories studied herein

the largest identified landslide is the Daguangbao landslide in Wenchuan whose volume is

estimated at ⇠1 km3 (Huang et al., 2012). Geologic evidence of previous Alpine fault earth-

quakes also suggests that the largest landslide to result is the 1 km3 John O’Groats landslide

(see Chapter 2 and Hall et al. (2014) for a discussion of the 27 km3 Green Lake landslide).

Thus, it seems reasonable to expect that in any given landsliding event, the largest likely

landslide will have a volume  1 km3. Of course, larger landslides do exist and are therefore

possible (see Appendix A for an example) however, they are inherently extremely unlikely,

representing extreme events that cannot realistically be considered for a hazard analysis such

as this. Thus, equation 5.5 becomes:

RAND = 1�
Z 109

V 0
kV�1.3 dV (5.6)

making it possible to solve for V 0 for each RAND value.

Solving for k requires generating the same number of RAND values for all landslides in

the corresponding inventory (i.e. 11,111 RAND values for the Northridge inventory etc.), and

calculating their V 0 initially assuming k = 1. Summing for all values of V 0 gives the total

landslide volume estimated for that inventory. k is therefore the ratio between the estimated

and observed total volumes. Repeating this method multiple times in a Monte Carlo approach

accounts for the use of random numbers and identifies a potential range of k values. The

optimum number of trials in Monte Carlo simulation can be derived by applying ‘stopping

rules’. A standard stopping rule within the SEM method is to stop the trials when the SEM

is <1% of the sample mean (Buslenko, 1966). The appropriate number of trials, Nt , can be

calculated from:

Nt = (
ss

0.01ss
)2 (5.7)

Thus, for the data used herein, at least 10,000 trials are required.

Of the inventories included herein only the Northridge and Wenchuan earthquakes have

published total volume estimates. Harp and Jibson (1996) estimated that total landslide vol-

ume from the Northridge earthquake (11,111 landslides) was ⇠0.12 km3 while Li et al. (2014)
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estimated ⇠2.8 km3 for Wenchuan (57,150 landslides, comparable to the estimate of Gorum

et al. 2011). Monte Carlo estimates for total landslide volume when k = 1 for the Northridge

earthquake were 100-1,000 times too large while for Wenchuan they were 10-100 times too

large; thus k is inferred to be between 0.001 and 0.1. The large range is likely the result of

local factors such as lithology, however without knowledge of the effect of different litholo-

gies on k this cannot be taken into account. Nevertheless, once the number of landslides for

an earthquake scenario has been estimated, total landslide volume can also be estimated for

this range of k values.

5.4 Results

5.4.1 Coseismic landslide susceptibility for an Alpine fault earthquake

To model the spatial distribution of landslide susceptibility expected from a future Alpine

fault earthquake, the distribution of MM intensity shaking is required, and this has been

outlined in Chapters 2 and 3 (Fig. 2.4). Despite some evidence suggesting the Alpine fault is

bimodal and able to produce Mw6.5-7.0 earthquakes (see De Pascale et al., 2014), the general

scientific consensus is that the fault is capable of full-length rupture (Mw8.0) events and has

regularly produced such events over the last 8,000 years (see Berryman et al., 2012a). Given

the fault’s potential it is prudent to assess the landslide hazard likely to result from an Mw8.0

earthquake. Distance from active faults was derived from the known active faults map shown

in Fig. 2.1, while the other factors can be derived directly from the 60 m DEM of the South

Island (resampled from the 2002 25 m DEM from Landcare Research to match the resolution

of other DEMs used in this research).

The results of the landslide susceptibility modelling for a Mw8.0 Alpine fault earthquake

are shown in Fig. 5.6. High (>0.7) susceptibility values cover an area >16,300 km2, affecting

almost the entire central Southern Alps. Susceptibility values >0.5 cover an area of ⇠50,000

km2 or >1⁄3 of the South Island, stretching almost the full length and breadth of the Island. It

is clear that the highest susceptibility values are heavily focussed on the western range-front,

between the Alpine fault and the main divide, and also on the moraines west of the fault

(Fig. 5.7). These very high susceptibility values stretch the entire length of the fault rupture

and correspond to the locations of many identified rock avalanches throughout the South

Island (Fig. 2.7; Hancox and Perrin 2009; Korup 2005a; Whitehouse 1983). It is also notable

that south of the Marlborough fault system high values are generally confined to a relatively

narrow zone west of the main divide; however, where the Marlborough faults meet the Alpine

fault, this zone widens dramatically, extending for ⇠40 km east of the fault rupture, compared



Figure 5.6: Coseismic landslide susceptibility model resulting from a Mw8.0 Alpine fault earthquake.
Enlargements of insets in Fig. 5.7.



Figure 5.7: Coseismic landslide susceptibility in the a) Aoraki/Mt Cook region, and b) Marlborough fault region of the central Southern Alps.
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to <20 km south of the Marlborough system (Fig. 5.7). This is likely a direct result of the

presence of the Marlborough faults and suggests that this region has the potential for very

widespread landsliding, corresponding to the observations of Whitehouse (1983) and Bull

(1996).

5.4.2 Total landslide number

Applying the SEM-derived landslide density values to the Alpine fault susceptibility model

can establish most likely and extreme scenarios for consequential landsliding (Table 5.5).

The extreme minimum scenario suggests that no landslides occur; a perhaps feasible, but

extremely unlikely, scenario. The extreme maximum scenario suggests that >175,000 land-

slides could occur. Again, such a number appears feasible, but is considered extremely

unlikely. Without direct evidence to suggest an Alpine fault earthquake would be an ex-

treme event, it is more likely that the total number of landslides will be between 40,000 and

⇠110,000, with a sample average suggesting around 70,000 landslides (Table 5.5). Even

these more conservative estimates demonstrate that landsliding from an Alpine fault event is

likely to be catastrophic and widespread, with the potential to generate total numbers similar

to, or even in excess of, those recorded in Wenchuan.

Table 5.5: Area and number of landslides in each susceptibility class for an Alpine fault earthquake
using the five SEM derived cases.

Susceptibility
Area (km2)

Extreme Minimum Sample Maximum Extreme

Class Minimum Average Average Average Maximum

0.0-0.1 74.1 0 0 0 0 0

0.1-0.2 13,705.2 0 0 0 0 0

0.2-0.3 30,290.9 0 0 49 49 157

0.3-0.4 31,067.4 0 21 325 346 1,028

0.4-0.5 24,963.4 0 209 1,145 1,354 3,447

0.5-0.6 18,010.2 0 1,016 2,962 3,977 8,328

0.6-0.7 16,479.0 0 3,421 5,971 9,392 15,096

0.7-0.8 8,178.2 0 6,719 11,199 17,918 27,934

0.8-0.9 6,427.4 0 15,529 27,213 42,742 68,866

0.9-1.0 1,737.4 0 13,375 22,413 35,788 53,865

Total 150,933.2 0 40,289 71,277 111,566 178,722
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Landslide magnitude

The exact number of landslides may not be the best measure for comparing landslide events.

Malamud et al. (2004) suggested an appropriate method to compare the scale of landsliding

between events was to use a landslide-event magnitude, ML, rather than the exact number of

landslides, NLT , such that

ML = logNLT (5.8)

This is because total landslide number has been observed to cover several orders of mag-

nitude and can therefore often be difficult to directly compare. For instance, consider the

cases of the Chi-Chi, Northridge, and the 2009 Fiordland event. The difference in absolute

landslide number between Fiordland and Northridge is ⇠11,000, virtually identical to the dif-

ference between Northridge and Chi-Chi (Table 5.6). However, comparing ML demonstrates

that Northridge is in fact on a similar scale to Chi-Chi (Table 5.6) despite experiencing ⇠1⁄2

the total number of landslides and despite Chi-Chi and Fiordland having similar earthquake

magnitudes. Estimates for the Alpine fault earthquake suggest that it could experience up to

ML5.3, but is more likely to have ML4.6-5.1 with a sample average of ML4.9. Thus, despite

demonstrating that total landslide number could fall between a large range of values, it is

evident that landsliding is likely to be of a similar scale to that which was observed in the

Wenchuan earthquake (ML4.7).

Table 5.6: Comparison of total landslide number (NLT ) and landslide magnitude (ML) for the 1994
Northridge, 1999 Chi-Chi, and 2009 Fiordland earthquakes.

Northridge Chi-Chi Fiordland

Earthquake magnitude (Mw) 6.7 7.7 7.8

Total Landslide number (NLT ) 11,111 21,969 240

Landslide magnitude (ML) 4.0 4.3 2.4

5.4.3 Total landslide volumes

Once the total number of landslides for an Alpine fault earthquake has been estimated, the

total landslide volume can also be estimated. To do this, 10,000 trials are undertaken for

each of the SEM-derived landslide number scenarios (Table 5.5) for 20 different values of k,

increasing linearly between 0.001 and 0.01, and 0.01 and 0.1 (⇠500 trials per k value).

The results of the Monte Carlo modelling for each of the five landsliding scenarios are

shown in Fig. 5.8. This shows that the largest total volume observed is ⇠8 km3 when
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>175,000 landslides occur, although this number also produces total volumes as low as 0.07

km3 (70 ⇥106 m3) depending on the value of k. Taking all 50,000 calculated total volumes,

the first (Q1) and third (Q3) quartiles suggest that total volume is likely to be between ⇠0.05

km3 and ⇠1.5 km3 with a median (Q2) of ⇠0.3 km3. However, if the 10,000 scenarios with

zero landslides are ignored (Extreme Minimum), then the quartile volume ranges substan-

tially increase to between 0.2 km3 and 2 km3 with a median of 0.5 km3. It should be noted

however, that a single very large landslide (i.e. several hundreds of thousands of cubic metres

or larger) could substantially increase this volume. For instance, the Daguagbao landslide

(see Huang et al., 2012) accounts for nearly half the total volume produced in Wenchuan ac-

cording to Li et al. (2014). Had this landslide not occurred, total volume in Wenchuan (>2

km3; Li et al. 2014)would be similar to that estimated for an Alpine fault earthquake, which

is estimated to have a similar number of landslides.

The majority of landslides are anticipated to be small in volume (Brunetti et al., 2009),

with most of the total volume being contributed by just a few large-volume events (e.g.

Daguangbao in Wenchuan). Calculating the precise distribution of volumes allows identi-

fication of the number of landslides likely to present a major hazard. Herein this boundary

is arbitrarily defined, for the purpose of illustrating the point, as those landslides >10,000

m3. Calculating the percentage of landslides corresponding to various volumes (Table 5.7)

demonstrates that nearly 60% of all landslides produced will have volumes <10 m3, while

landslides larger than ⇠10,000 m3 account for just ⇠4% of the total number. Thus, of the to-

tal number of landslides estimated (Table 5.5) between 1,400 and 4,000 are likely to present a

major hazard (i.e. larger than 10,000 m3), although this could be as high as 6,300 (Table 5.7).

Landslides greater than 10,000 m3 also present a possible landslide dam hazard, particu-

larly if they fall into narrow river valleys or gorges. Smaller volume landslides are unlikely

to be sufficiently large to result in any significant blockage. Following the Wenchuan earth-

quake, >250 landslide dams formed throughout the entire 100,000 km2 landslide-affected

zone (Xu et al., 2009). The largest was the >20 million cubic metre Tangjiashan landslide

which blocked the Jiang River to a height of 82 m, impounding a lake of ⇠316 million cubic

metres that stretched up-valley for 20 km submerging several towns and key access routes

(Peng and Zhang, 2012). Modelling of the potential outburst flood suggested peak flow rates

could reach ⇠32,000 cumecs (m3/s) which posed a substantial hazard to >1.2 million peo-

ple. While the population of the South Island is significantly smaller, and far less people and

infrastructure exist in the Southern Alps compared to Wenchuan, given the scale of landslid-

ing estimated from an Alpine fault earthquake, landslide dams will clearly present a major,

Island-wide hazard.



Figure 5.8: Monte Carlo modelling results for total landslide volume for each of the five SEM derived total landslide numbers for an Alpine fault earthquake.
Boxes denote limits of Q1 and Q3 quantiles; thick black line shows median (Q2) value.
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Table 5.7: Percentage of total landslides corresponding to minor and major landslide hazards for each
of the landslide number scenarios considered for an Alpine fault earthquake. The Extreme Minimum
scenario is not included as it contains zero landslides.

Volume (m3)
% total Minimum Sample Maximum Extreme

landslides Average Average Average Maximum

Minor Hazard

<10 58.87 23,718 41,960 65,679 105,213

10-99 22.36 9,008 15,937 24,946 39,962

100-999 10.38 4,182 7,398 11,580 18,551

1,000-9,999 4.84 1,950 3,450 5,400 8,650

Subtotal 96.45 38,858 68,745 107,605 172,376
Major Hazard

10,000-99,999 2.27 915 1,618 2,532 4,057

100,000-999,999 0.99 399 705 1,104 1,769

1,000,000-9,999,999 0.29 117 207 323 518

>10,000,000 <0.01 0 2 2 2

Subtotal 3.55 1,431 2,532 3,961 6,346

5.5 Consequent erosion and aggradation

To understand the environmental impacts of coseismic landsliding, analysing the effects on

major river catchments is an especially good measure (Korup, 2005b; Korup et al., 2004). Of

particular interest is the amount of erosion and subsequent aggradation that occurs through

remobilisation of landslide debris within each catchment. Understanding how much erosion

occurs as a result of a particular earthquake is vital to understanding both mountain build-

ing processes (Li et al., 2014; Parker et al., 2011) and the medium-to-long-term response

of major river systems. Understanding post-seismic aggradation is particularly important in

New Zealand, and especially the West Coast region, as farming activities, one of the ma-

jor economies of the West Coast region, occur primarily on active alluvial fans close to the

range-front, because they have fertile soils (formed from historic landsliding and aggrada-

tion events) and adequate rainfall. Large-scale and long-term aggradation, as shown to occur

post-Alpine fault earthquake (see Chapter 2 and Howarth et al. 2012, 2014), could have poten-

tially devastating effects for the farming community and the West Coast region, and perhaps

national, economy.

For a regional-scale study, South Island river catchments of order 6 or larger are investi-
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gated. There are 36 river catchments of order 6 or higher in the South Island with an almost

even split between east-draining and west-draining rivers (Fig. 5.1). To quantify the relative

impacts of landsliding between catchments an Impact Factor is calculated. Larger catchments

are generally expected to produce more landslides as landslide number is directly related to

area. The Impact Factor therefore establishes the relative rate of landsliding across a given

catchment area, identifying those catchments with relatively high rates of landsliding for their

area:

ImpactFactor =
NC/NLT

AC/AT
(5.9)

where NC is the number of landslides in the catchment, NLT is the total number of landslides,

AC is the area of the catchment, and AT is the total area. Catchments with Impact Factors

>1 are producing more landslides per area than the average, while those <1 produce fewer

landslides (Table 5.8).

Of the 36 order 6 or larger catchments, 16 have Impact Factors >1, contributing >65% of

the total landslide number despite covering just ⇠20% of total South Island area (Table 5.8).

The Taramakau, Waiho-Callery and Hollyford are the worst affected, producing on average

more than seven times more landslides than the average for their catchment areas. Further, out

of these 16 worst affected catchments, 12 are west-draining (Table 5.8). Of the east-draining

catchments the Canterbury Waiau is the worst affected, producing nearly twice as many land-

slides as the average. This demonstrates that while landsliding impacts are anticipated to be

greatest west of the main divide, there will still be substantial effects east of the main divide.

The other order 6 or greater catchments produce less than half as many landslides as expected

and thus, only the 16 worst affected catchments are considered further.

5.5.1 Erosion and denudation

To estimate erosion and denudation resulting from an Alpine fault earthquake, the total vol-

ume of landslide debris generated in each catchment is calculated using the same method for

estimating total landslide volume for the whole South Island. This shows that in the Buller

and Grey catchments, the largest of those considered, total volumes are estimated to be up to

>100 million cubic metres, while in the smaller catchments they are unlikely to exceed ⇠10

million cubic metres (Fig. 5.9). Nevertheless the Taramakau and Hollyford catchments both

have the potential for up to 100 million cubic metres total volume despite being less than a

third of the size of the Buller and Grey catchments. This is a result of the large number of

landslides anticipated to occur in these catchments and further highlights that these will likely

be some of the worst-affected. Notably, each of the east-draining catchments are anticipated

to yield >10 million cubic metres, further demonstrating that landsliding impacts will not be



Figure 5.9: Results of Monte Carlo modelling for total volume of landslide debris for the 16 worst affected catchments. The Extreme Minimum SEM values
(0) have not been included in modelling.



Table 5.8: Total number of landslides and resultant average Impact Factor for order 6 and above South Island river catchments. Impact Factor is average for
all four scenarios.

Catchment Area (km2) % total Min Avg Sample Avg Max Avg Ext Max Impact Factor

Taramakau 1,002.9 0.7 2,088 3,570 5,659 8,816 7.56

Waiho-Callery 290.3 0.2 593 1,012 1,605 2,491 7.41

Hollyford 1,129.4 0.7 2,208 3,771 5,979 9,318 7.10

Hokitika 1,066.5 0.7 1,943 3,318 5,261 8,189 6.61

Karangarua 408.1 0.3 556 946 1,502 2,340 4.93

Okuru 467.8 0.3 606 1,034 1,640 2,555 4.70

Whataroa 593.4 0.4 763 1,301 2,063 3,226 4.67

Grey 3,948.8 2.6 4,837 8,278 13,115 20,483 4.45

Arawhata 930.6 0.6 1,129 1,929 3,057 4,796 4.41

Haast 1,355.3 0.9 1,452 2,483 3,935 6,194 3.90

Waiatoto 529.0 0.4 530 905 1,435 2,240 3.64

Waiau (Canterbury) 3,330.6 2.2 1,715 2,983 4,699 7,574 1.90

Rakaia 2,830.6 1.9 1,349 2,329 3,677 5,905 1.75

Buller 6,379.2 4.2 1,793 4,867 7,659 12,355 1.62

Waimakariri 3,608.7 2.4 1,541 2,671 4,212 6,779 1.58

Hurunui 2,669.3 1.8 872 1,528 2,400 3,903 1.22

Subtotal 30,540.5 20.2 23,975 42,925 64,588 107,164 2.95
Rangitata 1,816.2 1.2 244 439 683 1,151 0.51

Ashley 1,149.9 0.8 130 235 365 619 0.43



Table 5.8 – continued from previous page
Catchment Area (km2) % total Min Avg Sample Avg Max Avg Ext Max Impact Factor

Waitaki 11,887.7 7.9 1,155 2,142 3,297 5,628 0.38

Ashburton 1,600.0 1.1 158 285 443 750 0.38

Clarence 3,299.9 2.2 269 522 791 1,407 0.33

Clutha 20,608.5 13.7 1,089 2,190 3,279 5,628 0.22

Waiau (Southland) 8,217.0 5.4 338 694 1,031 1,891 0.17

Wairau 3,582.0 2.4 119 272 391 763 0.15

Opihi 2,375.9 1.6 70 158 229 444 0.13

Mokihinui 751.4 0.5 15 42 56 121 0.11

Waimea 771.0 0.5 14 42 55 124 0.10

Awatere 1,574.6 1.0 25 74 99 220 0.09

Selwyn 2,027.0 1.3 31 67 98 187 0.07

Motueka 2,057.6 1.4 18 62 81 188 0.06

Oreti 3,513.4 2.3 14 50 64 151 0.03

Mataura 5,357.0 3.5 11 48 59 150 0.02

Pelorus 891.2 0.6 1 8 9 25 0.02

Taieri 5,702.8 3.8 4 28 32 89 0.01

Karamea 1,211.5 0.8 1 5 6 18 0.01

Aorere 365.3 0.2 0 0 0 1 <0.01

Total 109,300.4 72.4 28,681 50, 287 78,976 127,016 0.97
South Island Total 150,933.2 100.0 40,289 71,277 111,566 178,722 1.00



124 Alpine fault landsliding estimates

limited to the West Coast region; there will be substantial impacts east of the main divide

also.

Calculating the instantaneous denudation corresponding to each of the defined quartiles

(Q1, Q2, and Q3) for total volume demonstrates that substantial amounts of erosion are likely

to occur in each of the catchments (Table 5.9). Denudation is calculated across the entire

catchment area where deposition is not inferred to occur (i.e. the catchment area minus the

active alluvial fan area, see Table 5.1). Denudation is highest in the Hokitika, Hollyford,

Taramakau, and Waiho-Callery catchments were it will most likely be ⇠1-10 cm. The least

affected catchments are the Buller and Hurunui where denudation will most likely be ⇠0.2-2

cm. Nevertheless, the yearly denudation equivalents are perhaps most important, demon-

strating which catchments will experience the most erosion compared to annual background

erosion rates.

In those catchments where annual erosion is highest (Fig. 5.1; Table 5.1), coseismic de-

nudation is most likely equivalent to ⇠1-10 years worth of erosion (Table 5.9). However,

outside of the central Southern Alps where annual erosion rates are far lower (Fig. 5.1; Ta-
ble 5.1), coseismic denudation is equivalent to between ⇠5 and >50 years worth of erosion,

and could be as much as >100 years of erosion. The worst affected in this respect is the Grey

catchment, where denudation is estimated to be between 10 and 100 years worth of average

annual erosion. Such levels of erosion occur virtually instantaneously and thus have the po-

tential to be catastrophic for these catchments. This is true even for those catchments in the

central Southern Alps where erosion is estimated to be ‘only’ <20 years worth; generating

even just several years worth of erosion instantaneously is still a catastrophic event.

This suggests that in the west-draining central Southern Alps catchments, long-term ero-

sion is primarily a function of long-term rainfall processes with Alpine fault earthquakes

playing a minor role. However, in the east-draining, northern (Buller, Grey, Taramakau),

and southern (Hollyford) catchments, Alpine fault earthquakes appear to play a more domi-

nant role. Nevertheless, the east-draining and northern catchments are also regularly affected

by large earthquakes on each of the Marlborough faults as well as minor subsidiary faults,

however it is not within the scope of this thesis to establish how Alpine fault-related erosion

compares to other earthquakes, although it is possible with this method. Substantial erosion

was recorded in the Buller catchment following the 1929 Murchison (Pearce and O’Loughlin,

1985) and 1968 Inangahua (Adams, 1981) earthquakes, while the 1929 Arthurs Pass earth-

quake resulted in the >60 million cubic metre Falling Mountain landslide in the Taramakau

catchment (Whitehouse, 1983).

This work shows that Alpine fault earthquakes provide a substantial contribution to the



Table 5.9: Landslide-generated denudation corresponding to the Q1, Q2, and Q3 quartiles of total
volume estimates (see Fig. 5.9) and corresponding yearly denudation equivalents compared to annual
denudation. EQ = Earthquake

Catchment
Annual EQ denudation (cm) Year equivalent (yrs)

denudation (cm) Q1 Q2 Q3 Q1 Q2 Q3

Grey 0.05 0.54 1.16 5.50 10.0 21.3 101.2

Hollyford 0.17 1.08 3.03 11.91 6.3 17.8 70.1

Buller 0.04 0.24 0.57 2.53 6.3 15.1 67.3

Taramakau 0.22 1.17 3.52 13.03 5.4 16.4 60.6

Hurunui 0.03 0.19 0.55 2.07 5.4 16.0 59.6

Waiau (Cant.) 0.08 0.32 0.93 3.51 4.2 12.3 46.1

Waimakariri 0.08 0.28 0.81 3.05 3.3 9.8 36.6

Rakaia 0.15 0.31 0.90 3.40 2.0 5.9 22.5

Hokitika 0.58 1.01 3.06 11.29 1.7 5.2 19.3

Haast 0.37 0.57 1.68 6.32 1.5 4.5 16.9

Karangarua 0.53 0.65 1.95 7.32 1.2 3.7 13.9

Okuru 0.59 0.63 1.88 7.12 1.1 3.2 12.0

Waiho-Callery 1.17 1.09 3.25 12.33 0.9 2.8 10.5

Arawhata 0.69 0.64 1.92 7.22 0.9 2.8 10.5

Whataroa 0.73 0.67 2.01 7.50 0.9 2.7 10.2

Waiatoto 0.70 0.47 1.39 5.26 0.7 2.0 7.5
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long-term erosion of the east-draining and northern Southern Alps catchments and are per-

haps the dominant erosion mechanism for the southern Hollyford catchment. As well as this,

Alpine fault earthquakes appear to have a large (although not dominant) affect of erosion in

the west-draining catchments in the central Southern Alps.

5.5.2 Aggradation

The majority of landslide debris will be remobilised and transported downstream by river

processes (Howarth et al., 2012; Korup, 2005b; Korup et al., 2004). Initially, deposition

will occur within the river channel; however, given the large amounts of landslide material

available in combination with South Island rivers being predominantly shallow (<3 m deep),

braided systems, the majority of deposition is expected to occur on the rivers’ active allu-

vial fans. Observations of aggradation following the 1999 Poerua outburst flood showed that

aggradation predominantly occurred on the active Poerua fan (Davies et al., 2005; Hancox

et al., 2005; Oven, 2004). Using the New Zealand 1:250,000 Geologic Maps (QMaps; Rat-

tenbury and Isaac 2012), the youngest quaternary (Holocene) alluvial deposits are inferred to

represent the current active fans of the rivers considered (Fig. 5.1). Thus the maximum area

within each catchment on which aggradation could occur has been calculated (Table 5.1).

In the medium-to-long-term, suspended load is presumed to be transported offshore.

Therefore, assuming suspended load accounts for half the river carrying capacity (Davies

and McSaveney, 2006), ⇠50% of landslide material has the potential to be mobilised as bed-

load and deposited on active alluvial fans. Nevertheless, Korup et al. (2004) showed that the

amount of landslide material remobilised by rivers varied greatly for three different landslides

in the central Southern Alps. Following the Falling Mountain landslide in 1929, the majority

of landslide debris has remained in situ below the failure scarp. Conversely, 10-30% of the Mt

Adams landslide which blocked the Poerua River in 1999 had been reworked and deposited

on the active fan within 5 years. The Gaunt Creek landslide periodically produced relatively

small slips between 1918 and 1965 with virtually all material being reworked downstream

and deposited on the Waitangi-taona River alluvial fan, of which Gaunt Creek is a tributary,

causing it to change course (Korup et al., 2004). Thus, herein an estimate of 60% of river

bedload, or 30% of total landslide volume, is inferred to be involved in aggradation. It should

be noted however, that fine grained sediments found on the Whataroa alluvial fan are inferred

to be the result of aggradation from overbank deposits following a large earthquake in the

1600s (Davies and Korup, 2007). Overbank deposits are formed from suspended sediment

during flooding and therefore the aggradation values derived herein may be under-estimated.

Spreading the total corresponding volumes for each catchment (Fig. 5.9) across the entire
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active alluvial fans allows minimum aggradation depths for each catchment to be estimated

(Table 5.10). This shows that several centimetres to several tens of centimetres of aggra-

dation are expected on the active fans of each catchment; in extreme circumstances several

catchments may experience ⇠0.5 m or more of aggradation. However, sediment will almost

certainly not be deposited equally nor will it affect the entire alluvial fan. Following the

Poerua outburst flood, aggradation affected only a ⇠5 km length of the active fan proximal

to the range-front (Davies et al., 2005; Hancox et al., 2005), despite the whole alluvial fan

stretching >20 km from the range-front to the sea. Further, this occurred despite the 10-15

million m3 of landslide material being deposited upstream in the Poerua gorge, of similar

scale to the median estimated total volumes for many of the studied catchments (Fig. 5.9).

Table 5.10: Depth of aggradation deposits on active alluvial fans corresponding to the Q1, Q2, and
Q3 total volume quartiles for the 16 worst-affected catchments (see Fig. 5.9).

Catchment
Active fan

area (km2)

Aggradation (cm)

Whole Fan Area Half Fan Area

Q1 Q2 Q3 Q1 Q2 Q3

Grey 466.6 6.8 14.5 69.1 13.6 29.0 138.2

Buller 378.7 5.1 12.3 54.8 10.2 24.6 105.6

Hollyford 192.5 3.6 10.3 40.3 7.2 20.6 80.6

Taramakau 186.7 3.4 10.4 38.4 6.8 20.8 76.8

Waiau (Cant) 382.0 3.4 9.9 37.3 6.8 19.8 74.6

Hokitika 200.0 3.2 9.6 35.3 6.4 19.2 70.6

Waimakariri 589.1 3.0 8.8 33.2 6.0 17.6 66.4

Rakaia 445.1 2.6 7.7 29.2 5.2 15.4 58.4

Haast 84.5 2.6 7.7 29.0 5.2 15.4 58.0

Arawhata 83.2 2.0 5.9 22.1 4.0 11.8 44.2

Hurunui 246.2 1.6 4.8 18.1 3.2 9.6 36.2

Whataroa 65.3 1.3 3.8 14.3 2.6 7.6 28.6

Okuru 45.7 1.0 2.9 10.8 2.0 5.8 21.6

Waiho-Callery 58.4 0.9 2.7 10.3 1.8 5.4 20.6

Karangarua 27.4 0.9 2.7 10.1 1.8 5.4 20.2

Waiatoto 39.1 0.8 2.4 9.3 1.6 4.8 18.6

Consequently, the areas affected by aggradation are likely to be substantially smaller

than the whole active alluvial fan systems. Arguably less than half the total areas will be

affected suggesting the values can be at least doubled (Table 5.10). Thus for several of
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the catchments, aggradation depths could reach up to ⇠1 m or more. Further, these values

are average depths. Davies and Korup (2007) showed that during aggradation events, the

maximum depths occurred at the range-front and gradually decreased to zero some distance

downstream. Following the Poerua event, maximum aggradation depths at the range-front

reached ⇠20 m (Davies and Korup, 2007). Further, multiple buried soils at depths of several

metres have been identified throughout the central West Coast region, assumed to result from

a previous large earthquake (Berryman et al., 2001; Davies and Korup, 2007), suggesting that

previous aggradation depths have been on the order of several metres. The results herein are

in strong agreement with these observations, suggesting that within the 16 studied catchments

average aggradation depths are expected to be up to ⇠1 m, with substantially larger maximum

depths at the range-front likely.

5.6 Discussion

The low (but still acceptable) success rate for susceptibility modelling of the 2003 Fiordland

earthquake is likely to result from several factors. Firstly, several landslides appear to have

occurred within Lake Te Anau (Fig. 5.2), however the landslide data were collected by aerial

reconnaissance which would not be able to conclusively identify submarine landslides. It is

more likely that these are misplaced subaerial events. The same may be true for the landslides

located in the valley bottoms to the northeast of Lake Te Anau, which more likely originated

on the steep valley walls that have substantially higher susceptibility. With such a small sam-

ple set (⇠400), misplacing even a small number of landslides into areas of low susceptibility

can have a noticeable effect on the success curves. Simply removing those landslides thought

to be misplaced increases the success rate to ⇠0.76, while including them using susceptibility

values from the inferred true locations increases the success rate to ⇠0.78.

Secondly, a large number of landslides in 2003 occurred very close to the epicentre in an

area that has only mid-to-high (0.5-0.7) susceptibility values. These values likely result from

the lack of a nearby onshore active fault and very few stream systems, as shaking intensities

and slope angles in this area are high. It is notable that these landslides cluster to the fiord

shoreline. The effect of the shoreline on landslide occurrence has not been incorporated into

the fuzzy memberships, however it almost certainly plays a significant role in slope stability,

likely being similar to the fluvial undercutting process of river systems. Furthermore, the

remote nature of Fiordland makes detailed fault mapping difficult and thus very few active

faults have been identified in the region (Fig. 2.1). Given the large number of active faults

elsewhere throughout the South Island it seems unlikely that no such faults exist in Fiordland.
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Thus the susceptibility values observed in this epicentral region likely represent minima; even

marginally higher values in this region would substantially increase the success rate.

The results herein have focussed on number of landslides as the inventories included

utilise point data. Ideally landslide areas would be derived instead as this is more accurate for

deriving total landslide volume (see Li et al., 2014) and can provide a more accurate view of

where the largest landslides are likely to occur. However, this requires detailed polygon data

for the inventories considered, which is not available, particularly for the Fiordland datasets.

The results herein must therefore be considered as order of magnitude estimates, which is

suitable for the regional-scale assessment undertaken.

The range in k values is most likely a result of local factors, particularly lithology, which

would explain the difference in values between the Northridge and Wenchuan events. Inves-

tigating the potential affects of lithology and other local factors on k is therefore likely to

yield more accurate and site-specific total volume estimates. It may also provide an appropri-

ate means to include local factors in the fuzzy modelling method. Furthermore, local factors

probably play an important role in the number of landslides generated as well. The two Fiord-

land earthquakes affected a region of strong and only lightly weathered lithologies compared

to the Wenchuan, Northridge, and Chi-Chi events. This is potentially the reason for the small

number of landslides that formed in these events, as the shaking intensities produced, espe-

cially in the 2003 event, were certainly large enough that higher numbers could have been

expected. The lithologies and rock strength/weathering in the Southern Alps are more in

common with those in Wenchuan, Northridge, and Chi-Chi. Thus including the Fiordland

datasets in the SEM method may result in under-estimates for total landslide numbers in the

Southern Alps. Nevertheless, given the already small sample set, and no direct evidence to

suggest the Fiordland data are inappropriate, including them in the SEM modelling is appro-

priate.

When estimating total landslide volume, an upper limit has been set for the maximum

individual landslide volume possible. Herein this limit has been set at 1 km3. It is of note

that increasing this limit would not alter the results, as the largest landslide observed in any

of the 50,000 Monte Carlo trials was ⇠0.1 km3. This is because the probability density value

for landslides >1 km3 is <10�11, and therefore, even for the large number of landslides

considered herein, it is still unlikely that any one will have such a volume. Decreasing this

upper limit would affect the total volume estimates however, as this would exclude the largest

volume landslides observed, which account for a substantial percentage of the total volume.

Considering the distribution of landslide volumes is also useful for considering the po-

tential for landslide dams. Landslides greater than 10,000 m3 may have the potential to form
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landslide dams if they fall into narrow river valleys or gorges. McCahon et al. (2006a,b,c)

identified 15 rivers in seven catchments throughout the Southern Alps that had the potential

for landslide dams following an Alpine fault earthquake (Fig. 2.8). Five of those catchments

(the Buller, Grey, Hokitika, Waiho-Callery, and Haast) are shown herein to be some of the

worst affected by landsliding. Further, the Waimakariri catchment, another of those identified

herein as being one of the worst-affected catchments, was identified by Yetton and McMor-

ran (2004) as having multiple potential sites for landslide dams to form. In combination with

the >250 landslide dams that occurred following the Wenchuan earthquake, as well as the

number of landslides likely to be of sufficient size to form landslide dams modelled herein,

it is anticipated that numerous dams on multiple rivers and in multiple catchments are likely

throughout the entire Southern Alps following an Alpine fault earthquake. These will pose a

significant and widespread hazard, and flooding either from the impounded lake or a subse-

quent outburst flood may result in further damage and/or casualties (see Appendix C). While

half of all landslide dams fail within 10 days of formation (Costa and Schuster, 1988), some

may potentially survive far longer, presenting a long-term, and continued outburst flood haz-

ard. Managing any landslide dams which form post-earthquake will be vital to the emergency

response.

The average aggradation depths estimated herein agree with identified evidence from

previous Alpine fault earthquakes. This suggests that both the total volume estimates and the

total number estimates are realistic despite the inclusion of the Fiordland earthquakes in the

SEM method and the large range in k. The aggradation estimates suggests that the down-

stream impacts of landsliding from an Alpine fault earthquake are likely to be catastrophic

and of long duration. Wells and Goff (2007) identified a series of beach ridges north of the

Haast river, which dated to several decades after known ruptures of the Alpine fault. They

suggested that these ridges were the result of landslide material from the Haast catchment

being mobilised and deposited and re-worked into dune systems once it reached the Tasman

Sea. Similarly, Howarth et al. (2012, 2014) found evidence of hyperpycnal deposits in two

west coast lakes which lasted for several decades and were preceded by coseismic turbidite

deposits. These hyperpycnal deposits were inferred to result from the delivery of coseismic

landslide material in the lakes feeder catchment following an Alpine fault earthquake. The

implications of these factors for post-earthquake response and recovery are profound, sug-

gesting that these will be hampered by severe and prolonged river aggradation, avulsion, and

flooding.
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5.7 Conclusions

Estimating the spatial extent and scale of coseismic landsliding expected to occur after a

large earthquake is vital to fully understanding the hazard posed by such events. A Mw8.0

earthquake on the Alpine fault is anticipated to produce between ⇠40,000 and ⇠110,000

landslides, affecting an area >50,000 km2. This corresponds to ML4.6-5.1, similar to esti-

mated values for the 2008 Wenchuan earthquake in which catastrophic landsliding presented

a hazard as great as, or perhaps greater than, the earthquake shaking itself. Total landslide

debris from an Alpine fault earthquake is estimated to be between ⇠0.2 km3 and ⇠2 km3.

Landslides with volumes greater than 10,000 m3 are expected to present the most significant

hazard, and between 1,400 and 4,000 of these are expected to occur throughout the South

Island. This is likely to result in the formation of numerous landslide dams throughout the

Southern Alps.

Landsliding will be most significant along the western range-front, west of the main di-

vide, and throughout the southern Marlborough fault system. In total 16 order 6 or larger

catchments are identified as being most severely affected, including all west-draining catch-

ments in the central Southern Alps, and several east-draining catchments. Of these the Tara-

makau, Waiho-Callery and Hollyford are anticipated to be the worst affected in terms of

number of landslides, producing >7 times more landslides than average for their catchment

size. Landsliding is expected to result in >5 years worth of erosion in all these catchments,

with the Buller, Grey, Hollyford, Taramakau, and Hurunui catchments all potentially expe-

riencing >50 years worth of erosion. Aggradation on active alluvial fans and floodplains is

anticipated to be substantial with average depths likely to approach ⇠1 m.

Thus, landsliding presents one of the greatest hazards to result from an Alpine fault earth-

quake, and plays a major role in the erosion of the Southern Alps. In the Hollyford catchment,

Alpine fault earthquakes may be the dominant erosion mechanism. The implications for re-

sponse and recovery following a major earthquake are serious. Investigating the effects of

coseismic landsliding from an Alpine fault earthquake to critical infrastructure is therefore

vital for planning the emergency response





Chapter 6

Modelling critical infrastructure
exposure to coseismic landsliding
from an Alpine fault earthquake

6.1 Introduction

Disaster scenarios are a vital aspect of disaster risk reduction and management and have been

shown to be a key tool for increasing pre-event awareness and preparedness for future disas-

ters (Chapter 3). The most important feature of any disaster scenario is its description of the

resulting impacts on society (Preuss and Godfrey, 2006). Understanding societal exposure to

hazards is an important step in the development of scenarios (Chapter 3; Fig. 3.3). One of

the most vital elements of society to consider in disaster scenarios is critical infrastructure:

where disruption of service significantly affects essential facilities, supplies, and/or commu-

nication (Church et al., 2004). In the context of disaster resilience and disaster scenarios,

it is important to consider the consequent functionality of a critical infrastructure network

as a result of its hazard exposure (Whitman et al., 1997). Functionality can be affected by

both direct and indirect impacts, and the various interdependencies between networks, both

spatially and temporally, must be identified (Preuss and Godfrey, 2006). Disruption to criti-

cal infrastructure services can have serious consequences for populations that rely on them.

Thus understanding population exposure to direct or indirect effects as a result of critical

infrastructure disruption is also important.

Previous attempts to estimate critical infrastructure exposure to earthquakes have primar-

ily focussed on ground shaking (see Azevedo et al., 2010; Chang et al., 1996, 2002; Giov-

inazzi and King, 2009; O’Rourke, 1996; Pitilakis et al., 2006). Bird and Bommer (2004)
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showed that in earthquake disasters, building losses have been mostly attributed to strong

ground shaking, while losses to transport and utilities networks are primarily caused by land-

sliding and liquefaction. Failing to consider the exposure of these networks to coseismic

landsliding can therefore result in unrealistic earthquake disaster scenarios. In mountainous

environments, difficult topography and excessive road construction and maintenance costs

constrain the number of viable network routes (Kohler et al., 2004). Consequently, there is

often little redundancy and the networks form long, thin corridor routes through mountain-

ous terrain. A single landslide therefore has the potential to affect multiple densely spaced

networks, resulting in serious consequences for downstream populations. For instance, in

the Southern Alps of New Zealand, the State Highway and electrical transmission networks

primarily follow the same routes through the mountains connecting the east and west coasts

(Fig. 6.1). A single landslide can therefore affect both the road and the transmission lines

simultaneously, exposing downstream populations to isolation and power loss.

Figure 6.1: The South Island a) State Highway network with locations and b) electrical transmission
network showing support-types and transmission voltages.

Coseismic landslide risk assessments are a complex task due to the difficulty in predict-

ing landslide occurrence, runout distance, and landslide magnitude amongst other factors

(Pellicani et al., 2013). Developing a method to assess exposure of critical infrastructure

to coseismic landsliding is therefore an important research gap. This chapter demonstrates

a semi-quantitative method for assessing exposure of critical infrastructure networks to co-
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seismic landsliding from susceptibility models. A case study of the Alpine fault earthquake

scenario derived in Chapters 2, 3, and 5 of this thesis is presented to demonstrate the appli-

cability of this risk assessment method. The results are used to demonstrate how such risk

assessments can be used for basic regional-scale emergency response planning. In addition,

the results of this research can be applied to identify critical sections of networks in order

to focus pre-event mitigation efforts, and as a planning tool for assessing resource consent

applications for constructing new infrastructure links.

6.2 Importance for an Alpine fault earthquake

Large earthquakes within the Southern Alps are relatively common and are known to be ca-

pable of producing substantial geomorphic effects (Chapter 2). Modelling of a future Alpine

fault earthquake, the largest seismic hazard in the Southern Alps, has suggested between

40,000 and 110,000 landslides could be generated (Chapter 5). Such an event has a sig-

nificant potential to cause large-scale losses/damage to critical infrastructure throughout the

mountains. The transport and electrical transmission networks that traverse these mountains

are vital for the local population and for the main regional industries. The West Coast region

economy is reliant on the mining, tourism, and agriculture (predominately dairy farming) in-

dustries, which account for >NZ$300 million (⇠43%) of the region’s annual Gross Domestic

Product (GDP) (Infometrics 2012; Orchiston 2011; DoC, 2006). For the mining and agricul-

ture industries, the transport network through Arthur’s Pass connects the production centres

of the West Coast region with Christchurch and Port Lyttleton for domestic and international

distribution of goods. For the tourism industry, the alpine passes and State Highway (SH)

6 provide the only access to the West Coast region and its many associated tourist attrac-

tions (e.g. the glaciers near Franz Josef and Fox Glacier, Pancake Rocks north of Greymouth

etc.). Power is required by mining and agriculture for the production of goods (i.e. operat-

ing machinery, milking etc.) as well as providing an essential service for tourists and local

populations.

Losses to both these networks therefore has serious implications for economic prosperity,

national security, and everyday life in general (Chang and Nojima, 2001; Holmgren, 2006;

Shinozuka and Chang, 2004). Road connections between the east and west coasts consist

of just three routes across the Southern Alps (Arthur’s Pass, Lewis Pass, and Haast Pass;

Fig. 6.1) each of which cross the Alpine fault and several other large active faults as well as

traversing steep, landslide prone terrain (Fig. 6.2). Only one highway (SH6) provides access

for the small, isolated communities in the West Coast region, and this also crosses the Alpine
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fault multiple times and traverses several steep moraines (Fig. 6.2). The electrical power

transmission network has similar problems, with only two links transmitting energy from

the east, where the majority of electrical power is generated, to the communities west of the

Southern Alps (Fig. 6.1). Thus, assessing the exposure of both these networks to landsliding

from an Alpine fault earthquake is vital.

Figure 6.2: Sections of the South Island State Highway network. a) Otira Viaduct on SH73 in Arthur’s
Pass between Otira and Arthur’s Pass townships; b) SH6 crossing the Waikukupa River and the Alpine
fault (dashed red line) between Franz Josef and Fox Glacier; and c) SH6 in Haast Pass between Haast
township and Wanaka (Photo by Andrew Walsh).

6.3 Exposure analysis method

Exposure is generally defined as the monetary value of the assets at risk (including human

life) (Catani et al., 2005; Pellicani et al., 2013). This definition is important for risk assess-

ments for insurance or land-use, but less relevant for emergency response, where information

on network functionality is required. Thus, for the purposes of this discussion, exposure is

defined simply as the likelihood of a network being affected by a hazard. High exposure
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describes a network with high likelihood of being affected, and low exposure corresponds

to low likelihood. Hazard exposure is therefore a function of the spatial distribution of the

network(s) in relation to the various hazards modelled (see Chapter 3; Fig. 3.3). When un-

dertaken for a single specific scenario it is simply a process of identifying locations where

one or more hazards coincide within the network(s). For multiple scenarios (or probabilis-

tic models), exposure is a function of the frequency with which a network coincides with a

hazard (Peduzzi et al., 2009):

E =
n

Â
i

FNi (6.1)

where E is exposure, F is frequency of a given hazard, Ni is a point on the network, and n is

the number of hazards being considered. Exposure modelling is therefore intrinsically linked

to the hazard scenario(s)/model(s) being used.

Precise landslide scenarios are difficult to produce as the exact locations and runout of any

given landslide cannot be predicted with complete certainty. Pellicani et al. (2013) and Catani

et al. (2005) therefore attempted to evaluate critical infrastructure exposure as a function of

landslide susceptibility. Pellicani et al. (2013) evaluated this qualitatively at a municipal

scale with composite weighted asset maps overlain on a susceptibility index (very high, high,

medium, low, very low etc.) map to evaluate exposure. Exposure is therefore a function of

the composite asset value for each municipality combined with its susceptibility index score

(Pellicani et al., 2013). The result is a map with each municipality rated (none, low, medium,

high, very high) for its overall landslide exposure. For emergency response however, such

a method is not sufficiently quantitative and does not provide enough detail. Alternatively,

Catani et al. (2005) considered exposure quantitatively on an individual pixel-scale, estimat-

ing total loss (in Euros) per pixel for a variety of different timescales. Any pixel which does

not contain a network will therefore automatically have zero exposure. This method requires

estimating potential landslide runout paths and distances as the finer resolution requires an

understanding of precisely which pixels are likely to be affected by landslide paths (Catani

et al., 2005).

Herein, a method adapted from Catani et al. (2005) and Pellicani et al. (2013) has been de-

veloped, using the susceptibility map for coseismic landsliding derived in Chapter 5 (Fig. 5.6).

Instead of estimating the potential monetary loss for each individual pixel, this method fo-

cusses on identifying the likelihood of pixels on the State Highway or electrical transmission

networks being affected by one or more landslides. This requires estimating the potential

runout distance and direction of any coseismic landslides. Establishing these factors defines

a region surrounding a point on the network from which the landslide susceptibility contribut-

ing to exposure is considered (Fig. 6.3). Rather than classifying this surrounding area into a
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susceptibility index like Pellicani et al. (2013), four corresponding landslide densities are cal-

culated directly from the susceptibility values present using the four landslide scenarios from

Chapter 5 (Table 5.3; the scenario with zero landslides is not considered). Using landslide

densities instead of a qualitative index value provides a more quantitative method for com-

paring relative exposure across the entire network. Hazard thresholds are then selected which

establish whether the point on the network is likely to be affected by landsliding or not; den-

sity values above the threshold result in the pixel being considered likely to be affected. The

exposure of any network pixel is therefore the frequency with which its surrounding density

exceeds the hazard threshold (i.e. the likelihood of being affected).

Figure 6.3: Schematic diagram for defining the area contributing landslide susceptibility for a point
on a network (area within the horizon line). Landslides which occur within the maximum runout
distance but with a runout direction away from the network will not affect the network.

6.3.1 Estimating surrounding regions

Defining the area surrounding a point on the network that contributes the landslide suscep-

tibility used to derive exposure is vital to the assessment. The area must define the region

within which any landslides have potential to affect the network. Establishing maximum

potential runout distance is therefore key as this describes the maximum distance a landslide

can affect the network. Runout direction is also important. A landslide with maximum runout

distance away from the network will cause no damage to infrastructure (Fig. 6.3). The sur-

rounding region must therefore define the area within the maximum runout distance and with
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a runout direction towards the network.

To do this, horizon lines (also known as ridgelines) are established along the network

using a GIS (Fig. 6.3). Horizon lines identify the visible horizon for an observer positioned at

a defined point on the network and can be limited to show the horizon at any desired distance.

This identifies those slopes visible to an observer at the given point on the network, and these

constitute the slopes with landslide potential around that point (Fig. 6.3). This assumes that

any landslide runout is in the steepest downhill direction from its source point.

The maximum runout distance to be considered can be defined by analysing the maximum

landslide volume likely to affect the network. Landslide volume has been empirically linked

to maximum runout distance by numerous studies (e.g. Davies, 1982; Hungr et al., 2005;

Kilburn and Sørensen, 1998; Legros, 2002; Nicoletti and Sorriso-Valvo, 1991; Scheidegger,

1973), and therefore can provide an approximate, first-order estimate of the runout distance

to be considered. From Chapter 5, >99% of all landslides are anticipated to be 1 million

m3 (Table 5.7). The potential for a network to be affected by a landslide >1 million m3

is therefore considered negligible. From the various different available empirical models,

maximum runout distance for a 1 million m3 landslide equates to ⇠1 km. The surrounding

region for any point on a network is therefore considered herein to be the horizon line within

1 km of the corresponding pixel (Fig. 6.3).

6.3.2 Hazard thresholds

Hazard thresholds are defined as the method of deriving landslide density from susceptibility,

which is only truly meaningful for sufficiently large areas, such as an entire river catchment

(see Chapter 5). This is because for small areas, the pixel size/area (60 m ⇥ 60 m) is some-

what comparable to the total area and therefore inclusion or exclusion of a single pixel can

have a dramatic effect. In very large areas (>1,000 pixels) this is not the case as a single

pixel is negligible compared to the total area. Considering the relative exposure for the net-

work effectively negates this issue as the absolute value is considered in relation to all other

points, rather than judged individually. Hazard thresholds therefore provide a more appropri-

ate means to evaluate the data.

Hazard thresholds are user-defined and are selected based upon the densities deemed

likely to result across a network. Selecting large density values assumes that networks are

only likely to be affected when surrounded by very large landslide densities. To decrease the

subjectivity and increase the robustness in this selection process, multiple thresholds are se-

lected. Given the large range in landslide densities for the four scenarios considered (0/km2

to >30/km2, Table 5.3), two thresholds corresponding to densities observed in <50% and
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<25% of the total South Island area are selected. This corresponds to 1/km2 and 3/km2 re-

spectively. Consequently, exposure values are scored out of eight (four landslide scenarios ⇥
two threshold values); values of 8 represent points with densities >3/km2 in all four scenarios,

while scores of 0 represent points with <1/km2 in all scenarios.

6.3.3 Network analysis

For scenarios developed for emergency response purposes, it is important to understand what

the effects of the network exposure will mean for local populations. Network analyses provide

a method to establish the connectivity of a critical infrastructure network and can therefore

demonstrate the population exposed as a result of network exposure. For instance, high ex-

posure on a road network will mean that populations dependent on that road link are highly

exposed to isolation in the event of the hazard scenario occurring. Network analyses establish

the linkages between nodes along various pathways (Fig. 6.4) and are regularly used to assess

connectivity of critical infrastructure networks (e.g. Holmgren, 2006; Song and Ok, 2010).

Herein network analyses are performed at a meshblock level using population data from the

2006 New Zealand Census.

Figure 6.4: A schematic network analysis with accessible and severed pathways resulting in con-
nected and isolated nodes.
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6.4 Critical infrastructure exposure results

6.4.1 State Highway network

Applying this method to the State Highway network establishes the exposure map shown in

Fig. 6.5. This shows that the majority of the network (⇠4,760km or ⇠90%) scores 0 for

exposure, demonstrating the landslide densities surrounding these sections of the network

never exceed 1/km2. The total length of road with high exposure scores (>4) is ⇠240 km

(⇠5%): approximately the same as the distance between Christchurch and Greymouth by

road. Of the highly exposed sections of road, ⇠115 km (⇠48%) is on SH6 between Hokitika

and Haast. In fact, >98% of the total length of road highly exposed to landslides is found

on just three highways: SH6 in the central West Coast region; SH73 through Arthur’s Pass;

and SH7 through Lewis Pass (Fig. 6.5). These roads provide the only access between the east

and west coasts and to the central West Coast region, suggesting the alpine and West Coast

regions are highly exposed to isolation by road. The only other sections of highway with

high exposure scores are short (<5 km) sections of SH6 north of Greymouth and SH94 near

Milford Sound, which have scores of 5 and 6 respectively (Fig. 6.5).

Analysis of the along-route changes in density for SH6, SH7, and SH73 further demon-

strates the exposure of these roads, with all three having long, continuous sections that have

densities substantially larger than the assigned threshold values (Fig. 6.6). The maximum

landslide density observed is ⇠14/km2 between Franz Josef and Fox Glacier, and all three

routes have multiple locations where observed landslide densities exceed 8/km2. The vari-

ability in observed densities is high, with densities either very much larger or very much

smaller than the assigned threshold values, suggesting different thresholds would not produce

substantially different results. The longest continuous section of road with high exposure is

on SH7, stretching for ⇠30 km along the road immediately east of Springs Junction (Figs. 6.5
& 6.6b). In terms of exposed length compared to total length, SH7 and SH73 have the largest

proportion, with ⇠23% of the total length highly exposed. In comparison, only ⇠10% of

SH6 is highly exposed, however this road is substantially longer than SH7 and SH73 and its

highly exposed sections provide the only access route to the central West Coast region. While

exposure does not directly translate to impact severity, these results suggest SH6, SH7, and

SH73 are likely to be the worst affected roads following an Alpine fault earthquake, with the

section of SH6 between Franz Josef and Fox Glacier likely to be especially badly affected.



Figure 6.5: Relative exposure scores for the South Island State Highway network to coseismic lands-
liding from an Alpine fault earthquake.







Figure 6.6: Continued from previous pages - Along-road profiles showing change in road elevation (top) and estimated landslide density values (bottom)
for a) SH6; b) SH7; and c) SH73. Dashed lines show hazard thresholds; Scenario numbers refer to landsliding scenarios from Chapter 5: 1 = Minimum
Average; 2 = Sample Average; 3 = Maximum Average; 4 = Extreme Maximum (see Table 5.5).
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6.4.2 Electrical transmission network

The most important factor in the transmission network is the support structures which hold

the high-voltage transmission cables (Alexander, 2005). These structures are generally re-

sistant to strong ground shaking during earthquakes, as demonstrated by the performance

of these structures during the 2010-11 Canterbury earthquake sequence (Giovinazzi et al.,

2011). Nevertheless, like all built infrastructure, their survivability when impacted by coseis-

mic landslides is low (see Lekkas, 2000). Two types of structures support the transmission

network in the South Island: steel pylons and wooden poles (Fig. 6.1). The precise positions

of all steel pylons are known and thus only pixels corresponding to the location of pylons are

used, opposed to all pixels for the network which represent the cables strung between pylons.

The locations of pole supports however are not known, and thus all pixels for these sections

of the network are investigated.

Of the >10,500 steel pylons within the South Island, just 32 are highly exposed to co-

seismic landsliding from an Alpine fault earthquake (Fig. 6.7). Of these 30 are located in

the Arthur’s Pass region where the transmission network follows SH73. In total, just 119 py-

lons (⇠1%) have exposure scores >0. Importantly, the High Voltage Direct Current (HVDC)

Inter-Island transmission link, which allows power sharing between the North and South Is-

lands, has only four pylons with scores of 1 while the remaining 1,760 pylons have scores of

0 (Fig. 6.7). The pylon supported section of the transmission network therefore has, in gen-

eral, low exposure to coseismic landsliding from an Alpine fault earthquake, with the only

pylons likely to be affected being those in Arthur’s Pass. Nevertheless, repairing or replacing

a single steel pylon is estimated to take approximately two days once safe and secure access

has been established (Adam Henderson, Transpower Ltd., pers. comm., 2012). Reinstating

those pylons in Arthur’s Pass could therefore take several weeks once access has been gained,

although this is not accounting for continued aftershocks, landslides, debris flows etc.

The majority of wooden pole supports are located in the alpine regions and west of the

Southern Alps, where the terrain and limited road links make construction and maintenance

of steel pylons difficult (Fig. 6.1). Consequently, they are exposed to very strong ground

motions (MM8+) as well as high landslide susceptibilities. There are ⇠98 km of wooden

pole-supported transmission cables with high exposure to landsliding, and >50 km with ex-

tremely high (>6) exposure (Fig. 6.7). Assuming average distances between poles of ⇠50 m,

this equates to ⇠2,000 wooden poles with high exposure, and 1,000 with extremely high ex-

posure. The most exposed sections are through Arthur’s Pass and around Franz Josef and Fox

Glacier, although small sections of the network north of Greymouth are also highly exposed.

Despite repairing or replacing wooden poles likely requiring significantly less time than steel



Figure 6.7: Relative exposure scores for the electrical transmission network to coseismic landsliding
from an Alpine fault earthquake. Inset: steel pylons in the Arthur’s Pass area with high exposure to
landsliding.
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pylons (see above), this still likely equates to several thousand person-hours, again not ac-

counting for further hazards. Repairing/replacing wooden pole supports post-earthquake is

therefore likely to present a major restoration effort.

6.5 Network analysis results

Undertaking network analyses using these exposure maps (Figs. 6.5 & 6.7) allows the total

number and spatial distribution of the population at risk of isolation and power loss to be

assessed. This is important for basic emergency response planning as it can identify the

population which is most likely to be severely affected and in need of emergency services.

Using data from the 2006 New Zealand Census, the State Highway and electrical transmission

connectivity is assessed at a meshblock scale. Each meshblock is scored out 8 corresponding

to the number of landslide scenarios in which it remains connected; a score of 8 corresponds

to a meshblock whose connected pathways have at least one exposure score of 8 (i.e. landslide

densities >3/km2 in all four landslide scenarios), a score of 0 corresponds to a meshblock

whose connections have no score >0 (i.e. landslide densities <1/km2 for all scenarios).

6.5.1 Isolation

Meshblock isolation exposure scores as a result of the State Highway exposure to landsliding

are shown in Fig. 6.8. Scores >4 represent meshblocks that are highly exposed to isolation as

a result of coseismic landsliding from an Alpine fault earthquake. In terms of area, ⇠14,500

km2 (⇠10%) of the South Island has a high exposure to isolation, >11,200 km2 (>75%) of

which is in the West Coast region, accounting for ⇠48% of its total area. Within the West

Coast region, Westland district, which comprises the area south of the Taramakau River (see

Fig. 3.1), is the most exposed, with >8,500 km2 scoring >4, which accounts for >70% of

the total district area.

However, the West Coast region is sparsely populated with a total of just 30,825 residents

giving an average population density of 1.3 people/km2. South of Fox Glacier this sparsity is

even more apparent with only 690 permanent residents inhabiting an area of >6,000 km2 at a

density of ⇠0.1 people/km2. Thus, the total population with high exposure to isolation is esti-

mated to be 2,748, of which 1,830 live in Westland district, south of Hokitika. The remaining

population live in the alpine regions around Arthur’s Pass and Lewis Pass, however this fig-

ure does not include visitors to the region. The total permanent population of Franz Josef and

Fox Glacier combined is ⇠400, but during the tourism high season between September and

March several thousand visitors could be staying in these towns, placing a significant burden



Figure 6.8: Relative exposure to isolation scores across the South Island as a result of coseismic
landsliding exposure of the State Highway network to an Alpine fault earthquake.
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on local emergency resources (Orchiston, 2011). Of further note, ⇠24,000 people have an

isolation exposure score of 3 primarily in Greymouth, Hokitika, and the surrounding regions

(Fig. 6.8). Despite this being considered low-to-medium exposure, there is clearly the poten-

tial for coseismic landsliding in an Alpine fault earthquake to cause large numbers of local

people to become isolated from the rest of the South Island.

6.5.2 Power loss

Results for meshblock exposure to power loss as a result of the electrical transmission net-

work exposure to coseismic landsliding are shown in Fig. 6.9. This suggests that a far larger

area of the South Island is highly exposed to power loss compared to isolation. In total,

>20,000 km2 is estimated to have power loss scores >4, more than 5,000 km2 larger than

the area with corresponding scores for isolation. The majority (>85%) of the area highly

exposed to power loss is in the West Coast region, accounting for >60% of the total region.

In total, ⇠16,000 km2 has exposure scores >6, which includes the entire Westland district

and the Arthur’s Pass area. This equates to a total of >23,000 people exposed to power loss,

of which the vast majority are in the West Coast region.

6.5.3 Combined isolation and power loss

Combining Figs. 6.8 & 6.9 demonstrates a meshblocks combined exposure to both isolation

and power loss simultaneously. Meshblocks with high combined exposure scores are likely

to be the worst affected by the earthquake scenario and therefore the primary focus of the

emergency response. In this instance, meshblocks which have combined exposure scores 5

are considered to have low exposure, while those with combined scores �11 are considered

to have high exposure. The combined isolation and power loss exposure results are shown in

Fig. 6.10.

The most exposed area (combined score �11) covers ⇠13,000 km2 and contains >2,300

people. As expected, this predominately affects Westland district south of Hokitika and the

alpine regions in the Arthur’s Pass and Lewis Pass regions (Fig. 6.10). In total, >21,000

people across >7,000 km2 have medium combined exposures, the majority of which are in

Greymouth, Hokitika, and the surrounding areas. These results highlight that in the event of

an Alpine fault earthquake, central and southern Westland district and the Arthur’s Pass area

are expected to be the worst affected, with high combined exposure scores.



Figure 6.9: Relative exposure to power loss scores across the South Island as a result of coseismic
landsliding exposure of the electrical transmission network to an Alpine fault earthquake.



Figure 6.10: Relative exposure to combined isolation and power loss as a result of coseismic lands-
liding exposure of the State Highway and electrical transmission networks.
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6.6 Emergency response planning

Areas most exposed to combined isolation and power loss were found to correspond to lo-

cations where >75% of fatalities are expected to occur (see Chapter 3 and Appendix C) and

where large numbers of visitors will put a significant burden on local resources (Orchiston,

2011). These regions and communities should, therefore, be targeted for rapid emergency

response immediately after a large Alpine fault earthquake. Planning potential emergency

response routes to facilitate a rapid emergency response is vital. Using the State Highway

exposure map (Fig. 6.5), it is possible to plan potential emergency response routes and iden-

tify any critical sections of the network whose functionality post-earthquake is vital to the

emergency response.

Emergency response following the earthquake will need to originate from relatively unaf-

fected large towns or cities with emergency operations centres (EOCs) as these will have the

greatest emergency response capacity. EOCs have been shown to be critical to any emergency

response (Drabek, 1985) and thus establishing which EOCs are physically connected to the

worst-affected regions is vital. The South Island’s primary EOCs are located in:

• Nelson (Nelson-Tasman CDEM);

• Blenheim (Marlborough CDEM);

• Greymouth (West Coast CDEM);

• Christchurch (Canterbury CDEM);

• Dunedin (Otago CDEM); and

• Invercargill (Southland CDEM)

Emergency response routes herein are planned to originate from the three largest EOCs:

Christchurch, Dunedin, and Nelson. Routes from these EOCs are planned for four key nodes

in the West Coast region as this is where the majority of the emergency response will be

required. These nodes are: Greymouth, Franz Josef, Fox Glacier, and Haast.

Scaled route diagrams (Fig. 6.11) between each of the selected locations demonstrate the

vulnerability of a particular route by schematically displaying the length of the route as a

function of its relative exposure to landsliding. Several conclusions can be drawn from these.

Firstly, access to Franz Josef and Fox Glacier, which can only be gained along SH6 from

the north or south, is likely to be impossible as all access routes pass through long areas of

high exposure (Fig. 6.11). Both townships are located on one of the most exposed sections
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of road (Fig. 6.5), with multiple sections of high exposure north of Franz Josef and south of

Fox Glacier, as well as between both townships. Emergency access by road post-earthquake

to, and between these townships is therefore considered highly unlikely.

All access to the West Coast region directly from Christchurch requires travelling through

either Arthur’s, Lewis, or Haast Passes. Both Arthur’s Pass and Lewis Pass have high expo-

sure to landsliding and Haast Pass also has sections of high exposure, although these are

much shorter in length (Fig. 6.11). Gaining access to any of the considered nodes directly

from Christchurch is therefore infeasible. The same is also the case for Dunedin as routes

from here to the West Coast region also travel through the three alpine passes. While the

exposed section of Haast Pass is substantially shorter than those in Arthur’s and Lewis Pass,

the exposure score is the same. Gaining emergency access through Haast Pass is therefore

considered unlikely.

In contrast, Fig. 6.11 demonstrates that a route with low exposure exists between Grey-

mouth and Nelson, via SH69 and SH7 west of Reefton (Fig. 6.12). None of the exposed

sections of this route have exposure scores >3 and the exposed lengths are just ⇠1 km. The

likelihood of this route being affected by landsliding is therefore considered low. As this

route can provide direct access to Greymouth, Hokitika, and the surrounding rural regions,

these meshblocks all have low-to-medium exposure (=3) to isolation (Fig. 6.8). The popu-

lation within these meshblocks is ⇠21,000, which represents >85% of the total population

with exposure scores >0. If this route remains functional post-earthquake, the total isolated

population is estimated to be ⇠2,700, most of whom live south of Hokitika; however if it

is compromised in any way, this number will increase almost ten-fold to ⇠24,000 people.

It therefore constitutes the most critical section of highway following an Alpine fault earth-

quake.

This section of the network is anticipated to experience MM7-8 shaking (Fig. 2.4) and

thus it is vital that it is able to withstand such shaking intensities. During the 22 Febru-

ary 2011 Christchurch earthquake, road bridges experiencing similar shaking intensities per-

formed poorly, with five out of the six bridges across the Avon River closed due to damage

and many others requiring reduced weight limits (Giovinazzi et al., 2011). It is therefore vital

that the bridges on SH69 and SH7 between Reefton and Greymouth are able to withstand the

shaking intensities they will be exposed to, as this will further increase the likelihood of this

section of highway remaining functional post-earthquake. Further consideration must also be

given to liquefaction and lateral spreading which was identified by McCahon et al. (2006b) as

being likely to occur in the Grey River valley where these sections are located. Liquefaction

and lateral spreading greatly damaged the roads during the Christchurch earthquake (Giov-









Figure 6.11: Continued from previous pages - Schematic route diagrams showing the relative length and exposure (bar width) to coseismic landsliding for
various routes between: Christchurch (C), Dunedin (D), Nelson (N) and a) Greymouth (G); b) Franz Josef (FJ); c) Fox Glacier (FG); and d) Haast (H).



Figure 6.12: Relative exposure to coseismic landsliding of the State Highway network in the Grey
River Valley region. SH69 (Inangahua to Reefton) and SH7 (Reefton to Greymouth) have a maximum
exposure scores of just 3 and thus represent the most critical section of the network with regard to an
Alpine fault earthquake.
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inazzi et al., 2011), and while most remained traversable this was only to four-wheel drive

vehicles and at greatly reduced speeds.

Assuming the functionality of the State Highway network through the Grey River val-

ley can be retained post-earthquake has important consequences for potential emergency re-

sponse operations. Emergency response to the worst affected regions from Christchurch and

Dunedin has been shown to be infeasible given the extremely high exposures that exist on

all potential access routes. However access may be gained from Nelson via the Grey River

valley. Nelson is the South Island’s third-largest city (population ⇠46,000) and therefore

has some capacity to respond to such an emergency, having a major port and long-runway

airport. In addition, Nelson is within a one hour drive of Woodbourne military airbase and

the Picton ferry terminal (along highways with exposure scores of 0), from which ferries di-

rectly connect the South Island to Wellington and the rest of the North Island. Thus Nelson

is well-connected to Wellington, New Zealand’s capital and second-largest city, with total

sea-and-land journey times between Wellington and Nelson lasting four hours, compared to

six-to-seven hours between Christchurch and Nelson via Kaikoura. Wellington hosts New

Zealand’s Parliament, the National Crisis Management Centre (NCMC), and Ministry for

Civil Defence and Emergency Management (MCDEM) headquarters, as well as containing

a major port, airport, and rail terminal connected to the rest of the North Island. Utilising

this link between Wellington and Nelson will therefore likely prove vital in responding to an

Alpine fault earthquake. Basing the emergency response to an Alpine fault earthquake out

of Wellington and using Nelson as a forward operating base, utilising the land, air, and sea

connections between the two, therefore likely presents the best response option.

6.7 Hazard assessment of proposed future highway project

As well as being useful for emergency response assessments, the method described herein

can also be applied as a planning tool to assess the landsliding exposure of potential future

network projects from an Alpine fault earthquake. Currently, a proposal is being drafted

to gain resource consent for a new highway connecting Haast with Milford Sound via the

Hollyford and Cascade River valleys (The Press, 2014; Wilderness Magazine, 2014). The

road is intended to provide easier access between the West Coast region, Queenstown, and

Milford Sound, some of New Zealand’s most popular tourist destinations. The proposed

route (Fig. 6.13) follows an unformed legal road (ULR), a parcel of land that has legally

been designated as a road but has not actually been formed. Legally in New Zealand, a ULR

has the same status as any fully formed road. Known as the Haast-Hollyford road, it would
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reduce the trip between Haast and Milford Sound by ⇠355 km and four-to-five hours (The

Press, 2014). Construction analysis has already been undertaken and the road is expected to

cost <NZ$230 million to build and is anticipated to be used by >800,000 people in its first

year, with an expected growth rate of 6% annually (The Press, 2014; Wilderness Magazine,

2014). At the time of writing, proponents of the road are contemplating legal action over

whether a 38 km section of road was illegally removed from ULR status in the 1970s. If

the action goes to court and is successful, resource consent for the road will be sought. As a

potentially relevant example of the use of the present technique in planning, an assessment of

the exposure of the proposed road to coseismic landsliding from an Alpine fault earthquake

is undertaken.

Firstly, the proposed route crosses the known trace of the Alpine fault at least four times,

following the fault trace for ⇠10 km between the Arawhata and Cascade Rivers (Fig. 6.13).

Furthermore, the route passes across the deposits of at least three known rock avalanches and

is in close proximity to the headscarps of two others (Fig. 6.13). The Cascade rock avalanche

deposit transects the proposed highway, and has the potential to generate a failure involving

⇠0.25 km3 towards the road, with a sackung located behind the previous headscarp (Barth,

2014).

High coseismic landslide exposures are expected along ⇠100 km of the 159 km route

(Fig. 6.14). Between the Cascade and Pyke Rivers, modelled landslide densities exceed the

previous highest observed density for the current network (⇠14/km2) for an almost continu-

ous 20 km section (Fig. 6.15). Consequently, ⇠90 km (⇠56%) of the route has high exposure

to landsliding, and ⇠60 km (⇠38%) has extremely high (>6) exposure (Fig. 6.14). Given the

potential numbers of people using the road annually, its construction would clearly present a

significant risk to road users, as well as any consequent infrastructure (fuel stations, townships

etc.) which may subsequently develop along the road. From a planning point of the view this

analysis has clearly demonstrated that such a road would be extremely exposed to landsliding

in an Alpine fault earthquake, and this should be considered when assessing whether or not to

grant resource consent. A further point for consideration is that the risk of landslide tsunami

affecting tourists staying overnight in Milford Sound has been shown to be unacceptable with

current tourist numbers (Dykstra, 2012). The Haast-Hollyford road is intended to increase

tourist numbers to Milford Sound, further exacerbating this already unacceptable risk.



Figure 6.13: Existing route of the Haast-Hollyford unformed legal road (from The Press 2014) in
relation to the existing State Highway network and known locations of large rock avalanches and the
Alpine fault.



Figure 6.14: Relative exposure to coseismic landsliding for the proposed Haast-Hollyford road.



Figure 6.15: Along-road profile of the proposed Haast-Hollyford road showing the change in road elevation (top) and estimated landslide density values
(bottom). Dashed lines show impact thresholds; solid grey line shows the highest observed landslide density on the current network.
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6.8 Discussion

Understanding the exposure of critical infrastructure such as transport and utilities networks

as a result of coseismic landsliding is vital to understanding the potential losses from an

earthquake as a whole (Bird and Bommer, 2004). Given the complexities in predicting land-

slide occurrence, runout, and magnitude amongst other factors, measuring the exposure of

critical infrastructure networks to coseismic landsliding has proved difficult (Pellicani et al.,

2013). This chapter has therefore established a method for analysing the exposure of critical

infrastructure to coseismic landsliding utilising a susceptibility map and associated landslide

scenarios. This method is applicable to any critical infrastructure network (water supplies,

telecommunications, fuel supply, buildings etc.) and can also be applied to aseismic landslid-

ing as long as a susceptibility map can be produced. Nevertheless, several limitations should

be considered.

Firstly, in order to determine the region surrounding a network from which susceptibility

is analysed, landslide runout is assumed to be in the steepest downhill direction. In some in-

stances however, landslides can become channelised within narrow valley systems (see Okada

et al., 2008) and can thus have complex runout paths. A network may therefore still be ex-

posed to landslides occurring outside the surrounding area. Further, during heavy rainfall,

increased water content can result in landslides becoming fluidised and consequently runout

distances typically increase (Legros, 2002). Other factors can also affect mobility resulting

in extremely mobile landslides which can travel several tens of kilometres (see Appendix A).

Further still, some very large landslides have been observed to travel over opposing ridge-

lines and into adjacent valleys (see Huang et al., 2012). This should be taken into account

when considering the exposure results as clearly there is the potential for landslides outside

the surrounding areas to affect a network. To fully incorporate these effects however requires

modelling of individual landslide runout which is currently complex, particularly from a sus-

ceptibility model, and beyond the scope of this study.

Consideration must also be given to the fact that not all landslides occurring within the

surrounding area will pose a threat to the network. This is particularly true for small volume

landslides that typically have very short (several tens-to-hundreds of metres) runout distances.

If such landslides occur at the very edge of the surrounding region (i.e. ⇠1 km from the

network) it is unlikely that their total runout distance will result in any damage to the network,

regardless of the density of landslides in the area. Nevertheless, this is true for all surrounding

areas and therefore all pixels along the network. Considering exposure relatively compared

to the rest of the network effectively negates this effect. However, this should be considered

when evaluating the absolute density values.
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Exposure has been defined as a function of the landslide density resulting from the suscep-

tibility values observed in the various surrounding regions. This assumes that larger landslide

densities are more likely to affect a network than smaller densities. However only a single

landslide is required to impact a point on a network, regardless of density. Thus, any sur-

rounding region within which one or more landslides occurs exposes the network to landslide

hazard. Intuitively however, points experiencing larger densities are more likely to be im-

pacted (and therefore more exposed) than those experiencing smaller densities, as there is a

greater likelihood of any single landslide intersecting the network. Thus, any section of the

network which achieves low (or no) exposure may still have landslides occurring nearby, but

at a sufficiently low density that the likelihood of them affecting the network is considered

negligible. Again, considering the exposure relative to the rest of the network allows this to

be considered as it describes the locations that are relatively more or less exposed.

Finally, the present results have been obtained using hazard threshold landslide densities

of 1 and 3 landslides/km2 and it is appropriate to consider the sensitivity of the results to

these thresholds. From the along-route changes in landslide density graphs presented, it is

evident that altering the thresholds would alter these results very little, as the observed densi-

ties across both networks are either substantially larger or smaller than the threshold densities.

Nevertheless, applied elsewhere or to different networks, these thresholds may not be appli-

cable. They have been selected under the assumption that only the highest 50% and 25% of

landslide densities are likely to affect the network. Selecting these thresholds is primarily a

function of the desired application, for instance one could use the thresholds to identify the

sections of network exposed to the highest 1% of landslide densities in order to establish the

worst-affected locations. Such a threshold is not applicable for emergency response planning

however, as it will substantially underestimate the sections likely to be affected. Yet again,

considering the relative exposure overcomes any potential bias in the hazard thresholds as it

simply acts as a cutoff value for establishing relatively high and low exposed sections.

This work has shown the potential of both the method described herein as well as the

coseismic landslide susceptibility analysis undertaken throughout this research for estimating

critical infrastructure exposure to landsliding. Such analysis forms the basis for developing

impact scenarios for specific disaster scenarios as established in Chapter 3 (Fig. 3.3). The

analysis has the capability to be extended to other earthquakes on different faults, to a much

wider range of infrastructure, or indeed to aseismic landsliding assuming a susceptibility

map can be developed. This method may therefore prove useful for a wide range of different

potential applications, including exposure and vulnerability analysis for the development of

disaster scenarios.
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6.9 Conclusions

Exposure mapping is a key component of disaster scenario development and can be utilised

for effective emergency management planning. During earthquakes, building damage is

mostly attributed to strong ground shaking, however damage to transport and utility networks

is primarily a function of landsliding and liquefaction. Landslide exposure assessments how-

ever are a complex task due to the difficulty in predicting various landslide factors including

landslide occurrence, runout distance, and magnitude. A method for the evaluation of land-

slide exposure for critical infrastructure networks using a landslide susceptibility model has

been established. This method considers the landslide density calculated from the suscep-

tibility values surrounding a network and establishes relative exposure scores based upon

various hazard thresholds. Its applicability has been demonstrated for a case study of co-

seismic landsliding from an Alpine fault earthquake, determining the exposure of the South

Island State Highway and electrical transmission networks for emergency response assess-

ments. The method has also been demonstrated as being applicable for planning purposes

when considering the potential construction of new network links to establish exposure to

landslides from a scenario earthquake. This method is not limited to road and transmission

networks however, and can be applied to any desired network for which the spatial distribu-

tion is known. Furthermore, the method is not limited to coseismic landsliding as it can be

applied to any landsliding scenario for which a susceptibility map can be derived.

The application of this method to the Alpine fault earthquake case study has generated a

series of key findings and recommendations that are important for both emergency response

assessment and construction planning.

Exposure

• Approximately 240 km of highway are highly exposed to landsliding, primarily along

SH6 between Hokitika and Haast, SH7 through Lewis Pass, and SH73 through Arthur’s

Pass. Arthur’s Pass and Lewis Pass are the most exposed by length, however SH6 has

the highest observed density values, with a maximum of 14 landslides/km2 estimated

to occur on the section between Franz Josef and Fox Glacier.

• Thirty steel pylons supporting the electrical transmission network in Arthur’s Pass are

identified as having high exposure to landsliding. The alternate power transmission

route into the West Coast region following the Buller River is identified as having low

exposure and thus impacts from the loss of the Arthur’s Pass route will be localised.

Nevertheless, repair/reinstallation of these pylons is likely to require several weeks
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assuming safe and reliable access can be established.

• Up to 2,000 wooden pole supports are highly exposed to landsliding mainly in the

West Coast region and Arthur’s Pass. No alternate transmission routes exist for these

sections of the network. A major restoration effort of several thousand person-hours

will be required to repair/reinstall the large number of exposed poles.

• The vital HVDC Inter-Island electricity link is inferred to have low-to-extremely low

exposure to coseismic landsliding from an Alpine fault event. Power sharing between

the North and South Island’s is therefore unlikely to be affected by damage to the

transmission network. Exposure of generation sites (hydro dams) and substations (grid

exit points) have not been considered in this analysis and should be investigated to fully

understand the exposure of the Inter-Island link.

• A total of ⇠14,500 km2 of the South Island is exposed to isolation following an Alpine

fault earthquake, >75% of which is in the West Coast region. Consequently ⇠2,750

permanent residents primarily south of Hokitika are highly exposed to isolation. Tourists

visit this region year round, with the largest numbers occurring between September and

March, and their isolation in small communities will add a significant burden to local

resources.

• More than 20,000 km2 of the South Island is highly exposed to power loss as a result

of landslide damage to transmission line supports. In total >60% of the West Coast

region is included in this area. Consequently >23,000 people are exposed to power

loss, the majority residing in Greymouth, Hokitika, and the surrounding areas.

Emergency response

• The Grey River valley region presents the most critical section of the State Highway

network. Landslide exposures in this region are considered low and thus it is vital that

bridges are able to withstand long-duration MM7-8 shaking intensity as well as likely

liquefaction and lateral spreading. If SH69 and SH7 between Reefton and Greymouth

can remain functional post-earthquake, direct access to >20,000 isolated people will

be possible.

• Nelson is recommended as the most suitable emergency forward operating base in con-

junction with basing the emergency response out of Wellington. Emergency response

to the worst-affected areas from Christchurch and Dunedin appears infeasible due to
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the extremely high landslide exposures on all routes from these locations. Maintain-

ing a functional access route through the Grey River valley will allow the emergency

response to be based out of Wellington in the North Island, using land, sea, and air

connections with Nelson which could act as a forward operating base.

• Pre-event long-term recovery planning for the current critical infrastructure networks

is vital to ensuring the long-term continuity of key mining, agriculture, and tourism in-

dustries in the West Coast region. Developing plans to re-establish safe road access and

reliable power supply to the region before the event occurs is strongly recommended.

Resource consents

• A proposed highway linking Haast and Hollyford has extremely high exposure to land-

sliding along the majority of its route. Landslide densities at multiple locations along

the route significantly exceed the largest densities anticipated on the current network.

Given the anticipated number of annual road users (>800,000), building the highway

presents a substantial risk to life. This should be considered in any decision-making

process with regards to granting resource consent.





Chapter 7

Discussion, conclusions,
recommendations, and future work

7.1 Thesis overview

Secondary natural hazards are experienced in virtually all environmental disasters (see Xu

et al., 2014), yet quantitative assessments of their nature and spatial distribution are generally

lacking from current disaster risk management (Chapter 3). Understanding secondary hazards

is important as they have the potential to greatly exacerbate the scale and duration of an initial

hazard (Hewitt et al. 2008; Chapter 2). In some instances, the secondary hazards can be as

catastrophic as, or more catastrophic than, the initial hazard. Inclusion of secondary natural

hazards in quantitative risk assessments can increase the complexity of the modelling scope

and methodology, introducing additional sources of error and uncertainty. This is a result of

the complex interlinkages between various cascading hazards, which therefore require a vari-

ety of assumptions and simplifications (see Chapter 2). One area of research which has seen

recent advances in secondary hazards is that of seismogenic tsunami modelling. The 2004 In-

donesian and 2011 Japanese earthquake and tsunami disasters have demonstrated the need to

identify and understand the hazard and risk associated with subduction zone earthquakes and

consequential tsunamis. As a result, a substantial amount of work has been undertaken glob-

ally to better understand the threat of mega-earthquakes (>M9) on subduction zones and the

implications for near- and far-field tsunami (e.g. Okal and Synolakis, 2008; Okal et al., 2011;

Villianatos and Sammonds, 2013). Yet for large earthquakes in mountainous terrain, very

limited research has attempted to address the issue of secondary hazards pre-event, despite

these events being more prolific than large-scale tsunami (Chapter 1).

This thesis addresses the issue of secondary hazards resulting from mountainous earth-
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quakes from a disaster risk management perspective. To achieve this, first the relevant hazards

and impacts were identified and collaboration with an EM group, who have the responsibility

of managing these hazards, was undertaken to co-identify the relevant scientific knowledge

required to manage/reduce the associated risks (Chapters 1-3). Subsequently, this required

the development of risk assessment methodologies for coseismic landsliding for scenarios

and other planning tools, which identified some valuable science knowledge and methodol-

ogy gaps (Chapter 4-6). More specifically, this included:

• Identifying and compiling first-order quantitative estimates of the secondary, cascading

geomorphic hazards that result from large mountainous earthquakes (Chapter 2);

• Establishing the need for the inclusion of secondary hazards in disaster scenarios re-

gardless of their application (Chapter 3);

• Developing a conceptual model for the inclusion of secondary hazards in emergency

planning exercises (Chapter 3);

• Establishing a method to quantify the spatial distribution of coseismic landslide sus-

ceptibility resulting from scenario earthquakes (Chapter 4);

• Applying this method to an Alpine fault earthquake scenario to estimate the scale and

spatial distribution of coseismic landsliding and consequent erosion and aggradation

(Chapter 5);

• Establishing a method to assess exposure of critical infrastructure from coseismic land-

sliding susceptibility models (Chapter 6); and

• Estimating the exposure of State Highway and electrical transmission networks to co-

seismic landsliding from an Alpine fault earthquake scenario to inform emergency re-

sponse planning (Chapter 6)

As a result, this thesis is a contribution to both the understanding and modelling of co-

seismic landslides and earthquake disaster risk management in mountainous environments in

general. Key findings from this research will contribute directly to pre-event planning and

readiness for an anticipated large Alpine fault earthquake, as well as enabling similar studies

of other mountainous environments where large earthquakes and associated landsliding are

possible. The establishment and application of a coseismic landslide susceptibility analysis

method for fault-bounded mountainous terrain has enabled a greater understanding of the

hazard and risk posed by future Alpine fault earthquakes. It has also enabled critical sections
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of the State Highway and electrical transmission networks to be identified, and informed pre-

event mitigation to reduce the impacts of a future earthquake. Applying this methodology to

other earthquake scenarios, both in New Zealand and globally, for which coseismic landslid-

ing analysis has not previously been possible, could yield similar results, leading to greater

awareness and resilience to coseismic landsliding and large earthquakes in general. This the-

sis is of direct benefit to vulnerable communities, EM, and relevant industries and institutions

both in the South Island of New Zealand and globally.

This chapter builds on the discussion and conclusions presented in Chapters 2-6. First,

this chapter addresses the Exercise Te Ripahapa disaster scenario, the coseismic landslide

modelling process, and its results and their implications for past and future events; second,

the key conclusions and recommendations derived throughout this research are summarised

and contextualised; and finally, the chapter finishes with suggestions of future avenues of

research which will strengthen and advance the methods and results found herein.

7.2 Discussion

7.2.1 Exercise Te Ripahapa

A maximum-credible scenario?

Following the devastating secondary consequences that resulted from the 2008 Wenchuan

and the 2010-11 Canterbury earthquakes, the South Island CDEM Groups realised the need

to better understand the full complement of hazards likely to result from a future Alpine

fault earthquake. Consequently, Exercise Te Ripahapa was developed to provide a realistic

scenario for a maximum-credible rupture of the Alpine fault in order that they could appro-

priately and effectively plan for, mitigate against, and respond to such an event. While the

resulting scenario did represent a maximum-credible event, a number of caveats exist.

Firstly, it was noted in the independent review of the disaster scenario that different

weather conditions at the time of the earthquake could substantially increase the scale of

secondary hazards. The weather scenario involved generally fine conditions with some occa-

sional light rainfall in the far south of the Island; typical conditions for late May (when the

exercise took place) in the South Island (see Appendix B). Had the weather scenario included

heavy rainstorms and low cloud, which are not uncommon for the alpine and West Coast

regions, the impacts would have been substantially worse. Landslide dams would have filled

faster as a result of greater river flow rates potentially leading to more rapid outburst floods,

and larger amounts of landslide material remobilised as debris flows. In addition saturated
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soils may have led to landslides with longer runout lengths as a result of higher water content

(see Appendix A). In terms of human welfare, affected populations would have required shel-

ter from the weather, while low cloud cover would have prevented flying over the Southern

Alps, placing a major strain on reconnaissance and supply distribution.

Further, a maximum-credible event for an Alpine fault earthquake should account for

tourist numbers, which Exercise Te Ripahapa did. However, during May tourist numbers are

substantially lower than between September and March (Orchiston, 2011). A scenario repre-

senting an earthquake during the tourist season would involved a substantially larger number

of exposed people. For instance, the combined population of Franz Josef and Fox Glacier

during Exercise Te Ripahapa was ⇠400; between September and March this could be as

many as 4,000. Further, Milford Sound has an average ⇠1,750 visitors each day throughout

the year (Department of Conservation, 2006; Dykstra, 2012), yet Environment Southland es-

timated just 95 people were likely to be there during the scenario. A scenario representing an

Alpine fault earthquake during the tourist season could therefore involve a far larger number

of injuries or fatalities than used during Exercise Te Ripahapa (see Appendix C).

A further point of note is the hill slope 400 m east of Franz Josef township, which has

been identified by Barth (2014) as having the potential to cause a rock avalanche with a ⇠2

km2 deposit that would devastate the town (Fig. 7.1). While it is not currently possible to

ascertain whether this slope will fail in the next Alpine fault earthquake, or indeed if it will

fail at all, it appears to be a credible event and thus could feasibly be included in a maximum-

credible Alpine fault earthquake. Exercise Te Ripahapa is therefore an excellent example

of the challenges in establishing the intended scenario scale, and demonstrates the fact that

multiple maximum-credible events may exist for a variety of different scenario requirements

(e.g. time of year). It is vital that all participants are aware of this during the scenario

development phase.

Nevertheless, as discussed in Chapter 3 and shown by Holling (2004) and Park et al.

(2013), establishing the processes and behaviours required to respond to an emergency are far

more important than the precise scenario used. While the specifics of any emergency response

may differ as a result of different weather or larger tourist numbers, the processes established

during Exercise Te Ripahapa for responding to an Alpine fault earthquake are unlikely to be

substantially different. Thus the scenario has, hopefully, contributed to increased awareness

and resilience to such a disaster, as well as enabling the development of appropriate and

effective response processes and behaviours.
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Figure 7.1: Franz Josef township and the potential rock avalanche source above the town. From Barth
(2014)

Differences with later modelling

One of the primary issues experienced during the development of the Exercise Te Ripahapa

disaster scenario, was establishing the scale and spatial distribution of landsliding from em-

pirical observations and expert elicitation. It was these difficulties that led to the development

of a method to model coseismic landsliding for an Alpine fault earthquake. It is therefore

logical to compare the Exercise Te Ripahapa scenario to the results from the fuzzy logic

coseismic landslide modelling to identify any differences.

Firstly, the general scale of landsliding is similar in both scenarios, with empirical meth-

ods suggesting ⇠50,000 landslides over ⇠35,000 km2 (Table 2.2; Chapters 2 & 3), compared

to ⇠40,000 landslides over ⇠50,000 km2 (Chapter 5) from fuzzy logic modelling. Further,

the spatial distribution was broadly similar, with both scenarios suggesting the landsliding
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would be concentrated along the western range-front of the Southern Alps, although fuzzy

logic also identified the southern Marlborough faults region as being similarly affected. Of

the nine river catchments identified as having the potential for landslide dams during Exercise

Te Ripahapa (Fig. 3.5), it is notable that seven of these are also found to be some of the worst

affected from fuzzy logic modelling. The two catchments not included are the Karamea and

Mokihinui, which were found in fuzzy logic modelling to have Impact Factors of just 0.01 and

0.11 respectively (Table 5.8; Chapter 5). In fact, the Karamea catchment is inferred to have

<20 landslides throughout the entire catchment and the Mokihinui will likely have <100.

Landslide dams in these catchments therefore appear unlikely. The small population in these

areas of the South Island means that the inclusion of landslide dams here during Exercise Te

Ripahapa is unlikely to have substantial affected the response.

Two landslide-generated tsunamis were also included in Exercise Te Ripahapa; in Mil-

ford Sound and Lake Brunner. While the possibility of landslide-generated tsunami has not

been examined following the fuzzy logic modelling, visual analysis of the landslide suscep-

tibility map (Fig. 5.6) confirms that such events may be possible at these locations. Milford

Sound has previously been shown to be highly susceptible to such events (see Dykstra, 2012)

and Fig. 5.6 shows that very high susceptibility values are present along the entire coastline

of the fiord, confirming that landsliding into the fiord should be expected. The hillslopes

surrounding Lake Brunner are also shown to have very high susceptibility (Fig. 5.7) and

thus landsliding into the lake is also possible. While not conclusive, this does suggest that

landslide-generated tsunami in these location is plausible. Other lakes which are surrounded

by high susceptibility include: Lakes Sumner, Coleridge, Kaniere, Paringa, and McKerrow

(Fig. 7.2). Of these, Lake Coleridge has a hydroelectric dam, Lake Kaniere has several camp-

grounds and holiday homes, and Lake Paringa is near to SH6. Some areas of medium-to-high

susceptibility are also present near Lakes Te Anau, Wakatipu, Wanaka, and Hawea (Fig. 7.2),

all of which have relatively large populations and State Highway routes on their shoreline. In-

vestigating whether previous landslide-generated tsunami have occurred in any of these lakes

is therefore strongly recommended.

Finally, Exercise Te Ripahapa involved landslides blocking the State Highways and dam-

aging the electrical transmission links into Queenstown (Fig. 3.7). These sections were not

identified as having high relative exposure from the fuzzy logic modelling (Figs. 6.5 & 6.7;

Chapter 6). This suggests that the impacts from landsliding to Queenstown suggested in Ex-

ercise Te Ripahapa may be over-estimated, as the town is not exposed to isolation or power

loss according to the fuzzy logic modelling (Figs. 6.8 & 6.9). Furthermore, SH69 and SH7

through the Grey Valley were also anticipated to be impassable for Exercise Te Ripahapa.



Figure 7.2: Landslide susceptibility values surrounding a) Lakes Coleridge and Kaniere; b) Lake
Sumner; c) Lake Paringa; d) Lake McKerrow; and e) Lakes Te Anau, Wakatipu, Wanaka, and Hawea
with nearby towns and State Highways. High susceptibility along the shorelines of the these lakes
suggest they have the potential for landslide-generated tsunami during an Alpine fault earthquake.
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Fuzzy logic modelling has shown this section to be the most critical section for an Alpine

fault earthquake as landsliding exposure here is considered low. Nevertheless, the area is

thought to be highly susceptible to liquefaction (see McCahon et al., 2006a,b,c) and thus

without any mitigation to this hazard, the likelihood of this section of road becoming im-

passable must be considered likely. The other sections of the State Highway and electrical

transmission networks badly affected in Exercise Te Ripahapa correspond to those sections

found to be highly exposed from the fuzzy logic modelling.

Thus, while there are notable differences between the Exercise Te Ripahapa scenario and

the fuzzy logic scenario, generally the results are similar, with the only major difference being

the isolation and power loss in Queenstown. Including the fuzzy logic coseismic landslide

modelling into Exercise Te Ripahapa would have very little affect on its overall scenario. This

further demonstrates that detailed and realistic scenarios can be effectively developed via the

co-production of knowledge, adding further weight to such a method being utilised in future

local- and regional-scale exercises.

7.2.2 Coseismic landslide modelling

Landslide inventories

The coseismic landslide modelling undertaken herein has relied heavily on available landslide

inventories for statistical analysis. It is therefore dependent on the accuracy and quality of

the datasets utilised for identifying and locating landslides. Any errors or inaccuracies within

the data are carried forward into the modelling phase. For this reason, it is only feasible to

use datasets digitised using GIS, as non-digital datasets are likely to contain a larger error.

Further, digitising non-digital inventories increases the associated error as any original map-

ping errors are compounded during the digitising process (Fig. 7.3). If the associated error

is larger than the DEM resolution this can have dramatic effects on the statistical analysis

by placing a landslide in an incorrect pixel and thus attributing incorrect factor values to the

landslide point (Fig. 7.3).

The model also relies on a consistent mapping approach being undertaken. For instance

with point data, two different mapping techniques exist: centroid (the centre of the landslide

source zone) and top point (the highest elevation of the headscarp). Ensuring that the inven-

tories employ the same technique is vital, particularly when considering slope position. It is

also important that the inventories include the same types of landslides (i.e. rotated blocks,

slumps, flows etc.). The inventories included herein contain all landslide types, however an

inventory for the 2011 M9.0 Tohoku earthquake could not be utilised as it was specific to dis-
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Figure 7.3: Schematic diagram showing the effect of mapping errors (black bars) combined with
digitising errors (red bars) for locating a landslide point within a 60m DEM. Grey shading represents
different pixel values. This landslide point could belong to any of 20 pixels within the total error
margins (black dotted line).

rupted landslides and therefore did not correlate to the other inventories. The Wenchuan in-

ventory included lateral spreads which are not thought to have been included in the Northridge

and Chi-Chi datasets. This could explain the increased frequency ratio values seen for small

slope angles in Wenchuan (Fig. 4.7) compared to Northridge and Chi-Chi. For this reason,

the user-defined membership curves for Wenchuan were selected to produce smaller fuzzy

membership values for low slope angles in accordance with observations from Northridge.

The landslide susceptibility map produced for the Alpine fault (Fig. 5.6) therefore represents

all landslide types but does not include lateral spreads.

Local factors

Despite local factors such as lithology, vegetation, soil cover etc. being excluded from the

modelling, they will have an effect on the production of coseismic landslides. While this

effect is inferred to be minimal in determining the spatial distribution because regional fac-

tors alone produced highly successful results, local effects may play an important role in the

total number and volume of landslides produced. This is particularly notable when compar-

ing the 1929 M7.3 Murchison and 2003 M7.3 Fiordland earthquakes. Both events were the

same magnitude, produced the same level of shaking across similar sized areas (see Dowrick,

1994), and involved similar faulting mechanisms (reverse motion). Nevertheless, the 1929
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earthquake resulted in >5 times as many landslides as the 2003 event. The primary dif-

ference between the two events is their location within the South Island. The 1929 earth-

quake primarily affected an area of highly weathered mixed lithologies (intrusive igneous

and sedimentary rocks) west of the Marlborough fault system, while the 2003 earthquake

affected comparatively less weathered metamorphic and igneous rocks of southern Fiord-

land (Fig. 7.4). As a result, the 2003 Fiordland earthquake resulted in just ⇠400 generally

shallow-seated, small-volume landslides, compared to >2,000 landslides many of which were

large-volume and deep-seated during the 1929 Murchison earthquake (Hancox et al., 1997;

Pearce and O’Loughlin, 1985). The Alpine fault will predominantly affect the Southern Alps,

although parts of Fiordland will also be affected, and thus the values derived herein (Chapter

5) are considered credible for the local factors.

Area versus number

Landslide inventories used in this thesis consist of point data used to derive the number of

landslides likely to result from an Alpine fault earthquake. Other inventories are available

which contain polygon data that would be useful for deriving total landslide area. Polygon

data would be preferred because it would enable individual landslide area to be estimated,

and thus specific volumes to be derived (see Hovius et al., 2011; Li et al., 2014). The specific

area and volume of an individual landslide are important for local hazard and risk analysis as

they can be used to predict potential landslide runout. The current model identifies locations

where landslide densities are likely to be highest. While this is useful, establishing where

the largest area/volume landslides are likely to occur would be preferred. A town or critical

infrastructure in a high density location is clearly highly exposed, however if each of those

landslides is of small volume, a different location with low density but high volume could be

considered more exposed.

Nevertheless, in its current form this model would be difficult to apply to polygon data as

these cover multiple pixels making a statistical analysis of the contributing factors difficult to

ascertain. Furthermore, there appears to be no general consensus in the mapping technique

for polygon inventories; for instance some combine source zone and runout zone into a single

polygon while others classify source and runout zones into distinct groups. Another common

difference is that some inventories include multiple densely-spaced small area/volume land-

slides into a single large landslide complex, while others map each individual slope failure.

Again, for this method to be applicable, all the inventories used would need to employ the

same mapping technique.



Figure 7.4: Extent of landsliding in relation to lithology for the 1929 Murchison (top) and 2003
Fiordland (bottom) earthquakes. M - metamorphic; S - sedimentary; I - igneous rocks.
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Small sample datasets

As a result of the small number of digital landslide inventories available with corresponding

mapping techniques and resolution, only a small sample of datasets has been used. This is

particularly important for the statistical analysis for the fuzzy membership functions and for

the standard error of the mean (SEM) method to derive landslide number. In the case of the

fuzzy memberships this means that the resulting susceptibility maps are weighted towards

those factors which influenced landsliding in Northridge, Wenchuan, and Chi-Chi. While the

results have achieved good-to-excellent model performance, including more datasets will de-

velop more robust memberships giving the results a higher degree of credibility. Nevertheless,

three different earthquake events occurring in three different environments showing strongly

correlated distributions for those factors described (Chapter 4) seems unlikely to be coinci-

dental, and thus these factors are likely to be the main contributors to regional landsliding.

Including more datasets however may identify further factors which correlate between the

majority of events but that do not correlate between the Northridge, Wenchuan, and Chi-Chi

inventories.

With regard to the SEM method to derive landslide number, more datasets would allow

probability distributions to be defined which correlate landslide density to modelled suscepti-

bility class. This would enable landslide number to be derived with an associated likelihood,

rather than simply a potential range between which it may occur. Currently, defining a proba-

bility distribution from the five modelled inventories (Northridge, Wenchuan, Chi-Chi, 2003

Fiordland, and 2009 Fiordland) is not possible as there is no meaningful way to determine

which probability distribution best fits the data or even how the data are distributed. Evaluat-

ing more inventories will better define how these densities are distributed and thus provide a

more robust answer for total landslide number.

7.2.3 Coseismic landsliding results

Aggradation from 1717 Alpine fault earthquake

Coseismic landsliding has been modelled for a full-length rupture of the Alpine fault, similar

to the last known rupture in 1717 CE. The landslide volumes derived from such an event have

been used to estimate aggradation in some of the major river catchments throughout the South

Island. In the central Southern Alps this has suggested that post-event aggradation could

average ⇠1 m. However no evidence of major aggradation from the 1717 earthquake exists

on any of the alluvial fans in central Westland studied by Davies and Korup (2007). Evidence

of substantial aggradation was identified for the c. 1600 CE Alpine fault earthquake. This
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may suggest that either substantial landsliding did not occur during the 1717 earthquake,

or evidence of subsequent aggradation was not preserved. The former appears unlikely as

Howarth et al. (2012, 2014) identified large coseismic and post-seismic sediment inputs into

Lakes Paringa and Mapourika following the 1717 event. This post-seismic sediment input has

a duration of ⇠80 years and must have formed as a result of remobilised landslide material in

the (small) drainage catchments for these lakes. It therefore appears more likely that evidence

of aggradation from the 1717 earthquake was not preserved, although explaining the lack of

evidence is challenging given evidence from the earlier c. 1600 earthquake is preserved.

Despite evidence of aggradation from the c. 1600 earthquake on alluvial fans (Davies

and Korup, 2007), no post-seismic sediment deposits were identified corresponding to this

event in either Lake Paringa or Lake Mapourika (Howarth et al., 2014). This suggests that

rupture during this earthquake only occurred on the section of the Alpine fault north of about

the Waitaha River (Howarth et al., 2014), in accordance with fault trench data (De Pascale

and Langridge 2012; De Pascale et al. 2014; Fig. 7.5). Yet aggradation from this event has

been identified as far south as Fox Glacier township, >75 km south of the fault rupture.

Furthermore, De Pascale et al. (2014) demonstrated evidence of substantial landsliding as far

south as the Haast River, >200 km south of the fault rupture. It seems unlikely that major

landsliding would occur at such large distances from the fault rupture.

Cox et al. (2012) identified a large number of faults east of the main divide in the Ao-

raki/Mt Cook area, many of which have the potential for earthquakes >Mw6.5, although the

potential activity of most of these remains unknown (Fig. 7.5). Rupture of one of these faults

may explain the discord between evidence of landsliding and observed Alpine fault rupture in

c. 1600. This would require two large (⇠Mw7.0) earthquakes to have occurred relative close

in time around 1600 CE. Such events have been witnessed historically in New Zealand during

1929, when the ⇠Mw7.0 Arthurs Pass earthquake preceded the Mw7.3 Murchison earthquake

by just four months. This does not explain the lack of post-seismic deposits in Lakes Paringa

and Mapourika, although it could be a result of only minor landsliding in the small river

catchments that feed the lakes. Rupture of one of the southern Aoraki/Mt Cook faults may

be sufficient to generate the observed landslide effects at the Haast River mouth, while also

being at a large enough distance from Lakes Paringa and Mapourika to explain the lack of

substantial post-seismic sediment inputs. Using the methods described herein to model land-

sliding from a number of different earthquakes on the identified faults of Cox et al. (2012)

may indicate whether such events are capable of producing substantial landsliding, and if so,

the spatial distribution throughout the central Southern Alps.



Figure 7.5: Extent of fault rupture during the c. 1600 Alpine fault event in relation to palaeoseismic evidence for the earthquake, Lakes Paringa and
Mapourika, and recently identified faults and their magnitude potential in the Aoraki Mt Cook region. Palaeoseismic evidence from Davies and Korup (2007)
and De Pascale et al. (2014); Aorkai/Mt Cook faults from Cox et al. (2012)
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2002 Mw7.9 Denali, Alaska earthquake

This thesis has looked at several examples of catastrophic coseismic landsliding to compare

with a potential Alpine fault earthquake, most notably the 2008 Mw8.0 Wenchuan earthquake.

However, the 2002 Mw7.9 Denali earthquake presents an alternative example in that it only re-

sulted in ⇠1,500 landslides (Gorum et al., 2014), compared to the ⇠60,000 in Wenchuan. The

primary difference between these two events is that the Denali earthquake occurred in a heav-

ily glaciated environment, which is thought to have the potential to reduce seismic shaking

and consequently coseismic landsliding (McColl et al., 2012). However Gorum et al. (2014)

showed that fault type, geometry, and rupture process played a more dominant role in reduc-

ing the number of landslides than glaciated terrain. The Wenchuan earthquake had a similar

dynamic rupture to the Denali earthquake but occurred on less steeply dipping faults involv-

ing a combination of reverse and strike-slip motion, with fewer landslides observed along

the strike-slip section compared to the reverse section (Fig. 7.6). In comparison the faults

involved in the Denali earthquake were near vertical dipping and sustained purely strike-slip

motion (Fig. 7.6).

Gorum et al. (2014) therefore suggested that steeply dipping, dominantly strike-dip faults

are likely to produce fewer landslides for the same magnitude earthquake as less steeply dip-

ping reverse and oblique faults. They provided evidence from 15 further events which appear

to confirm this suggestion (numbers 1-15 in Fig. 7.6). While the 1929 Murchison earthquake

appears to fit with this trend, the 2003 and 2009 Fiordland earthquakes do not, occurring on a

very shallowly dipping subduction zone (reverse motion) but resulting in very few landslides.

Further, the 1976 Guatemala earthquake occurred on a vertical strike-slip fault and resulted

in ⇠50,000 landslides (Kanamori and Stewart 1978; Fig. 7.6). The Alpine fault is segmented

at a scale of several kilometres into near vertical strike-slip and 40-45° dipping reverse seg-

ments (Fig. 2.2). If fault dip and motion do control landslide number, the presence of shallow

dipping reverse segments throughout the northern and central segment of the fault will likely

result in large numbers of landslides, and the estimates herein correlate well with the obser-

vations from Wenchuan (Fig. 7.6). The 1976 Guatemala earthquake also demonstrates that

vertical strike-slip faults can generate large numbers of coseismic landslides, and thus the

numbers estimated for an Alpine fault earthquake are considered plausible.

7.3 Conclusions and recommendations

This thesis has made a substantial contribution to the disaster risk management of a future

Alpine fault earthquake, as well as of large earthquakes in mountainous environments in
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Figure 7.6: Total number of coseismic landslides in relation to fault dip and faulting mechanism on
reverse and strike-slip segments of the Alpine fault, and the range of coseismic landslides estimated
herein. 1 - M6.5 Coalinga, USA (1983); 2 - M6.9 Iwate-Miyagi, Japan (2008); 3 - M6.7 Northridge,
USA (1994); 4 - M7.0 Haiti (2010); 5 - M7.6 Chi-Chi, Taiwan (1999); 6 - M8.0 Wenchuan, China
(2008), 6a - reverse slip segment and 6b - strike slip segment; 7 - M6.0 Umbria Marcha, Italy (1997);
8 - M6.3 L’Aquila, Italy (2009); 9 - M5.6 Rotoehu, New Zealand (2004); 10 - M6.2 Mammoth Lakes,
USA (1980); 11 - M6.7 Niigata, Japan (2009); 12 - M6.9 Loma Prieta, USA (1989); 13 - M6.2 Aysén,
Chile (2007); 14 - M7.9 Denali, USA (2002); 15 - M6.8 Yushu, China (2010); 16 - M7.3 Murchison,
New Zealand (1929); 17 - M7.8 Fiordland, New Zealand (2009); 18 - M7.3 Fiordland, New Zealand
(2003); 19 - M7.6 Guatemala (1976). Adapted from Gorum et al. (2014); events 16-19 added herein.

general. A number of significant conclusions and potential recommendations have been de-

veloped throughout the thesis and these are summarised and contextualised below.

1. Establishing disaster scenarios provides an effective method to develop preparedness

and resilience to anticipated disasters such as an Alpine fault earthquake. Regardless

of potential application these disaster scenarios should be as realistic as possible, and

should invoke the processes and behaviours required to respond to a future emergency.

Thus they require the detailed inclusion of secondary effects, which are typical of all

natural hazards, along with the exposure and vulnerability of those social elements

included in the scenario. The development of disaster scenarios which are realistic and

meet the priorities and information needs of all users, can be improved through the
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co-production of knowledge between disaster scientists and all potential users, such

as emergency management personnel, local communities, and critical infrastructure

operators.

2. The hazard from Alpine fault earthquakes is not simply a function of strong ground

shaking. A series of complex interlinked secondary geomorphic effects including land-

sliding, landslide dams, outburst floods, landslide tsunami, and aggradation will exac-

erbate the impacts from the primary hazard event. Evidence of some or all of these

effects has been observed in the majority of historic South Island earthquakes, and ge-

ologic evidence of pre-historic Alpine fault earthquakes suggests they affect the entire

Southern Alps, both east and west of the main divide. Without complete historic land-

slide inventories or detailed geotechnical information however, modelling the potential

extent of coseismic landsliding was not previously possible.

3. Statistical observation of the spatial distribution of coseismic landslides in the North-

ridge, Chi-Chi, and Wenchuan earthquakes has identified five common factors which

appear to control the spatial distribution of coseismic landslides despite differences

in local environment and seismic and tectonic processes. These factors are: shaking

intensity, slope angle, slope position, and distance from active faults and streams. Util-

ising fuzzy logic in GIS, membership functions for each of these factors derived from

two events are able to successfully model the spatial distribution in a third event in

a different environment with excellent model performance. These membership func-

tions can therefore be applied to other environments for which coseismic landslide

modelling has not previously been possible under the assumption that the factors con-

trolling coseismic landslide distribution are the same for all fault-bounded mountainous

environments.

4. Applying these memberships to the 2003 and 2009 Fiordland earthquakes has achieved

similarly successful results demonstrating the robustness of the memberships and their

applicability to the New Zealand environment. Applied to an Alpine fault earthquake

scenario, this demonstrates that coseismic landsliding is likely to affect an area >50,000

km2, predominantly along the western range-front of the Southern Alps and throughout

the southern Marlborough faults region. Consequently, between 40,000 and 110,000

landslides are anticipated to occur resulting in between 0.2 and 2 km3 of landslide de-

bris. In total, up to ⇠4,000 landslides >10,000 m3 could occur, suggesting potential

large numbers of landslide dams could form on multiple rivers.

5. Coseismic landsliding from an Alpine fault event will most severely affect 16 major
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river catchments, which include all west-draining order 6 or larger catchments between

the Buller and Hollyford rivers as well as the east-draining Canterbury Waiau, Hurunui,

Waimakariri, and Rakaia rivers. The Taramakau, Waiho-Callery and Hollyford catch-

ments are likely to be the worst affected producing >7 times more landslides per unit

area than the average for the entire South Island. Erosion as a result of landsliding will

likely correspond to >5 years of normal erosion in the central Southern Alps, and to

>50 years of normal erosion in the Buller, Grey, Hollyford, Taramakau, and Hurunui

catchments. Consequent aggradation is likely to average up to 1 m or more in all 16

river catchments, presenting a major long-term hazard for all societal activities on the

alluvial fans and floodplains of these rivers. Such aggradation has the potential to last

for up to several decades and therefore also present a substantial issue to long-term

recovery, particularly with respect to re-establishing critical infrastructure such as road

bridges.

6. Losses to critical infrastructure such as transport and utilities networks are predomi-

nantly a function of landsliding. Estimating exposure to landsliding is complex how-

ever, due to the challenges in predicting landslide occurrence, runout, and magnitude.

A method for estimating exposure of critical infrastructure networks from a landslide

susceptibility model has therefore been developed. This is a semi-quantitative method

which utilises susceptibility values surrounding a network point to calculate landslide

densities. These are then considered in relation to a hazard threshold which establishes

the relative likelihood of any point on a network being affected. The method is applica-

ble to any network whose spatial distribution is known and can be applied to aseismic

landslide scenarios as well as coseismic scenarios as long as a landslide susceptibility

map is available.

7. The South Island State Highway and electrical transmission networks are particularly

exposed to coseismic landsliding during an Alpine fault earthquake. Up to 240 km of

road, particularly SH6 between Hokitika and Haast, and Arthurs and Lewis Passes, are

highly exposed to landsliding. Consequently a permanent population of ⇠2,750 people

are exposed to isolation. This number could more than double during peak tourist

season between September and March. In the electrical transmission network up to

2,000 wooden poles and 30 steel pylons are exposed to landsliding and consequently

>23,000 people are exposed to power loss.

8. Exposure analysis for the State Highway and electrical transmission network resulted

in a series of key findings and recommendations:
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(a) The Grey River valley region, between Inangahua and Greymouth, is the most

critical section of the State Highway network. In this region the network has

low-to-very low exposure to landsliding and it is therefore vital that the road

and its bridges can withstand MM7-8 shaking as well as liquefaction and lateral

spreading. Retaining functional access through this route will ensure emergency

response access to 20,000 people who would otherwise be isolated by road.

(b) Following an Alpine fault earthquake, the emergency response will likely be most

successful if based out of Wellington using Nelson as a forward operating base.

Road access between Christchurch and Dunedin and the West Coast region will

be severely damaged by landsliding. In addition, some damage is expected in

Christchurch and Dunedin and their surrounding areas from strong ground shak-

ing, which will require require local-to-regional-scale responses. As a result,

basing the primary emergency response in Wellington will alleviate some of the

stress on the emergency response in Christchurch and Dunedin, and also provide a

direct link to some of the worst-affected areas in the West Coast region. Welling-

ton is also the location for any National-level response, as central government, the

NCMC, and MCDEM are all located here. An Alpine fault earthquake is likely

to require a National-level CDEM response.

(c) Damage from landsliding to 2,000 wooden poles supporting the electrical trans-

mission network is likely to require several thousand person-hours to repair. Fur-

ther damage from ground shaking, liquefaction, and other geomorphic hazards

could greatly exacerbate the total number affected and thus increase the repair

time. Considering repairs cannot begin until safe and reliable access can be

gained, affected populations (i.e. those south of Hokitika) should anticipate power

loss for a considerable amount of time. Establishing alternative, less exposed

power sources, or reducing reliance on power from the main network is recom-

mended.

(d) The currently proposed Haast-Hollyford highway would be extremely exposed to

landsliding and if constructed would be the worst-affected road on the State High-

way network in an Alpine fault earthquake. With >800,000 people anticipated to

use the road per annum as well as the inevitable service stations and population

centres that will form along the route, its construction would present a substan-

tially increased risk to life for users and inhabitants. Any planning process for the

road should consider this.
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7.4 Future work

This research has identified and enabled a number of avenues, both practical and theoretical,

for future work. In general, continued efforts should be invested in identifying and mod-

elling secondary hazards resulting from mountainous earthquakes globally. This will enable

a greater understanding of the complex interlinkages between the various hazards (see Chap-

ter 2) and may lead to greater resilience towards mountainous hazards in general. In addition,

further efforts should also be given to disaster science-practitioner collaboration as this pro-

vides an effective means to reduce and manage disaster risk in general. More specific details

of potential future work are explored below.

Disaster risk management of earthquakes in mountains

• Continuing engagement between disaster scientists and emergency managers through-

out New Zealand should be undertaken for the development of realistic disaster scenar-

ios. New Zealand has a large number of potential earthquake sources, particularly in

the Southern Alps, and any large earthquake within the mountains presents a substan-

tial hazard. Development of further disaster scenarios for other earthquake hazards,

for instance a large Hope fault event, is likely to yield further increases in prepared-

ness and resilience within the emergency management sector for large mountainous

earthquakes.

• A focus on more effective methods for developing long-term disaster science-stake-

holder partnerships for inclusion in CDEM planning, decision making, resource man-

agement planning etc. is also required. A specific focus should be given to increasing

stakeholder knowledge and understanding of secondary hazards both for earthquakes

in mountains and in general. Such a process will enable greater understanding of these

effects and potential identify feasible mitigation efforts for implementation.

• This work has focussed primarily on impacts to critical infrastructure and the effects

for the immediate emergency response. Developing and evaluating methods to esti-

mate potential recovery times for critical infrastructure will also be vital for long-term

recovery planning. Achieving resilience to large earthquakes in mountains requires the

development of plans for fast and effective recovery as well as emergency response.

Estimating potential down times for critical networks post-earthquake will enable a

greater understanding of the long-term economic effects an Alpine fault earthquake is

likely to have, both regionally and nationally.
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• Following from this, developing ways to enable at risk industries and economies to be-

come more resilient to critical infrastructure losses is also recommended. For instance,

developing alternative means for the mining industry to distribute products without be-

ing solely reliant on the transport links in Arthur’s Pass may allow faster post-event

recovery leading to smaller economic effects. Establishing pre-event the priorities re-

quired for each industry to recover as well as establishing plans for their continuation

is likely to be vital for recovery post-earthquake.

• Applying the current model on a probabilistic basis will likely establish the level of

hazard coseismic landsliding presents from all potential earthquake sources. This will

allow the identification of the most likely critical infrastructure losses from coseismic

landsliding in general rather than from specific events. Such a process has the potential

to identify the most at risk locations from all earthquake sources that could be targeted

for mitigation. For instance the HVDC Inter-Island link is found to have low exposure

to landsliding in an Alpine fault event, however it could be at risk from an earthquake

on one of the Marlborough faults.

Coseismic landslide modelling

• Generating and analysing further coseismic landslide inventories will improve and in-

crease the robustness of the memberships derived herein as well as potentially identi-

fying further regional-factors which control the spatial distribution of landslides. Util-

ising inventories from a variety of different geotectonic environments may establish

whether the factors identified in this research are ubiquitous or unique to fault-bounded

mountainous environments. Inventories from different environments will increase the

applicability of the fuzzy logic model by establishing robust membership curves for a

wide range of environments with the potential for coseismic landsliding.

• Analysing further inventories will also provide more insight into the distribution of

landslide densities with regard to susceptibility values. Including more inventories will

significantly increase the robustness of the SEM method by reducing the absolute SEM

value as well as the standard deviation. Substantial increases in the number of inven-

tories used should enable the method to move from the SEM to a more probabilistic

approach that will enable likelihoods to be assigned to total number estimates.

• Utilising landslide area will more effectively establish the total and individual volumes

of landslides likely to occur. An extension of the method described herein to statisti-

cally analyse polygon inventories would therefore provide a substantial step forward in
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coseismic landslide modelling. This could potentially enable the identification of spe-

cific areas where large coseismic landslides are anticipated rather than areas where the

largest densities of landslides are expected. This will be critical for local-scale hazard

assessments and for better establishing the vulnerability of critical infrastructure.

• Evaluating the effect of local factors on the number and volume of landslides will add

a significant component to the current fuzzy logic model. While spatial distribution

appears to be suitably modelled without considering local factors, these do appear to

control the number and volume of landslides which result. Establishing the effect these

factors have on landslide production may prove critical. For instance, what effect does

lithology have on the k value when estimating total volume?

• Analysing the effects of previous coseismic landsliding occurrences on critical infras-

tructure networks may identify threshold landslide densities for which networks are

most likely to be affected, increasing the robustness of the exposure model described

in Chapter 6. Using past events to identify potential threshold values compared to user-

defined values may allow absolute values to be considered rather than relative values.

This may also enable exposure and susceptibility to be directly translated to impact

severity, which is important for long-term recovery planning.

Specific research opportunities

• Undertaking field studies to search for evidence of previous landslide-generated tsunami

in many of the South Island lakes is strongly recommended. The potential for tsunami

in some of these lakes from an Alpine fault scenario cannot be overlooked as the Lituya

Bay example demonstrates how catastrophic these events can be. With such a large

population living in Queenstown (⇠30,000) on the shoreline of Lake Wakatipu, this

lake is specifically suggested for future work. Adapting the current method to incor-

porate landslide areas may also provide further information on the potential hazard for

South Island lakes.

• On-going palaeoseismic investigations, particularly for evidence of aggradation follow-

ing the 1717 Alpine fault earthquake is recommended as this will allow better under-

standing of the potential issues that long-term aggradation presents. A suggested loca-

tion to begin work is Potters Creek which drains into Lake Mapourika where Howarth

et al. (2014) unequivocally identified evidence of long-term post-seismic sediment in-

puts following the 1717 earthquake. Potters Creek is an isolated catchment and the
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only input to Lake Mapourika; it therefore presents an excellent opportunity to identify

previous aggradation from landsliding within the catchment.

• Understanding how sediment is remobilised and transported post-earthquake is also a

vital question which needs further investigation. The subsequent long-term sediment

mobilisation presents a substantial issue to the recovery process as well as industries

such as farming which rely on the fertile soils on alluvial fans. The 2008 Wenchuan

earthquake presents an opportunity to study and understand such effects as sediment

continues to be reworked and removed. Studying sediment remobilisation following

volcanic eruptions in places such as Mt Pinatubo may also be a useful research option

as this process should not differ substantially from remobilisation of landslide debris.

• Continued work into the activity and seismic potential of faults in the Aoraki/Mt Cook

area is also recommended. One or more of these faults may be responsible for the

palaeoseismic evidence of a c. 1600 earthquake in the far south of the West Coast

region which is unlikely to be derived from the Alpine fault earthquake farther north at

a similar time. An earthquake on one of these faults today would present a substantial

issue for the inland highways, the large number of communities in the area (including

Queenstown and Wanaka), and the hydroelectric dams on the Waitaki River. Further,

being within the ranges these faults may present a greater landslide potential than the

range-front Alpine fault.

• Further research into the formation, failure, and runout of large coseismic rock aval-

anches is also currently required. These catastrophic events present a substantial hazard

yet they remain relatively poorly understood. In general, large volume events are most

likely to arise from strong ground shaking, however New Zealand has recently had

several large volume events with no apparent trigger (e.g. the 1999 Mt Adams land-

slide). Understanding the formation and failure of these events is essential for hazard

and risk analysis. Similarly the identification of large runout events (e.g. Round Top

and Komansu; see Appendix A) suggest a need for greater understanding of these pro-

cesses. Communities situated several kilometres from potential source zones may still

be exposed if such runout lengths are possible under certain conditions.

• The Green Lake rock avalanche in southern Fiordland presents an interesting research

opportunity. At 27 times larger than the next largest rock avalanche in the South Island

it is anomalously large, yet its location does not conform to that expected for such a

massive failure. Unlike the other extremely large failures, which cluster to the Mil-

ford Sound/Hollyford River area (Fig. 2.7), Green Lake is relatively isolated with only
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three other large landslides nearby, although the largest of these is >100 times smaller.

Further, Hall et al. (2014) demonstrated that it cannot be Alpine fault-derived and sug-

gested the nearby Hauroko fault as an alternative earthquake source. This may have

important consequences for seismic hazard in the southern South Island. It may also

suggest that M⇠7 earthquakes in the ranges are capable of producing significant rock

avalanches.
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