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ABSTRACT 

In the face of expanding urban and rural areas and land intensification, hazard events are likely to 

continue to become more severe and devastating. This situation is no more relevant than in Franz 

Josef's township, where the systems responsible for the beautiful natural environment also pose a 

threat. As a result of the rapid growth and increase in tourism over the last decade, and due to the 

hazardous location of the current town, a new residential subdivision has been proposed and is 

currently being developed west of the Tatare River. As a risk management measure, all 

infrastructures may be relocated if there is a low perceived risk of seismic hazard and sedimentation 

of a landslide, flood, or debris flow. However, there have been no detailed study or hazard 

assessment undertaken for the new townsites to ascertain suitability of land for town growth in 

relation to the natural hazards that surround the township. As such, it remains unknown if relocation 

to the new towns drastically reduces risk and acts as a good risk reduction measure. In 2020, the 

Westland District Council commissioned a study to carry out a relative risk analysis comparing the 

risks associated with moving to a potential relocation site and those associated with Franz Josef 

township's current location. 

The purpose of this study was to directly compare the exposure of the existing and proposed 

townsites by carrying out a hazard analysis through a comparison between the natural hazard 

risk profiles for the various hazards and to estimate individual and societal risk to life. These 

results will help inform decision making around the future of Franz Josef. This was undertaken 

through a literature review of the various identified hazards that threaten both the current 

and new townsites, GIS and RAMMS modelling of the extents of hazard outflows and 

empirical methods from data identified in literature. 

With the same degree of development assumed for both town sites, the results show that the 

average annual impact on the current town sites is approximately six more than the impact 

on the proposed new town sites. Moreover, both individual and societal risk to life estimates 

are 17 times higher in the current town sites. Currently, the most significant risk to the new 

townsite is debris flow from the Stoney Creek catchment. In spite of this, the maximum runout 

extent of the largest recurrence interval event is still minimal and can be mitigated by proper 

measures. The results provide a robust assessment of the hazards and risks that can be faced 

by the two townsites as well as conclusive evidence that risk can be mitigated or transferred 

from the current townsites via relocation to the new townsites.  

The results of this thesis can be used to initiate fundamental dialogue on the relocation of the 

current township. Nonetheless, a more comprehensive risk assessment is required, where all 

aspects (such as societal, economic, cultural) must be examined in greater detail. It is also 

fundamental that other potential sites within the area are also considered as an alternative, 

with more investigative work. 
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GLOSSARY 

 

Hazard is “A process, phenomenon or human activity that may cause loss of life, injury or 

other health impacts, property damage, social and economic disruption or environmental 

degradation” (UNISDR, 2009).  Hazards may differ in origin e.g., natural, anthropogenic or 

socio-natural. This study will focus on natural hazards, which are primarily the result of 

natural processes and phenomena. A hazard can be quantified by its magnitude, the areas it 

affects at a range of magnitudes, and its annual probability of occurrence. 

 

Disaster is “A serious disruption of the functioning of a community or a society at any scale 

due to hazardous events interacting with conditions of exposure, vulnerability and capacity, 

leading to one or more of the following: human, material, economic and environmental 

losses and impacts”. (UNISDR, 2009).  

 

Exposure is “the situation of people, infrastructure, housing, production capabilities and 

other tangible human assets located in hazard-prone areas” (UNISDR, 2017).  

 

Vulnerability is the “conditions determined by physical, social, economic and environmental 

factors or processes which increase the susceptibility of an individual, a community, assets 

or systems to the impacts of hazards,” (UNISDR, 2017).  

 

Resilience is “the ability of a system, community or society exposed to hazards to resist, 

absorb, accommodate, adapt to, transform and recover from the effects of a hazard in a 

timely and efficient manner, including through the preservation and restoration of it’s 

essential basic structures and functions through risk management” (UNISDR, 2017). 

 

Risk is “The combination of the probability of an event and its negative consequences” 

(UNISDR, 2009). This can also be expressed as Risk = Impact x Likelihood   

 

Disaster Risk Management is the “systematic process of using administrative directives, 

organizations, and operational skills and capacities to implement strategies, policies and 

improved coping capacities in order to lessen the adverse impacts of hazards and the 

possibility of disaster” (UNISDR, 2009).  

 

Disaster Risk Reduction is the “concept and practice of reducing disaster risks through 

systematic efforts to analyse and manage the causal factors of disasters, including through 

reduced exposure to hazards, lessened vulnerability of people and property, wise 

management of land and the environment, and improved preparedness for adverse events” 

(UNISDR, 2009).  
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1 INTRODUCTION  

 

1.1 RESEARCH CONTEXT 

As the interactions between human and natural systems increase in number and complexity, 

so does the frequency and severity of disasters triggered by natural hazards. For some time, 

disasters were understood to be the by-product of natural cycles in atmospheric and 

geophysical phenomena. However, increasingly, this explanation has proved insufficient. The 

overall understanding and consensus of natural disasters are now widely viewed as these 

phenomena influenced by anthropogenic global environmental change due to human 

development (Pelling, 2003). For example, a volcanic eruption on an unoccupied island or an 

earthquake in a non-settled area would hardly be termed a disaster. In other words, disasters 

occur within a society where the capability of the society or community is insufficient to 

prevent significant damage from that event. Therefore, as human society's 

interconnectedness with the Earth's natural systems increases, so do the impacts and 

consequences of disasters. Although the fatality rate of natural hazards has declined 

significantly in the past decade, they still account for 0.1% of deaths globally (Ritchie & Roser, 

2021). However, according to the Global Facility for Disaster Reduction and Recovery 

(GFDRR), disaster impacts are estimated to be increasing globally, with both more significant 

losses and higher levels of destruction compared to the past, with an increase of $50 billion 

USD (annually) in the 1980s to $400 billion USD (annually) in the past decade (GFDRR, 2018).  

 

As the ongoing COVID-19 pandemic and global change continue to worsen, society worldwide 

has been experiencing a range of pressures, with the effects of the pandemic and climate 

change compounded by other natural disasters (GFDRR, 2021). In New Zealand (a country 

prone to severe natural events), natural disasters' potential severity and consequences 

continue to increase as urbanisation, ruralisation, and land-use intensify. One reason for this 

is New Zealand's geographic location.  

 

New Zealand's South Island is situated in a geologically dynamic zone, straddling the boundary 

between the Australian and Pacific tectonic plates (Fig. 1.1). It also lies in the path of the 

''roaring forties'' (the westerly mid-latitude wind belt) and so is buffeted by strong westerly 

winds, which contribute to the high rainfall events experienced on the West Coast (Fig. 1.2) 

(LGNZ, 2014; Langridge et al., 2016). The active plate-boundary Alpine Fault, coupled with the 

Southern Alps, produces an environment with rapid tectonic uplift, intense seismicity, and 

exceptionally high rainfall, especially on the West Coast. There are three principal towns 

(Hokitika, Greymouth and Westport) that are located along the West Coast, alongside other 

smaller towns. Although the West Coast region is remote and least populous region in New 

Zealand, the population remains stable, and the townships serve as key destinations for both 
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national and international tourists (Local Government Commission, 2022). Therefore, on the 

South Island, especially on the West Coast, there is thus significant exposure to natural 

hazards.  

 

In an environment where natural and human systems coexist, exposure to natural hazards 

inevitably results in disasters. Most natural hazards on the West Coast result from either 

one of two (or both) natural sources: 

• Geological processes (earthquakes, volcanoes, landslides, and erosion). 

• Meteorological process (heavy rainfall and high winds) (LGNZ, 2014). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Tectonic setting and study area of Franz Josef. Alpine Fault is marked by the red line. (Langridge et al., 2016) 
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1.1.1 Franz Josef Community and Westland District Council  

The township of Franz Josef / Waiau in Westland, located c. 100 kilometres southwest of 

Hokitika, is situated in a region that is a central focal point of the above-mentioned natural 

cascading hazards and their potential disasters. As part of the popular West Coast highway 

circuit, it is a major international and national tourist attraction. It is also described by 

Langridge and Beban (2011) as the largest and most economically prosperous community 

developed astride the Alpine Fault. With just over 400 permanent residents, the township can 

accommodate about 2000 overnight visitors, and in recent years the annual visitor numbers 

staying overnight have approached approximately 600,000. According to Tonkin and Taylor 

Ltd (2017), Franz Josef's annual contribution to New Zealand GDP is approximately NZ$23 

million. In addition to both private- and government-funded tourism, the township has 

productive dairy farming on the Waiho flats immediately west of the township (Davies, 1997). 

However, Franz Josef has been recognised to be one of the nation’s most vulnerable centres, 

not only to future Alpine Fault ruptures but to other natural hazards and their cascading 

impacts. The township which is situated one of the planet's most dynamic landscapes is 

exposed to a wide range of natural hazards that pose severe risks to the community 

(Langridge et al., 2016; Tonkin & Taylor Ltd, 2017).  

 

Tonkin and Taylor Ltd were contracted in 2017 to conduct a Natural Hazards Option 

Assessment and Cost-Benefit Analysis based on reviewing several decades of prior 

investigations. The objective was to establish an evidence base that could be used to inform 

decisions about the future of the township and the ‘best way forward.' Through a qualitative 

multi-criteria analysis (MCA), a spectrum of options was identified that would help improve 

resilience to the different natural threats, and three packages of options were provided. One 

of the most significant of these, suggested relocating the township further north, away from 

the Waiho River and Alpine Fault to a less threatened location as a risk-management measure. 

However, the proposed new location has not been subjected to a comprehensive hazard 

Figure 1.2: Digital Elevation Model (A) and rainfall gradient and intensity (B; precipitation contour map in m/yr.) of the 
central South Island (Langridge et al., 2016) 
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assessment to inform and assess the suitability of land potential for town growth in relation 

to natural hazards, and consequently it remains unknown what the effect of such a shift might 

have on hazard exposure to the township.  

 

In 2020, the Westland District Council commissioned a study to carry out a relative risk 

analysis comparing the risks associated with moving to a potential relocation site and those 

associated with Franz Josef township's current location. The present project is designed to 

carry out this analysis through a comparison between the natural hazard risk profiles for the 

various hazards of the current Franz Josef township site and the proposed relocation site to 

the north-west of the present town. 

 

Deaths and consequent economic losses from natural hazards are primarily due to the 

uncertain nature of natural hazards, where the exact occurrence and impact of a future event 

is difficult to ascertain. However, estimates of probability, magnitude and consequences of 

events can be made based on scientific knowledge. A hazard assessment can be used to 

identify where a natural hazard is likely to occur, what area it is likely to affect its frequency 

and the severity of impacts. Where scientific knowledge is imprecise, a hazard assessment 

can reduce this uncertainty and increase the understanding of potential threats (Islam & 

Chamhuri, 2012). Therefore, a hazard assessment for the areas of interest in Franz Josef will 

minimise casualties and monetary losses in the event of a future hazard occurrence. The 

present project presents a comparison of the hazards threatening the current town site and 

the proposed new town site at Franz Josef. 

1.2 STUDY SITE 

Franz Josef is situated in the Westland Tai Poutini National Park, in the West Coast Region of 

the South Island of New Zealand. Franz Josef township is situated on the true right of the 

Waiho River approximately 145 km north of Haast and 135 km south of Hokitika. It lies at the 

foot of the rangefront of the Southern Alps and is close to the Franz Josef Glacier (Tonkin & 

Taylor, 2017). The study area extends from the Waiho Flat (southwest of the township) to 

Stoney Creek (northeast of the township) (Fig. 1.3). The area was first settled by early Maori 

settlers in the early-19th century and then by Europeans in the mid-19th century (1865-1867), 

and was then developed as a tourist destination, to allow visitors to travel to and experience 

the Franz Josef Glacier. It has since been one of the main tourist centres along the West Coast 

route of the South Island.  

The township developed on what is now understood to be the active Alpine Fault trace (Fig. 

1.4) (McSaveney and Davies, 1998; Langridge and Ries, 2010). There are several secondary 

catchments that emanate from the Southern Alps in and around Franz Josef: Docherty Creek, 

Tartare Stream, Stony Creek, Potters Creek, etc. 
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Figure 1.3: 2m LIDAR DEM showing Alpine Fault trace running through Franz Josef township (Langdridge & Beban, 2011).  

 

 
Figure 1.4: The wider Franz Josef community bounded by Docherty Creek and Potters Creek, with the Waiho flowing next to 
the current township (Langridge et al., 2016). 
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1.2.1 Outline of relocation proposal and current and new proposed town locations 

As a direct consequence of the various independent hazards listed above, there have been 

multiple studies and suggestions to relocate the current township to ameliorate these 

hazards. One current suggestion that is being composed is the relocation of the township to 

a new townsites (Fig. 1.5) to the northeast of the current township. 

 
Figure 1.5: Locations of the present townsites and proposed townsites in Franz Josef. The present townsites are designated 
as Old Townsites (OT) 1 & 2 and the new proposed townsites are designated as New Townsites (NT) 1 & 2. 

 

A key feature of this project is to understand how the proposed townsites are exposed to all 

the hazards listed above, including other identified hazards and how it compares in terms of 

hazard exposure and risk to life to the current townsite. This will identify whether one site is 

more exposed to hazards than the other and help inform future key decisions around whether 

the relocation of the current Franz Josef township is feasible and should be undertaken.  

1.2.2 Nature and Location of the Franz Josef hazards 

The township itself straddles the Alpine Fault and lies adjacent to the Waiho River. The wider 

township is subjected to a number of natural hazard perils, including fault rupture, seismic 

shaking, liquefaction, flooding, landslides, dambreak floods, debris flows, river avulsion and 

aggradation (Langridge et al., 2016. Literature review and analysis of models have been used 
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to understand the magnitude, frequency, and aerial extent of these hazards. Based on the 

scope of study required for this project, the following hazards have been identified to 

adversely affect both the current townsites and proposed new townsites.  

 

• Earthquake hazard from the Alpine Fault  

The Alpine fault delineates the western rangefront of the Southern Alps and is known to have 

ruptured several times per millennium, with earthquakes of Mw 8 or greater. Howarth et al. 

(2021) estimated that the next such earthquake has a 75% probability of occurring in the next 

50 years, with a current annual probability of 1-2%. The surface trace of the last (AD 1717) 

rupture of the Alpine Fault passes through the present township site and is delineated by the 

Fault Rupture Avoidance Zone that was designated by WDC in 2010 but rescinded in 2016. In 

this zone ground rupture is anticipated during the earthquake, with consequent destruction 

of assets and corresponding risk to life. The expected ground displacement from an Alpine 

Fault rupture was estimated by Langridge and Beban (2011) to be c. 8-9 m horizontal ground 

displacement and c. 1-2 m vertical displacement.  

 

The primary consequence of an earthquake is ground shaking; this is shown by Langridge et 

al. (2016) to be essentially uniform across all the town sites due to their proximity to the fault, 

with a peak ground acceleration of greater than 0.75g (7.5 ms-2, corresponding to Modified 

Mercalli Scale X – XII, which means severe damage to buildings). 

 

• Flooding of the Waiho and Tatare Rivers 

The Waiho River lies immediate adjacent to the Franz Josef township. Over the last century, 

the river has been aggrading its fanhead and there have been several instances when the river 

had overflowed its stopbanks and inundated areas of the current township, State Highway 6 

(SH6) and dairy farms (Beagley et al., 2020).  

Flooding of the Tatare River has not been an issue previously because the riverbed is incised 

below the general land surface from the SH6 bridge downstream, with the depth of incision 

increasing to over 10 m at the Waiho Loop. However, parts of the proposed new town site 

adjacent to the Tatare upstream of the SH6 bridge are likely to be prone to flooding in severe 

rainstorms, especially if there are substantial sediment inputs in the Tatare catchment.  

According to Davies et al. (2013), overflows from the Waiho into the Tatare immediately 

upstream of the Waiho Loop are occurring increasingly during high flows, and the ca 10 m 

lower elevation of the Tatare bed causes headward erosion that tends to increase these flows. 

If a substantial proportion of Waiho floods in due course enters the Tatare then aggradation 

of the Tatare is to be expected, which can then progressively increase the bed level upstream. 

Modelling by Davies et al. (2013) indicated that flooding of the Tatare upstream of the SH6 

bridge may be exacerbated due to this aggradation.  
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Currently, there are planned stopbank upgrades, which includes the extension of the 

stopbanks from the oxidation ponds to the Waiho Loop, designed to contain Waiho flows of 

2500 m3s-1 (Gardner, 2021) which is about a 200-year event.  

 

• Landslides, landslide dams and dambreak floods from the Waiho-Callery 

catchment and Tatare catchments.  

Landslides in the region occur mostly in the Southern Alps, but there are also localised 

landslide-prone areas west of the rangefront, such as steep eroded glacial moraines. Both 

non-seismically and co-seismically triggered landsliding are most likely to occur on rangefront 

hillslopes to the east of Franz Josef, within the catchments west of the Main Divide and on 

glacial moraines (Langridge et al., 2016). It is necessary that landslides crossing the High 

terrace (above, to the south of the town) have sufficient runout to directly affect Franz Josef. 

Landslides in the mountains east of the Alpine Fault take place in steep terrain through which 

run deeply incised rivers.  

A major landslide in the Alps has a high probability of blocking a river by forming a temporary 

“landslide dam”. The lake formed behind this may in due course overtop the dam and can 

cause it to fail, either immediately or sometime later; the release of the impounded lake water 

then causes a flood to move through the downstream river system, often carrying large 

quantities of woody debris and sediment. Dambreak flood peaks are usually higher than those 

of ‘normal’ hydrometeorlogically-derived floods, and correspondingly affect larger areas; 

they are also more difficult to forecast for warning and evacuation purposes. An event of this 

type impacting Franz Josef township could cause severe damage and threaten lives. 

Franz Josef is vulnerable to such events in the Callery and Tatare Rivers, both of which flow 

between steep, high slopes for much of their lengths with narrow valley bottoms that can 

easily become blocked by even moderate sized landslides. The Callery is a major tributary of 

the Waiho with its confluence of about 1 km upstream of the township. In 2003, the Franz 

Josef Holiday Park was relocated from its riverside site due to past studies (Davies, 2002; 

MCDEM, 2002) that quantified the hazard from a dambreak flood in the Callery River.  

 

• Landslide from the hillslope situated to the West of the present township.  

Langridge et al. (2016) and Barth (2014) describe a potential major landslide (rock avalanche) 

that could fall from the hillslope overlooking Franz Josef during an earthquake on the Alpine 

fault that crosses the foot of the slope or from rainfall or gravity-driven scenarios. Davies and 

Moretti (2021) estimated a potential failure volume of the order of 107 m3 for this event, and 

an annual probability of the order of 10-5, or 1 in 100,000. Additionally, Davies and Moretti 

(2021) estimated the risk-to-life presented to the present town site by the 107 m3 event (with 

an assumed 100,000-year return interval) to be about 10-2 per year, which is about 1000 times 

higher than internationally used levels of acceptable risk. If the 107 m3 event with a 1 in 

100,000-year return interval is a realistic possibility then the risk-to-life is about 40 times 

higher still, because even this smaller event can overwhelm the township. 
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• Debris flow from Stoney Creek 

Debris flows are severe sediment-flood events that occur occasionally in small, steep 

catchments, and can cause devastating damage to assets and pose a serious threat to life. 

They contain an enormous amount of energy which allows them to travel a long distance 

without losing their destructive potential (Brighenti, Segalini and Ferrero, 2013). As such, they 

are generally considered to one of the most dangerous hazards. Most debris flows occur 

within moderately sized hydrological catchments that have steep slopes. The catchment of 

Stoney Creek has been identified as prone to debris flows by Welsh and Davies and fits the 

catchment profile for a potential debris flow (2011).  

 

1.3 THESIS AIMS AND OBJECTIVES  

The primary aim of this thesis is to directly compare the exposure of the existing and proposed 

townsites to various hazards in order to inform decision making around the future of Franz 

Josef. This research intends to identify the correlation between frequency of occurrence of 

the various hazards the spatial extents of the independent hazards in order to overlay these 

hazards to provide a sum of the degree to which the two sites are potentially affected by the 

hazards.   

Following this earthquake, the hazard probabilities at Franz Josef over the following decades 

to century will change significantly, because of the large volume of earthquake-generated 

landslide sediment that will be deposited in rivers and the severe aggradation and increased 

flooding this will cause (Blagen et al., in review). It is not presently feasible to anticipate 

quantitatively how the hazardscape will be affected by the next major earthquake. Because 

of this, the present work considers only the current, pre-earthquake hazard distribution 

(which however includes the immediate impacts of the earthquake itself) in comparing the 

hazard exposures of the two town sites. 

 

The primary aims of this project will be addressed in the following objectives: 

• Compare the natural hazard footprints of the present Franz Josef township and 

proposed relocation area for landslide dambreak flooding, rock avalanche, debris 

flows, Tatare Stream flooding, Waiho River flooding, seismic ground rupture and 

seismic shaking.  

• Assess the potential suitability of land for town growth in Franz Josef and relocation 

of the township by presenting a relative risk profile of the sites of the various hazard 

distributions.  

 

The reported data are to include: 

• the approximate footprints of the identified hazards over a range of magnitudes and 

frequencies on both present and proposed town sites.  
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• a comparison of the average annual hazard impact on the present town site with that 

of the proposed new site, assuming the same degree of development at each site.  

• Comparison of the risk to life in the present and proposed town sites.  

1.4 THESIS STRUCTURE 

This thesis is divided into the following six chapters.  

This chapter, Chapter 1, introduces the topic, aims and objectives. It firstly establishes the 

purpose of the thesis, scope of project and risk context, followed by the relevance of this 

project for the Franz Josef community and Westland District Council. It then establishes the 

context of the case study and the geographical setting of Franz Josef. Finally, it addresses 

the aims, objectives and a summary of the methodology.  

Chapter 2 provides a literature review. Firstly, the different types of natural hazard risk 

assessment approaches are identified. This is followed by discussion of the various methods, 

benefits and disadvantages for each approach and hazard interactions. Next is an in-depth 

review of the various identified independent hazards in Franz Josef.  

Chapter 3 address the assumptions made and limitations of the project. This is followed by 

the explanation of single scenario events, and by the explanation of the spatial distributions 

of the hazards which describe how the various hazard footprints were derived and 

delineated. It then addresses the derivation of the hazard probabilities and mortality rates 

used for risk to life calculations. Finally, it describes in detail the methodology used to 

ascertain the various hazard footprints. It utilises data supplied by collaborators and 

external sources using GIS and RAMMS.  

Chapter 4 describes the results.  

Chapter 5 is an in-depth discussion of the results, followed by limitations and potential areas 

for future research.  

Chapter 6 concludes the thesis with a summation and discussion of the main points of the 

results.  

The Appendix contains the input parameters used for landslide dambreak flood modelling in 

RAMMS and the full tables used for hazard impact analysis and risk to calculations.  
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2 LITERATURE REVIEW 

 

2.1 INTRODUCTION 

Globally, there are ~ 6,800 disasters caused by natural hazards every year, which, since 1990, 

have resulted in an average of 60,000 deaths per year and culminating in losses of US$ 4.8bn 

since 1980. However, these disasters are usually the result of a series of complex and 

intertwined hazard scenarios. When dealing with natural hazards (e.g., earthquakes, volcanic 

eruptions, landslides, flooding etc.), each individual hazard can be interrelated to other 

hazards or processes (Tilloy et al., 2019). Kumasaki et al. (2016), aptly illustrates the 

complexity of multi and cascading hazards and their relationship (Fig. 2.1). As observed during 

the COVID19 crises, the importance of not viewing disasters as isolated and static occurrences 

but rather as one of multiple hazards that may affect a particular area at any given time. For 

instance, even events that are not extreme in themselves (such as climate events) can still 

have extreme impacts when occurring simultaneously with other (non-extreme) events. 

Previously, assessments of disaster events involving more than a single hazard, have focused 

on the individual hazards instead of the relationship and interaction between the various 

hazards (Gill & Malamud, 2014).  
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Figure 2.1: Complex relationship of various cascading hazards in Japan (Kumasaki et al., 2016). 

However, the observation of the duration of shaking intensity of an earthquake did not 

account for any subsequent after-effects such as earthquake-triggered landslides, 

aftershocks, liquefaction, or alteration of the landscape that may prolong the impact of the 

original earthquake for months to decades following its initiation (Gill & Malamud, 2014). As 

such, comparing the temporal and spatial extents of different hazards is complicated by the 

significant variations of hazard characteristics such as frequency, return period, probability, 

impact, and intensity measurements coupled with the necessary field techniques required. 

This thesis aims to overcome this challenge by focusing solely on the spatial extents of 

independent hazards that might impact Franz Josef and not the effects and computation of 

the hazard cascades superimposed on one another.    

2.2 MULTI-LAYER SINGLE HAZARD VS MULTI-HAZARD 

Traditionally, natural hazard risk assessment has focused on individual hazards in isolation 

using a type of approach known as "multi-layer single hazard", which isolates the risk or 

hazard impact potential of an individual hazard (Dunant, 2019; Gill & Malamud, 2014; Wastl 

et al., 2011). The multilayer single hazard approach focuses on identifying overlaps between 

hazards. This is accomplished by super-imposing multiple hazard layers. Interrelationships 

between hazards are not considered, which reduces the reliability. However, this allows for 

many different hazards to be included in a specific area. As such, this methodology is 

straightforward and can be interpreted easily and has the ability to handle a lot of risk 
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information, which is crucial when disseminating information to multiple stakeholders who 

may not be well versed in the subject area.  

However, literature in the last decade has highlighted the limitations of focusing on a single-

hazard event as, in reality, the impact and outcome of the interaction between various 

hazards in a natural hazard event far outweigh the sum of single hazard effects (Terzi et al., 

2019; Tilloy et al., 2019). Gill and Malamud (2016) used five different types of hazard 

interactions in a potential multi-hazard scenario to explain the limitations of a multilayer 

single hazard approach.     

I. Natural hazards triggering other natural hazards - i.e., cascading hazards whereby a 

primary hazard such as heavy rainfall triggers a secondary hazard such as flooding.  

II. Human activities triggering natural hazards – e.g., construction along the base of a 

hill might destabilise the slope, resulting in a landslide.  

III. Human activities intensifying or worsening natural hazards - e.g., deforestation 

may increase the chances of a flood (secondary hazard) during a heavy rainfall event 

(primary hazard).   

IV. Networks of hazard interactions (cascading events) – e.g., an earthquake (primary 

hazard) might result in a landslide (secondary hazard) and subsequently a landslide 

dambreak flood which could lead to flooding, which may destabilise the slope and 

lead to future landslide events.  

V. The occurrence of two (or more) hazard events - An earthquake during a tropical 

storm could both cause flooding.  

 

Single-hazard assessment can also lead to inadequacies in management priorities, 

underestimating risk, and increased vulnerability to communities and societies (Gill & 

Malamud, 2014; Mignan et al., 2014).  

Therefore, a more comprehensive approach termed "multi-hazard" or "compound hazard" 

has been adopted to consider the interactions between various hazards. When 

interrelationships between hazards are present, it is important to integrate these interactions 

into multi-hazard risk assessment. Certain factors are required for a full multi-hazard risk 

assessment to be conducted. Fig. 2.2 shows the progression required from a multilayer single 

hazard to a multi-hazard assessment. 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2013RG000445#rog20049-bib-0056
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Figure 2.2:  Progression of a multilayer single hazard to multi-hazard with four main attributes (Gill & Malamud, 2014, 
2016). 

 

In the last few years, global scientific interest has focused on combined hazard impacts (i.e., 

multi-hazard) to improve risk quantification. However, unlike multi-layer single-hazard 

approaches, multi-hazard approaches are more complex, consists of multiple steps, poses a 

variety of challenges and their results are less straightforward. Kappes et al (2012) 

summarised two main challenges posed by multi-hazard approaches. Firstly, it is difficult to 

compute the overall hazard due to multiple natural processes since they are generally 

measured and quantified in different ways. Secondly, if conceptualisation of hazards as 

interactions within geosystems, a new perspective is required. This view suggests that hazard 

relations could lead to hazard patterns which cannot be captured by summing up individual 

single-hazard analyses. Although there are related solution approaches for the above 

challenges, multi-hazard approaches are undeniably more complicated and challenging.  

Thus, as seen above, there are various strengths and weaknesses related to both multi-layer 

single hazard and multi-hazard approaches, this project focuses on the multi-layer single 

hazard approach for the following reasons. 

• Franz Josef is a location that is exposed to multiple different hazards that could all 

occur independently at any given time. 



15 | P a g e  
 

• The purpose of this study is to compare and determine which town site is the least 

exposed to these various hazards and not to determine the total sum of hazards that 

could occur in any given hazard scenario (e.g., In an Alpine Fault event).  

• This methodology is the most efficient in overlaying multiple hazard scenarios on a 

risk map, without having to account for the differentiation in units and measures for 

the different hazard types.  
 

2.2.1 Methods of multi-hazard assessment  

In recent years, research on the topic of multi-hazards risk assessment has advanced (Dunant, 

Bebbington & Davies, 2021). However, according to Kappes et al. (2012), in comparison to 

single hazards, the interaction and relationship between multi hazards are more complex. For 

example, determining the cascading impacts of various hazards on a mutual asset is 

complicated due to each hazard having different measures and units (e.g., debris flows, 

earthquake etc.). More specifically, for a more complete hazard assessment, the mutual 

interactions and interrelations between individual hazardous events must be considered as 

the complexity of multi hazard events extends to their implications and management 

(Dunant, 2019).  

There are three concrete approaches available in order to conduct a complex multi-hazard 

risk assessment; qualitative, semi-quantitative, and quantitative methods (Kappes et al., 

2012). In practice, however, two methods are commonly used to overcome the difficulty of 

combining different hazard types: 1) categorising hazards (qualitative) and 2) using indices 

(semi-quantitative). Several classification frameworks are used to categorise hazards. These 

frameworks are based on intensity limits and recurrence intervals to categorise hazards into 

numerous classes (Delmonaco et al., 2007). Furthermore, specific boundaries are set based 

on the location or objectives of an assessment. This allows for a comparison of threats such 

as “high flood and landslide risk” to be made. Fig. 2.3 illustrates this.  

 
Figure 2.3: Classification of various hazards based on intensity scales to harmonise risk maps (Delmonaco et al., 2007) 
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These standardisation schemes can also be represented in various manners. Multi-hazard 

matrices are a popular tool for standardising event occurrence since they capture the 

probabilities and intensities of various hazards in the same area. Matrices usually result in 

qualitative labelling such as “low”, “medium”, or “high” (Dunant, 2019). The same concept 

can be applied using Geographic Information System (GIS) tools quantify the spatial overlap 

of hazards. This allows for the geographical assessment of the relative magnitude of one 

hazard compared to others (Dunant, Brebbington & Davies, 2021).  Another method that is 

discussed is using a quantitative approach that is commonly used for multi-hazard 

assessments, which is most useful in evaluating risk reduction measures (Dunant, 2019). 

However, there are several limitations involved in conducting a proper multi-hazard 

assessment.  

I. Dependency on data – Damaging natural hazard occurrences are rare and have 

limited records.  

II. Difficulties in having multiple hazards interacting and providing spatial outputs.  

III. An analysis of the risk within the boundaries of the data and the amount of data 

needed to compute a joint probability distribution is difficult.  

 

However, in comparison, a multi-layer hazard assessment is able to overcome these 

limitations. This will be done by overlapping the different hazards that could occur in Franz 

Josef and cumulating hazard probabilities using the hazard-specific recurrence intervals to 

provide a comparison (in terms of extent of damage) for both present and proposed 

townsites. This method does not account for the interrelations of the various hazards but 

focuses on the spatial overlay of each hazard superimposed on to another. This produces and 

produce an output that works best for the purpose of this study.  

 

2.3 FRANZ JOSEF CASE STUDY – IDENTIFICATION OF HAZARDS 

Based on the spatial extent and scope of study for this project, the following hazards have 

been identified to adversely affect both the current townsites and proposed new townsites.  

 

I. Alpine Fault rupture or occurrence of any major earthquake within the Alpine 

Region (or the West Coast) and resultant ground rupture, seismic shaking, and 

liquefaction.  

II. Flooding of the Waiho and Tatare Rivers  

III. Landslides, landslide dams and dambreak floods from the Waiho-Callery 

catchment and Tatare catchments.  

IV. Landslide from the hillslope situated to the West of the present township.  

V. Debris flow from Stoney Creek 
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2.4 DIRECT SEISMIC-RELATED FAULT HAZARDS 

Among seismic fault hazards are ground-surface deformation including fault rupture, strong 

ground shaking due to an Alpine Fault rupture, any aftershocks following a rupture of Alpine 

Fault, and strong shaking from any other regional fault source (Langridge et al., 2016). This 

section also discusses liquefaction since it is a direct response to strong ground motion. 

2.4.1 Alpine Fault ground surface rupture, other earthquakes, and liquefaction 

Located on the western range-front of the Southern Alps in the South Island (Fig. 2.4), the 

Alpine Fault forms the Australian-Pacific plate boundary and is one of the most significant 

sources of seismic hazard in New Zealand (Langridge et al., 2016; Robinson & Davies, 2013). 

The Alpine Fault is a 650 km long (600 km onshore surface expression) northeast-striking, 

southeast-dipping active fault. Most of the relative movement along the fault is accounted 

for by dextral slip (~70%) and uplift (~30%) along the 200 km long central segment (Norris & 

Cooper, 2007; Robinson & Davies, 2013). The fault traverses from offshore of Fiordland south-

west of the South Island) to Cook Straight (north of the South Island). During an earthquake, 

the fault is estimated to move up to 10 m horizontally and up to 3 m vertically 

(REF).  Paleoseismic records from the Alpine Fault show 27 rupture events during the past 

8000 years with earthquakes of Mw 8 or greater and an average recurrence interval of 263 ± 

68 years (Howarth et al., 2016). The last known earthquake occurred in AD 1717, which 

suggests the fault is currently late in its seismic cycle. Howarth et al. (2021) estimate there is 

a 75% probability of an earthquake occurring on the Alpine Fault in the next 50 years, with a 

current annual probability of 1-2% (50 - 100-year return period).  
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Figure 2.4: Overview of the South Island, showing the locality of Franz Josef and all major fault systems including the Alpine 
Fault (Robinson & Davies, 2013). 

 

An Alpine Fault earthquake poses a threat of national significance. It is expected to cause 

many casualties, significant damage to the built environment across the South Island and 

devastating direct and indirect impacts on the communities island-wide but especially in the 

West Coast Region (Orchiston et al., 2018). Franz Josef is precariously located in the Alpine 

Fault Zone, making it not only the largest but also the most prominent township in that zone, 

with known fault scarps that pass through the present township site (Fig. 2.5) (Orchiston et 

al., 2016).  
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Figure 2.5: GIS fault interpretation map showing the different fault types present in the Franz Josef township. The faults are 
illustrated as linear features with Strike-slip faults are indicated in purple and reverse faults indicated in red (Langridge & 
Beban, 2011).  

The National Seismic Hazard Model (NSHM) divides the Alpine Fault source regions into four 

primary seismic sources (AlpineR, AlpineF2K, Alpine K2T and Wairau), with each segment 

capable of producing an earthquake of Mw 7.4-8.3 (Stirling et al., 2012). Based on parameters 

such as fault length and width, rate, sense, dip, and dip direction, the NSHM created simulated 

earthquakes. In June 2016, the project known as “Project AF8” was established to improve 

understanding of the immediate outcomes of the Alpine Fault earthquake and planning and 

response between various agencies and communities. The AF8 scenario used a magnitude 

Mw 8.2 earthquake with a fault rupture length of more than 400 km on the Alpine F2K source 

(Fig. 2.6), the northeast striking fault from Fiordland to Kaniere (Orchiston et al., 2016). The 

Alpine F2K source was used due to the predominant directivity; northern Westland, Lewis 

Pass, Nelson/Tasman, and Canterbury experience more vigorous ground motion than with 

the two other hypocentre location scenarios (Orchiston et al., 2016).  
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Figure 2.6: Alpine F2K source defined in red (Orchiston et al., 2016) 

 

There is an existing Fault Avoidance Zone (FAZ) demarcated for the town of Franz Josef, which 

is 130-190 m wide. A ±30 m uncertainty was included in the FAZ for the location of the most 

intense zone of deformation (known as an approximate fault trace; Langridge & Beban, 2011; 

Langridge et al., 2016). The relatively narrow FAZ extends over approximately 400 m from the 

Waiho River to the Tatare Track at the end of Cowan Street. Langridge et al. (2016) updated 

the FAZ for the area between Docherty and Potters Creek to include previously unrecognised 

fault traces on the high southern terraces above the town (as illustrated in Fig. 2.7).  

 
Figure 2.7: Updated FAZ (dark grey) to include previously unrecognised fault traces, between the areas from Docherty to 
Potters Creek (Langridge et al., 2016). Black square shows the area of Figure 1.4 (above). 
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Robinson et al., 2016), it is estimated that in an Alpine Fault event, Franz Josef is likely to 

experience Modified Mercalli Scale X - XII, levels of shaking intensities (i.e., >1g ground 

acceleration). Dowrick et al. (2008) has summarised effects that may be experienced from an 

MM XII shaking, as listed below.  

 

• Destruction of some masonry buildings and partial collapse of others. 

• Potential partial collapse and permanent distortion of reinforced buildings with 

frames.  

• Houses shifted off foundations.  

• Extensive landslide, landslide dams and rockfall hazards around the immediate and 

broader regions, especially on susceptible terrain.  

• Liquefaction and extensive lateral spread.  

• Extensive damage to susceptible infrastructures such as roads, bridges and piped 

services.  

 

Tonkin and Taylor Ltd (2017) delineated the extent of shaking in Franz Josef as contours of 

maximum peak ground accelerations (PGA) that may be experienced during and immediately 

after an Alpine Fault rupture (Fig. 2.8). For perspective, although the ground shaking for areas 

near the faults during the Kaikoura and Christchurch earthquakes reached 2g, this was 

experienced only in isolated locations along the fault length and not the entire length (Tonkin 

& Taylor Ltd, 2017). Although there is a likelihood that Franz Josef may experience seismic 

shaking and corresponding PGA from any major earthquakes along with the Alpine Region or 

the West Coast, the immediate proximity of the township to the Alpine Fault makes it the 

most severe and disruptive seismic source. Furthermore, based on the extent of the 

isoseismal, both the present and proposed townsites will experience uniform levels of PGA.  
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Figure 2.8: Contours of 0.75g PGA, that will be experienced by Franz Josef in an Alpine Fault earthquake (Tonkin & Taylor 
Ltd, 2017). 

As well as an Alpine fault event, it is also essential to consider other potential earthquake 

sources that do not relate directly to mapped faults. A deaggregation plotted by Langridge et 

al. (2016) for Franz Josef using the Alpine F2K source identifies that small earthquakes of Mw 

5-6 are the second-largest hazard over 2,500 years that can occur <10 km from the town.  

Additionally, a high magnitude earthquake with a maximum magnitude of Mw 7.2 may occur 

close to the Alpine Fault. Within the central South Island, background earthquakes of 

magnitude 7.2 (on an unknown fault source) are considered to be the most powerful that 

could occur. Moreover, such a shaking event reproduces a significant (albeit possible) 

aftershock that could occur after a great earthquake (Mw> 8) along the Alpine Fault and could 
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also result in an MMI IX-XII shaking, affecting Franz Josef if it originates nearby (Langridge et 

al., 2016). Additionally, aftershocks from major rupture events could also potentially impact 

the both the current and future townsites, due to the placement and location of the existing 

fault trace. According to Robinson and Davies (2013), a severe Alpine Fault earthquake would 

result in several hundred potentially harmful aftershocks, which could retrigger other 

secondary hazards such as landslides, or cause further landsliding and landslide dambreak 

floods. However, although there are other potential known and unknown seismic sources 

that could occur in the vicinity, apart from the Alpine Fault rupture, due to the proximity of 

both the old and new town sites, all earthquake hazards will experience the same extent and 

degree of shaking. Therefore, an earthquake event in Franz Josef will be a uniform hazard in 

both sites     

Earthquake shaking will also cause liquefaction, which is a process that leads to sudden loss 

in soil strength. In Franz Josef, only one location had been identified by Langridge et al. (2016) 

as able to liquefy during an Alpine Fault earthquake or any significant earthquake in the area. 

This location is situated within both the present and proposed town sites and thus the impact 

will be identical for both areas unless there are provisions put in place to prior earthworks 

conducted to mitigate this hazard. However, due to the relatively coarse gravels that make 

up the alluvial sediments in the area, liquefaction seems unlikely to contribute significant 

additional shaking-derived damage in Franz Josef. If liquefaction accompanies earthquakes, 

as seems likely, then the return period is the same as that of ground rupture, or about 50-100 

years.  

In summary, the hazards from an Alpine Fault of Mw 8.2 are:  

• ground rupture in the FAZ that will cause destruction of assets affecting only the 

present town site 

• intense ground shaking and liquefaction that will affect both the present and proposed 

townsites in equal measure.  

 

2.5 FLOODING HAZARD 

2.5.1 Waiho River 

The Waiho Riverlies immediately northwest of Franz Josef township. Its largest tributary, the 

Callery, joins the Waiho about 500 m upstream of the SH6 bridge. Glaciers are present in both 

the Waiho and the Callery catchments. The river emerges from the mountains and crosses 

the Alpine Fault close to the SH6 bridge, flows along a 15 km extended elongated alluvial fan, 

broken up by the Waiho Loop (4 km from the fanhead), and terminates at the Tasman Sea 

(Fig. 2.9) (Beagley, Davies & Eaton, 2020; Davies, 1997; Davies, McSaveney & Clarkson, 2003; 

Hovius et al., 1997). Several factors contribute to the highly dynamic nature of the Waiho-

Callery system: high precipitation rates of up to 14,000 mm-1, characteristic of the West Coast; 
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high sedimentation and denudation rates approximating 10 mm-1 due to the rapid uplift of 

the Southern Alps; and glacial advances and retreats (Davies et al., 2003).  

 

 
Figure 2.9: Overview of the Waiho-Callery River system, looking southeast (Beagley et al., 2020). 
 

The characteristics and behaviour of the Waiho River have only been recorded for around 150 

years. Over the last century, the Waiho River has been aggrading its fanhead (Davies et al., 

2003). However, the rate of aggradation has increased since c.1970–80, and there have been 

several instances when the river has overflowed onto the fanhead of the river and inundated 

areas of Franz Josef, State Highway 6 (SH6), and dairy farms (Beagley et al., 2020). In its natural 

state, i.e., unconstrained, the Waiho should be close to equilibrium, whereby the longitudinal 

profile of the river should be in equilibrium with the natural oscillations between sediment 

input and water throughputs (aggradation and degradation). This equilibrium has been 

recorded for other major rivers in the vicinity (McSaveney & Davies, 1998). Following major 

storm events that caused high sedimentation and formed a temporary delta at the coast, high 

rates of sediment transport and coastal erosion have reverted the river to its natural state. 

The relatively constant long-term sedimentation and denudation rates have also maintained 

the rate of sediment supply to the Waiho (Davies et al., 2003). Interrupting this quasi-steady-
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state, sediment supply has been 10-100 times higher than average following a significant 

earthquake on the Alpine Fault or a severe rainstorm (Robinson et al., 2016). According to 

Davies et al. (2003), given that the last major Alpine Fault earthquake occurred around AD 

1717, sediment input over the last century should have been below the long-term average. 

Despite the long-term natural aggradation rate of the Waiho fan being suggested to be ≤ 2 

mm a-1, the actual aggradation of the Waiho Riverbed for the last two decades has been two 

orders of magnitude faster (Hall, 2000), for reasons that are not well understood (Beagley et 

al., 2020).  

2.5.2 Stopbanks 

According to several studies, the recent increased aggradation is attributed to stopbanks, 

which are longitudinal/ lateral control banks built along the banks of a river to constrain its 

flow (Davies, 1997; Davies et al., 2003; Gardner, 2014). McSaveney and Davies (2001) showed 

that prior to human intervention, the Waiho River also exhibited a state of equilibrium 

exhibited by other major rivers on the West Coast – though this concept has been questioned 

by Beagley et al (2020). Multiple stopbanks were built in response to the ongoing aggradation 

and threat of flooding by the Waiho to protect the community and other vital assets. In March 

2016, a minor flood event severely inundated the Scenic Circle Hotel, just north of the main 

town centre (Langridge et al., 2016). Since the beginning of the present century, the 

stopbanks have been raised multiple times to restore flow capacity and prevent flooding. 

Currently, the river has stopbanks on both its banks, with the true right (east) bank stopbank 

extended to the helipad to provide further protection. These stopbanks are designed to 

contain a 1-in-100-year event (Tonkin & Taylor Ltd, 2017).  

Gardner (2016) modelled a 100-year return interval using a LiDAR-derived digital elevation 

model and existing stopbanks (Fig. 2.10).  This showed that the south bank would be 

overtopped during a 100-year flood event and partial inundation of properties downstream 

of the river (partial failure of the right bank could also occur, leading to a worse flooding 

event).  
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Figure 2.10: Waiho River modelling of a 1-in-100-year flood event using the existing stopbanks (Gardner, 2016 
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As a result, SH6 would be completely inundated, and the oxidation ponds and other 

infrastructure would likely be damaged (Gardner, 2016). However, as of 2020, plans have 

been made to raise the existing stopbanks by 2m, as well as consideration to extend the true 

right bank stopbanks from the vicinity of the oxidation ponds to the Waiho Loop. These 

proposed stopbanks are designed to contain flows below 2500 m3s-1, based on current bed 

levels plus 20 years’ aggradation at about 0.18 m/year (Gardner, 2021). However, 

interference with a natural river system can alter its behaviour and processes, whereby the 

lateral confinement of the Waiho River and its fanhead have been found to the be the leading 

cause of continued aggradation (Beagley et al., 2020; Davies et al., 2003). The ongoing 

aggradation of the Waiho bed will continue to pose a threat to the township because of the 

underlying hazard of stopbank failure. Based on the possibility of further aggradation of the 

Waiho River as described by Beagley et al. (2020), the development risks in the area can also 

be estimated by adding scenarios of future aggradation to the inundation maps of Gardner 

(2014) and Gardner and Brassington (2019) (Fig. 2.11). 

 

Figure 2.11: Analysis of changes in bed levels detected for the Callery Confluence to Waiho Loop from 2016 to 2019 (Gardner 
& Brasington, 2019). Recorded elevation differences from 2019 – 2016 are illustrated by the legend.  
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2.5.3 Tatare River flooding 

The Tatare River flows from a 28 km2 (mostly unglaciated) catchment adjoining the Callery 

catchment to the north and flows past Franz Josef approximately 1.5 km north-east of the 

Waiho to join that river downstream of the Waiho Loop (McSaveney & Davies, 1998; Ollet, 

2001).  

The dominant slope erosion process is presumed to be the same as the Callery, which is of 

surficial landsliding as well as bigger and more deeply seated failures in the bedrock due to 

basal over-steepening, earthquake shaking and/or extreme rainfall (Davies & Scott, 1997). 

The bedrock of the catchment and the general area is foliated schist. Precipitation in the 

catchment headwaters is assumed to be 11,000 mm a-1 (similar to other catchments in the 

region) due to a lack of hydrological data from the Tatare (Davies & Scott, 1997). Due to the 

incision of the Tatare riverbed below the general land surface, flooding of the Tatare River 

has not been an issue, with the depth of incision increasing to over 10 m at the Waiho Loop. 

The Tatare Riverbed sits at a lower elevation, roughly 15 m below the Waiho bed level. 

Widespread small-scale landsliding in the Tatare due to a significant storm resulted in the 

Tatare River becoming more braided in 1985 due to high sediment input (Davies, Campbell, 

Hall & Gomez, 2013; Davies, McSaveney & Clarkson, 2003). The river reverted to its 

meandering form in 1990.  

As highlighted by Davies et al. (2013), overflows from the Waiho into the Tatare immediately 

upstream of the Waiho Loop are increasing during high flows, and the ca 10 m lower 

elevation of the Tatare bed causes progressive headward erosion that tends to increase these 

flows (Fig. 2.11). However, if a substantial proportion of Waiho floods in due course enters 

the Tatare then aggradation of the Tatare is to be expected, which can then progressively 

increase its bed level upstream. Modelling by Davies et al. (2013) indicated that flooding of 

the Tatare upstream of the SH6 bridge may be exacerbated due to this aggradation. It is to 

prevent this that the planned stopbank upgrades include a bank extending from the oxidation 

ponds to the Waiho Loop designed to contain Waiho flows of 2500 m3s-1 (Gardner, 2021) 

which is about a 200-year event.  

 

2.6 MASS MOVEMENTS  

2.6.1 Landslides and rock avalanches  

Landslides are a common and major hazard in the Southern Alps due to high seismicity on 

numerous active faults, high annual rainfall, and steep, heavily eroded topography. In 

extremely seismically active regions like the western Southern Alps, the shaking resulting 

from any large earthquake will trigger large rock slope failures. Throughout the Southern Alps 

and Fiordland, there have been many large, rapid rockslides (>106 m3), also referred to as rock 

avalanches, caused by high intensity shaking from large (Mw > 7) earthquakes (Fig. 2.12) 
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(Robinson, 2014). Steep mountainous landscapes subjected to these large earthquakes, can 

generate strong ground accelerations, and trigger new deep-seated failure surfaces or extend 

existing ones. There have been several historic events that have produced large 

landslides/rock avalanches (greater than 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 been caused by Alpine fault earthquakes (Barth, 2014; Hancox and Perrin, 2009).  

 

Figure 2.12: Locations of major landslide deposits larger than 1 million m3, scattered throughout the Southern Alps and 
Fiordland, with a close proximity to the Alpine Fault (Robinson, 2014). 

The township of Franz Josef has been the subject of several landslide hazard assessments.  

• A magnitude-frequency relationship for aseismic landslides in Westland was 

presented by Hovius et al. (1997). This allowed for estimating the annual probability 

per unit area per year of an aseismic landslide of a given planform area.  

• Using an Mw 8 Alpine Fault earthquake scenario, Robinson et al. (2016) provided a 

first-order estimate of the co-seismic landslide susceptibility of Westland. Based on 

the expected intensity of shaking for an Alpine Fault event, they used a GIS-based 

approach to calculate the susceptibility of hillslope failures in the Southern Alps to co-
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seismic landslides (Fig 2.13). The map shows that catchments and rangefront hillslopes 

on the western flank of the Southern Alps are highly susceptible to coseismic landslide 

hazard, which includes the Waiho-Callery, Tatare and Potters creeks, Waiho Loop and 

Lake Mapourika moraines  

 
Figure 2.13: Coseismic landslide susceptibility map shows that the Waiho-Callery (circled in black) and Tatare creeks have 
high susceptibility to the landslides in an Mw 8 Alpine Fault earthquake (Robinson et al., 2016). 

Additionally, according to Robinson et al. (2016), in areas with the highest coseismic landslide 

hazard, (such as the areas mentioned above), landslides occur at a rate between 0.6 – 12.0 

landslides per km2. Therefore, in the event of another Alpine Fault earthquake, it is extremely 

likely that landslides (or rock avalanches) could occur along the rangefront hillslopes above 

the present township and the Tatare subdivision.  

A rock avalanche is a highly mobile flow of rock debris from a large-volume landslide in 

bedrock (e.g., Davies, 2018). Tectonic damage of rock masses near active fault lines increases 

the risk of large rock avalanches (Langridge et al., 2016).  

 

There are several examples of prehistoric massive, deep-seated rock avalanches on the 

western rangefront of the Southern Alps, most of which are thought to have been triggered 

by Alpine Fault ruptures. The largest and most prominent of these are the Cascade, Round 

Top and John O’ Groats rock avalanches (Barth, 2013; Langridge et al., 2016; Yetton et al., 

1998).  These rock avalanches were >106 m3, with debris runouts >4 km and deposits covering 

more than 5 km2. The Cascade and Round Top rock avalanches share similar morphological 

characteristics and failure mechanisms which have important implications for Franz Josef rock 

avalanche hazard. Barth (2013) emphasised the importance of the morphologies of 

asymmetric hillslopes and valleys (where the elevation on one side of a ridge is lower than on 

the other) and ridgeline tension cracks as precursors to catastrophic rock avalanches. Five 

main characteristics for identification of potential slopes susceptible to failure were identified 
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through comparison of Round Top and Cascade rock avalanches. These five identifying 

features are:  

 

I. Length of ridgeline and degree of segmentation  

II. Amount of sagging or “sackung” which indicates a more developed and frictionally 

weaker failure surface  

III. Tectonic damage at the base of the slope  

IV. Over-steepened or bulging slopes below failure surface  

V. Degree of asymmetry at ridgeline (Barth, 2013).  

Almost all of these criteria are met by the rangefront hillslope immediately to the east of 

Franz Josef, which thus suggests the risk of a catastrophic rock failure at that location (Fig. 

2.14) (Barth, 2013; Davies, 2015; Davies and Moretti, 2022). 

 
Figure 2.14: Similar morphological characteristics of the Franz Josef hillslope with that of the Cascade rock avalanche in 

northern Fiordland and the mechanism of failure (Langridge et al., 2016). 

According to Langridge et al. (2016), a catastrophic failure of this hillslope could result in the 

long runout and deposit of large rock debris over a considerable area, with the potential of 

the entire town being buried. Despite the possibility of failure and consequential damage, and 

evidence of a 11,000-year-old terrace at the base of the terrain, this hillslope has not 

collapsed over the past 30 or so Alpine Fault ruptures (Langridge et al., 2016). It is also a 

possibility that in the event of the hillslope failure, other, much smaller landslides may be 
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produced. As such, there is no certainty of slope failure during the next Alpine Fault 

earthquake, thus giving a lower probability of a rock avalanche compared to the actual Alpine 

Fault rupture (Tonkin & Taylor Ltd, 2017). However, it is to be noted that spontaneous large 

rock avalanches could also occur without notable triggers, which suggest that these systems 

could slowly evolve towards failure. Despite previous work alluding potential slope failures, 

there has been limited work conducted to quantify the extent of hazard from a rock avalanche. 

Davies and Moretti (2022) assessed the risk to life in the township at present from a rock 

avalanche, where debris and large rock masses may cause considerable damage to the 

township and concluded that this risk is unacceptable by international standards - by a factor 

of at least 1000. 

2.6.2 Landslide dams and outburst floods in the Callery and Tatare catchments  

Landslide dams are a common geomorphic occurrence that results directly from mass 

movement within a fluvial system. Landslides that subsequently lead to landslide dams most 

commonly occur in areas with steep topography and high relief such as narrow, steep river 

valleys, which are prominent features of geologically active regions (Korup, 2002). These are 

typically coupled with inputs from climatic (snowmelt, precipitation) and tectonic 

(earthquakes, uplift) controls (Korup, 2002; Langridge et al., 2016; Ollett, 2001). As the flow 

of water is obstructed behind the dam, a landslide dammed lake forms. The impounded lake 

can then fail catastrophically due, typically, to dam overtopping or seepage leading to 

complete failure, and have lasting effects on the built environment.  

Landslide dams can initiate a range of severe geomorphic hazards. These hazards individually 

or cumulatively can extend long distances both upstream and downstream of the original 

source. Landslide dambreak floods or outburst floods are the most obvious hazards that result 

from a landslide dam failure. Dam failure can occur due to heavy rain, seismic shaking, or 

further landslides into the lake (Korup, 2005). Compared to constructed dams, failures of 

landslide dams typically have a larger quantity of debris and sediment erosion before a full 

breach is developed and thus have smaller flood peaks. Floods from dambreaks are generally 

much larger in magnitude than those caused by rainfall or snowmelt (Ollett, 2001). Outburst 

floods resulting from rapid dam failure can inflict high, direct physical impacts (Korup, 2002, 

2004), resulting in widespread destruction, such as property damage and loss of lives 

downstream. Landslide dams can also result in indirect geomorphic impacts, where impacts 

in outlying reaches both up and downstream of the landslide dam contribute to subsequent 

or “consequential” hazards which are of equal importance as the direct hazards (Korup, 2005).  

In New Zealand, landslide dams feature prominently in the steep, narrow valleys and rugged 

terrains of the western Southern Alps. According to Korup (2004, 2005), there are at least 232 

landslide dams in the area. In addition, high-intensity rainfall in the Southern Alps has also 

triggered landslides and landslide dams in the region (Korup, 2005). 
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There have been several landslide dambreak flood events that have been comprehensively 

catalogued in New Zealand; these present various scenarios which indicate their significance 

and potential impacts. 

I. Poerua Landslide Dam, Westland 

The best-studied landslide dam-break flood in New Zealand was the October 1999 

Poerua event. It occurred when a c. 10-15 million m3 rock avalanche fell from the peak 

of Mt Adams into the Poerua River gorge, forming a 120 m high dam just 11 km 

upstream from the SH6 road bridge (Langridge et al., 2016; Robinson & Davies, 2013; 

Hancox et al., 2005). Approximately 5-7 x 106 m3 of water was impounded and the dam 

overtopped within 48 hours. However, dam failure did not occur immediately but 

occurred catastrophically a week later during overnight rainfall. The flood had a peak 

flow rate of approximately 3000 m3/s. In the Poerua Valley, flood heights peaked at 

~2 m above usual flood levels. Immediately downstream of the dam, in the Poerua 

gorge, flood heights peaked at ~5 m and travelled at speeds up to 5 ms-1, and left the 

gorge aggraded by tens of metres (Davies, 2002; Hancox et al., 2005; Becker et al., 

2007).  This event resulted in significant damage to the native forest and farmland, 

and aggradation of the river fan occurred for many years afterwards (Hancox et al., 

2005; Langridge et al., 2016; Robinson & Davies, 2013).   

II. Tunawaea Landslide Dam, Waitomo  

A large slope failure took place in the Tunawaea Stream, King Country, North Island in 

August 1991 and resulted in a 70m high rockfall dam. This impounded approximately 

900,000 m3of water, which then discharged when the dam failed due to intense 

rainfall 11 months after emplacement. The resultant flood peak was estimated to be 

250 m3s-1 (Davies & Scott, 1997; Ollett, 2001).    

The township of Franz Josef has been the subject of several landslide dam hazard 

assessments.  

• The failure of various sized landslide dams at multiple locations in the Callery gorge 

was presented as a hydrograph by Ollett (2001), using computer models. 

• A risk assessment from a potential landslide dambreak flood in the Callery Gorge was 

conducted by Davies (2002), who concluded that the total annual risk from a seismic 

and aseismic induced landslide dambreak flood (conservatively) remains at 0.01 - 0.02. 

• Langridge et al. (2016), Tonkin and Taylor (2017) and other reports have explicitly 

mentioned the hazard of a landslide dambreak flood in the Callery and Tatare Gorge 

and the risk associated with it. 
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Franz Josef is vulnerable to such events in the Callery and Tatare valleys both of which flow 

between steep, high slopes for much of their lengths.  

There have been no historic disasters recorded in the Callery in spite of the highly active and 

erosional nature of the Callery River. However, in 1930, there was a small dambreak flood 

that lasted a day, due presumably to a major landslide within the Callery gorge.  The landslide 

was reported to have created a dam with a height of up to 50m (Davies & Scott, 1997). The 

dam impounded approximately 2 x 106 m3 of water, which then failed after a day. The 

subsequent flood was high with a calculated discharge flow peak of 1400 m3/s, which equates 

to an “extremely high” flood event (Davies & Scott, 1997). The debris resulted in severe 

aggradation further down the riverbed (Davies & Scott, 1997; Ollett, 2001). This event clearly 

indicated that dambreak floods in the Callery do occur. Like the Callery, the Tatare has also 

been identified as one of the 22 major sites for landslides, as shown in the susceptibility map 

(Fig. 2.13) of Langridge et al. (2016). There is also evidence of large-scale prehistoric sediment 

delivery event from the Tatare affecting the northern part of the present township (Davies et 

al., 2005).  

The dambreak flood hazards from the Callery have also been analysed to reveal the severity 

and extent of damage, with the effects akin to those from the 1999 Poerua dambreak flood 

due to similar peak discharge. The major infrastructures and lifeline utilities that would be 

affected include the SH6 Bridge, hotels and accommodations, heliport, road and the 

stopbanks (Davies, 2002).  

R (2021) analysed the potential of the Tatare catchment to generate landslide dambreak 

floods, producing a magnitude-frequency relationship for the peak flows. Although a landslide 

dambreak flood within the Tatare is unlikely to affect the same infrastructures as those 

threatened by the Callery, new developments on the fan of the Tatare will likely be affected. 

2.7 DEBRIS FLOWS 

Debris flows are severe sediment-flood events that occur if there are large volumes of 

sediment available in a stream channel or small, steep slopes. Typically, high intensity rainfall 

and/or high streamflow velocity is required to mobilise the large volume of sediment (Welsh 

& Davies, 2011). Debris flows can cause devastating damage to the built environment in which 

it occurs and can pose a serious threat to life. This was seen during the Matata Debris Flow 

event on May 18, 2005, in Bay of Plenty. A 24-hour rainfall of 322mm, exacerbated by an 

additional 1-hour intense rainfall of 94.5mm, triggered several landslides within steep 

catchments that then combined to form two large debris which transported approximately 

350,000 ± 50,000 m3 of debris (Bull et al., 2010). The debris flows destroyed 27 homes and 

completely devasted the transport infrastructure within Matata.  
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Welsh and Davies (2011), identified the Stoney Creek catchment in Franz Josef as being a 

likely area prone to debris flows due to its location in a region of fault-weakened rock and 

high intensity rainfall. A simple GIS method using Melton’s Ratio > 0.5 as an indicator was 

used identify catchments most likely to generate debris flows. Although there was a lack of 

evidence for any previous debris flow event in the catchment, it was later identified that sub-

surface evidence in the form of massive boulders existed but was missed by investigation. 

However, there is no data currently available to quantify the magnate-frequency relationship 

of a debris-flow phenomenon at Stoney Creek.    

 

3 DATA AND METHODS 

 

3.1 INTRODUCTION 

Future hazards at Franz Josef are expected to alter with time due to (i) climate change and (ii) 

earthquake occurrence. However, for the purpose of this study, the effects of climate change 

and post-earthquake scenarios have not been taken into consideration in the present work 

because:  

 

I. Climate change is a relatively slow process, and the impacts may take many years to 

decades to become fully apparent. In response to climate change, hazard and risk 

management remains a complex and situationally dependent process. As such, this 

begets the question: when local changes due to climate change impacts will be seen 

and when is it appropriate to shift from stationary to non-stationary management 

(Collins, 2020). The estimated time of emergence (ToE) of climate change signals in 

river flows across New Zealand was modelled by Collins (2020) using four climate 

change scenarios over the 21st century. Of the river modelled, the South Island rivers, 

especially those in the West Coast showed emergence. However, the data was limited 

by the dependence and uncertainty of estimates of time. Therefore, although the 

effects of climate change can be modelled for the hydrological hazard management, 

it remains relatively unknown for the other hazards identified. Additionally, the effects 

of climate change do not affect the spatial distribution of any of the known hazards 

except for their annual probability, which will likely be consistent across both town 

sites. 

 

II. Following a major Alpine Fault earthquake, the hazard probabilities in Franz Josef are 

expected to change significantly over the following decades to century due to the large 

volume of earthquake-generated landslide sediment that will be deposited in rivers 

and the severe aggradation and increased flooding this will cause (Blagen et al., in 
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press). Therefore, it is presently not feasible to anticipate quantitatively how the 

hazardscape will be affected by the next major earthquake.  

 

For these reasons, the present work only considers the current climatic conditions and 

current, pre-earthquake hazard distribution (which however includes the occurrence and 

immediate impacts of the earthquake itself) in comparing the hazard exposures of the two 

sites. In addition, other potential hazards such as fire, wind, and snow have also been omitted 

due to the defined scope of the project, because they will probably affect both town sites 

similarly, and because these additional hazards can also be considered as potential on-going 

consequences of climate change.  

 

3.2 ASSUMPTIONS 

At present, despite ongoing developments in various locations within the new proposed 

townsites, the density and spatial distribution of assets vary considerably between the 

current and proposed sites, as most of the occupancy and activities is still concentrated in the 

current townsites. Furthermore, several structural designs (in relation to stopbanks for the 

Waiho River) have been in planning since 2020. Therefore, to accurately characterise the 

behaviour of floods from the Waiho River and to provide an objective comparison of hazard 

exposure (for all hazards), the following assumptions were made.     

 

I. The spatial distribution of assets within the current and proposed townsites is uniform. 

Thus, the impact of each hazard event is characterised only by the spatial distribution 

of the hazard event itself, not by the spatial location of any specific asset. The hazard 

spatial distribution, however, provides information that may be useful in deciding 

where to locate critical assets across the two sites to reduce impacts. Similarly, risk-

to-life estimates will be based on assumed uniform distributions of people across the 

two sites.  

 

II. For simplicity a worst-case scenario was considered for risk-to-life calculations 

whereby a specific occupancy of 1400 people (400 locals and 1000 tourists) were 

assumed for all hazard scenarios. This may be analogous to a night-time occurrence 

during the height of the summer tourism season.  

 

III. Stopbanks are included in the flood modelling as planned in 2020. This includes the 

raising of the existing stopbanks and installation of a new stopbank to prevent the 

Waiho avulsing into the Tatare downstream of the oxidation ponds (Fig. 3.1 & 3.2). It 

is also assumed that these stopbanks operate as designed – that is, no stopbank 

failures occur.  
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IV. The Waiho River continues to aggrade. Beagley et al. (2020) showed that if over the 

next century, the Waiho River behaves as it has during the last 50 years (aggrading at 

approximately 0.17 m/year), its riverbed will aggrade by about 17 m at the SH6 bridge 

by 2120 (assuming that it remains confined in its present bed by raising stopbanks). 

To control this situation, a medium-term strategy by the West Coast Regional Council 

(WCRC) is to ease/remove the southern stopbanks (true left of the Waiho River) in 

order to slowly alleviate the flood threat to the northern bank (true right) land 

(Gardner, 2021). Therefore, the eastern stopbanks only need to function until this is 

achieved as they have been designed to cope with about 20 years of aggradation, so 

this is the corresponding timescale over which the present work applies.  

 

The probability of a major earthquake in the next 20 years is about 30%; following this 

event the impacts will drastically alter (increase) the subsequent flood risk due to large 

coseismic landslide sediment input to the river (Robinson et al., 2016; Briggs et al., 

2018). 

 

V. The ranges of return periods vary considerably between hazards. Thus, for example, 

the area affected by a rock avalanche with a 100,000-year return period, which has a 

low probability of occurrence (10-5) in any given year is delineated because it poses a 

high risk to life. The occurrence of earthquakes, however, is dominated by the Alpine 

Fault, which currently would be a 50 – 100-year return interval event and would also 

be the maximum conceivable event for the area; earthquakes and landslides have 

very different magnitude-frequency distributions. 
 

VI. The quantities used for the estimations of spatial extents and some recurrence 

intervals were necessarily approximations as there are minimal data in existing 

literature describing the magnitude-frequency relationships of these events. 

Therefore, the areas delineated (as affected by events of specific return periods), 

though as realistic as possible, are also approximations. Nevertheless, as statistical 

approximations they are useful in the comparison of the hazard exposures and risk 

levels in the different townsites.  
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Figure 3.1: Planned stopbanks (red) at Franz Josef, along the Waiho River. 
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Figure 3.2: Information and cross-section of the planned stopbanks 

 

3.3 DATA 

Outlined herein are the data sources, and estimated spatial extents and recurrence intervals, 

for the known hazards in Franz Josef. The data used for modelling hazard footprints and 

exposure were supplied by collaborators or derived from external sources as outlined below. 

 

• Estimated spatial extents and frequency-magnitude relationships/recurrence 

intervals for the Waiho River and Tatare flooding, landslide dambreak flooding for 

both the Callery and Tatare confluence, rock avalanche and Stoney Creek Debris flow 

were provided by Tim Davies based on empirical relationships.  

• Matthew Gardner from LandRiverSea Consulting Ltd provided model outputs and 

extent of flooding from the Waiho on GIS for peak discharges (Qmax) of the following 

values - 500 m3/s, 1,000 m3/s, 1,500 m3/s, 2,000 m3/s, 2,500 m3/s, 3,000 m3/s and 

3,500 m3/s.  

 

• Chris Massey from GNS through the Endeavour research programme, provided 

landslide dambreak flood model extents for various peak discharges for both the 

Callery and Tatare rivers using RApid Mass MovementS (RAMMS) software. Four 

outputs were modelled for the Callery using empirical peak discharges (Qmax) of the 

following values - 1,700 m3/s, 4,200 m3/s, 6,000 m3/s and 8,600 m3/s.  Three outputs 

were modelled for the Tatare using empirical peak discharges (Qmax) of the following 

values - 1,000 m3/s, 2,500 m3/s and 5,000 m3/s. Refer to Tables 10 and 11 in Appendix 

for input parameters.  

 

• The Alpine Fault traces and Fault Avoidance Zone (FAZ) were sourced from LINZ Data 

services and Langridge et al., (2016) respectively. 
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The estimated and modelled spatial extents and recurrence intervals/return periods of the 

various discussed hazards are listed below.  

 

3.3.1 Alpine Fault earthquake rupture 

Fig. 3.3 shows the Alpine Fault surface traces (red) and the Fault Avoidance Zone (FAZ) that 

runs across current townsite. It is assumed that surface ruptures occur within this zone. 

 

 
Figure 3.3: Alpine Fault trace (in red) and the FAZ 

3.3.2 Waiho River flooding 

The area of land threatened by flooding from the Waiho River was modelled by Gardner 

(2021), based on the stopbanks planned in 2020, but omitting consideration of the new bank 

planned to extend from the vicinity of the oxidation ponds to the Waiho Loop; this is designed 

not to overtop at flows below 2,500 m3s-1. These stopbanks are designed based on current 

bed levels plus 20 years’ aggradation at about 0.18 m/year (Gardner, 2021). The flooded areas 

have been modelled for discharges of 500 m3s-1 to 3,500 m3s-1. Fig. 3.4 shows the flooding 

extent for each peak discharge. As seen in Figure 3.4 (which indicates the flooding extent for 
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2,500 m3s-1, about a 100-year flood), there is no flood threat to any townsite, if the stopbanks 

remain functional.    

 

With the planned stopbanks in place, no flooding of any of the town sites from the Waiho is 

anticipated over the next 20 years. After that, ongoing river aggradation will increase the 

probability of stopbank failures; it is not feasible to generally model that situation because 

the flooding location, intensity and extent will depend on the location and nature of the 

failure which are not predictable. 
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Figure 3.4: Waiho River flood extents for the various flood magnitudes 

 

A frequency-magnitude relationship for the various flow velocities for flooding in the Waiho 

River was derived directly from Gardner (2021) and represented in Table 1.  
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Table 1: Waiho River - Flood magnitude and frequency 

Return Period (Years) Flood Discharge (m3s-1) 

20 1857 

50 2128 

100 2330 

400 2735 

500 2800 

1000 3000 

5000 3300 

10000 3500 

 

3.3.3 Tatare River flooding 

There have been no previous occurrences of flooding of the Tatare River as the riverbed is 

incised below the general land surface from the SH6 bridge downstream, with the depth of 

incision increasing to over 10 m at the Waiho Loop. However, parts of the western new town 

site (NT_2) adjacent to the Tatare upstream of the SH6 bridge are likely to be prone to 

flooding in severe rainstorms, especially if there are substantial sediment inputs in the Tatare 

catchment. The return period of this extent of inundation is arbitrarily assigned as 100 years.  

 

3.3.4 Rock landslide (rock avalanche) 

Langridge et al. (2016) described a potential major landslide (rock avalanche) that could fall 

from the hillslope overlooking Franz Josef during an earthquake on the Alpine Fault that 

crosses the foot of the slope. Davies and Moretti (2021) estimated a potential failure volume 

of the order of 107 m3 for this event, and an annual probability of the order of 10-5, or 1 in 

100,000.  

 

Based on this, a relationship between landslide volume and probability was derived using data 

from existing New Zealand literature from (Korup and Clague, 2009), and the corresponding 

deposit extents (Table 2) from an empirical volume-runout relationship (Davies, 1982). The 

extent of runout for the rock avalanches of varying magnitudes are shown in Fig. 3.5.  

 

The smallest rock avalanche event listed (10-4 m3) has a return period of 60 years; however, 

this is a shorter duration than that of the trigger event (Alpine Fault earthquake). Hence, this 
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data point is probably a statistical fiction. Similarly, the 108 m3 rock avalanche would affect all 

but the northern half of NT2, but the ability of the source slope to yield such an event is 

extremely uncertain. Furthermore, it would have a return period of approximately 4 million 

years and therefore, is not considered a realistic hazard.  

 

Additionally, Davies and Moretti (2021) estimated the risk-to-life presented to the present 

town site OT1 by the 107 m3 event (with an assumed 100,000-year return interval) to be about 

10-2 per year, which is about 1000 times higher than internationally used levels of acceptable 

risk. If the 106 m3 event with a 2500-year return interval is a realistic possibility then the risk-

to-life is about 40 times higher still, because even this smaller event can overwhelm the 

township. 

 
Figure 3.5: Extent of rock avalanche runout for the hillslope situated above the present Franz Josef township for the various 
magnitudes in Franz Josef. 

A rock avalanche volume, runout distance and return period is represented in Table 2.  
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Table 2: Rock avalanche volume, runout distance and return period 

 

 

 
*Korup and Clague (2009) based on p (107 m3) = 10-5 a-1. **Davies, 1982. 
 

3.3.5 Callery and Tatare landslide dambreak flooding 

Ollett (2001) and Davies (2002) quantified the hazard due to landslide dambreak flooding in 

the Callery River (Table 3), as a result of which the Franz Josef Holiday Park was relocated 

from its riverside site in 2003. R (2021) similarly quantified the hazard from the Tatare River 

(Table 4), which had not been investigated previously. GNS Science, through its Endeavour 

research programme (C. Massey, pers. comm. 2022), used a RAMMS model to simulate 

dambreak flood flows of a range of return intervals from both catchments, together with the 

areas these events would impact (Fig. 3.6 and 3.7). 

 

These simulations used the unmodified 2016 DEM for the area, and thus the 2016 stopbank 

levels. Therefore, the areas shown flooded by the 50-and 100-year return period dambreak 

flows (Fig. 3.6(B) & Fig. 3.7(A)) are not constrained by the planned stopbanks (Fig. 3.1). This is 

because a landslide dambreak flood differs considerably from a normal rainstorm flood, by 

assuming some of the characteristics of a debris flow surge with a deep, tree-and-boulder 

laden main surge that may overtop stopbanks designed to contain normal floods. The 

simulations accounted for the higher mean sediment concentration of a dambreak flood, but 

not for its rapidly varied flow. The highest return period events (Fig. 10) would in any case 

overtop the planned stopbanks. 

 

 

 

Volume, 
(m3) 

Probability 
 (a-1) * 

Runout, 
(km)** 

Return period 
(Years) 

105*** 1.6 x 10-2 0.5 60 

106 4 x 10-4 1.0 2,500 

107 1 x 10-5 2.1 100,000 



46 | P a g e  
 

 



47 | P a g e  
 

 
Figure 3.6: Callery landslide dambreak flood extents for the various flood magnitudes - (A):1,700 m3, (B): 4,200 m3, (C): 

6,000 m3 and (D): 8,600 m3. 
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Figure 3.7: Tatare landslide dambreak flood extents for the various flood magnitudes - (A):1,000 m3, (B): 2,500 m3 and (C): 
5,000 m3. 

 

Table 3: Callery-Waiho landslide dambreak flood magnitude-frequency (from Dunant et al., 2021). 

Peak 
discharge 
(m3s-1) 

 
1000 

 
2000 

 
3000 

 
4000 

 
5000 

 
6000 

 
7000 

 
8000 

 
9000 

Return period 
(Years) 

 
5 

 
15 

 
25 

 
45 

 
75 

 
100 

 
175 

 
300 

 
2000 

 

Table 4: Tatare landslide dambreak flood magnitude-frequency (R, 2021) 

Peak 
discharge 
(m3s-1) 

 
1000 

 
2000 

 
3000 

 
4000 

 
5000 

 
6000 

 
7000 

 
8000 

 
9000 

Return period 
(Years) 

 
40 

 
75 

 
100 

 
330 

 
500 

 
700 

 
950 

 
2100 

 
4000 
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3.3.6 Stoney Creek debris flow 

The catchment of Stoney Creek has been identified as prone to debris flows (Welsh and 

Davies, 2011), but there are no data available to quantify the magnitude-frequency 

relationship of this phenomenon at this site. Therefore, a published international empirical 

relationship was adopted based on catchment area to assess the likely magnitudes and 

deposit areas of debris flows from Stoney Creek.  

This study also assumed that such flows would result from rainfall-induced landslides in the 

Stoney Creek catchment, and that these would follow the magnitude-frequency relationship 

established for such events in the western Southern Alps by Hovius et al. (1997) (Refer to 

Table 5). It is noted that this ignores the potential for debris flows to mobilise streambed 

sediments in the catchment and on the fan, so our estimates of volume are likely optimistic. 

However, the catchment is short and very steep, so this assumption is unlikely to be 

significantly erroneous. The areas affected by these flows are shown in Fig. 3.8. 

 

This is the pre-earthquake hazard, since the Hovius et al. (1997) data refer to non-seismic 

conditions. Following a major earthquake there is likely to be a large volume of available 

coseismic landslide sediment in the catchment, so the occurrence of a debris flow in 

subsequent intense rainstorms has a very high probability. 

 

 
Figure 3.8: Stoney Creek debris flow extent for the varying magnitudes 
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Table 5: Stoney Creek debris flow magnitude-frequency relationship 

Debris flow volume (m3) Return period years 

1000   500* 

5000 100 

10000 100 

20000 150 

50000  500 

100000 1000 

200000 2500 

* Rollover at low volume causes a long-term return period; see Hovius et al. (1997). 

3.4 METHODOLOGY 

Building on the work by authors and external collaborators mentioned above, the aim of the 

methods presented here is to:  

• Present a comparative hazard exposure (assuming assets, people and vulnerabilities 

are identical and uniformly areally distributed in both present and proposed sites).   

• Develop a magnitude-area affected and magnitude-frequency relationships for each 

hazard.  

• Derive the annual probability for each hazard, for each given frequency using the 

magnitude-frequency relationships.   

• For each site develop a method to quantify the proportion of site area affected by 

hazards of various intensities and frequencies; this is the basis on which the required 

comparison can be made. 

• Replot each hazard occurrence as a risk-to-life distribution for both the new and 

proposed townsites.  

• The areas affected by events of different return periods are in some cases the result 

of state-of-the-art numerical simulations (Waiho River flooding and landslide 

dambreak flooding), while others (rock avalanche, debris flow, earthquake) are based 

on empirical data from within New Zealand and from overseas. 

The modelling was carried out spatially using a combination of ESRI’s ArcMap Pro and Google 

Earth to identify the areas of origin of the various hazards and to plot the estimated spatial 

extent of runout or flow of the hazards. From the spatial extents, the proportion of the 

townsite affected by each hazard was obtained. Using the information obtained, a quantitative 

analysis was then utilised to derive the risk-to-life distribution for each townsite.  
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3.4.1 GIS methods for calculating proportions of townsites affected 

The runout and flow extend for the following hazards: rock avalanche and Stoney Creek debris 

flow were initially plotted on Google Earth by Tim Davies. They were then converted to raster 

shapefiles on GIS. Raster data for the Waiho River flood extends and Callery and Tatare 

landslide dambreak floods were modelled and supplied by Matthew Gardner and Chris 

Massey respectively. The annual calculated probability for each hazard frequency was then 

added to the respective hazard Attribute Table as an additional field. Following that, using the 

function “Tabulate Intersection”, the proportion of townsite affected (for each townsite; 

OT_1, OT_2, NT_1 and NT_2; Fig. 1.5)) by each hazard was then calculated. The total area of 

each townsite was also calculated using the simple “Measure” tool on ArcMap Pro. The 

information presented both the area and percentage of intersection of each hazard on each 

townsite. This information was then collated on an excel spreadsheet. The total percentage 

of intersection for each hazard was then combined for the current townsite and new townsite 

i.e. [(OT_1 + OT_2) & (NT_1 + NT_2)].  

3.4.2 Risk-to-life calculations 

Using the above information, the individual risk to life for the Franz Josef townsites were 

calculated. This required:  

• Annual Probability (for each hazard) 

• Annual Mortality Rate (for each hazard)  

• Total population of Franz Josef (400) 

• Total Percentage of Intersection (OT_1 + OT_2) & (NT_1 + NT_2) (for each hazard).  

The annual mortality rate for each hazard was derived from existing literature. The following 

establishes the reasoning and justification for selecting the mortality rate that was used for 

this study.  

Earthquake Mortality Rate 

Casualty estimations or realistic fatality rates (FR) for earthquakes are generally complicated 

and hard to derive due to inconsistencies and lack of quality of data (So, 2016). When 

compared with other areas with similar seismicity, New Zealand has had a relatively low 

number of earthquake-related deaths (Nichols et al., 2000). There have been several 

methods and criteria used to calculate the mortality rates for earthquakes. For the purpose 

of this study, an earthquake-related death was defined as one that occurred directly or 

indirectly as a result of ground shaking and only considered earthquakes that have occurred 

in New Zealand. Abeling et al. (2017) examined patterns and mortality rates in New Zealand 

between the years 1840-2017, during which approximately 21 earthquakes with MMIs VII or 

greater occurred. The main factor of consideration for Franz Josef was the magnitude and 
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intensity of any given earthquake. Fig. 3.9 by Abeling et al. (2017) illustrates the mortality 

rates by MMI.  

 
Figure 3.9: Mortality rate by MMI per 1000 population exposed to a severe New Zealand earthquake (Abeling et al., 2017) 

As such, a mortality rate of 3% was used for the purpose of this study.  

Rock Avalanche Mortality Rate 

Landslide vulnerability and the underlying causes of landslide fatality are widely understudied 

(Pollock & Wartman, 2020). There are several key factors that determine human vulnerability 

and probability of death during a landslide event. Of the various situational risk factors, 

distance from slope was deemed the most critical factor. According to Pollock and Wartman 

(2020), the odds of death increase with decreasing distance, whereby individuals closer to the 

slope (less than 100m) have 1.6x more likely to be killed. Due to the nature and fast velocity 

of a rock avalanche, the modelled runout distance, and the distance between buildings and 

individuals to the hillslope above the current townsite, a mortality rate of 100% was used.    

Flooding Mortality Rate  

Flood-induced mortality rate was derived from (Hu et al., 2018), who calculated mortality 

rates for flood-induced deaths within different continents (Refer to Fig. 3.10). Given that past 

occurrence rates of floods, flood-affected population as well as other underlying factors such 

as GDP per unit area, income and other variabilities in New Zealand is comparable to that for 

the Australian continent, the flood mortality rate of 0.59% was used.  
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Figure 3.10: Flood induced mortality rate across the different continents (Hu et al., 2018). 

Landslide Dambreak Flood Mortality Rate  

Flood-induced mortality rates for other flood disaster categories was also adopted from Hu 

et al. (2018). Figure 3.11 shows the mortality rates for different flood types.  

 
Figure 3.11: Mortality rates for the various flood types (Hu et al., 2018). 

However, a category for floods from a landslide-induced dambreak was not present. 

Therefore, the mortality rate for the most comparable flood type; flash flood (2.133%) was 

considered. As mentioned in Chapter 2, the mechanisms and behaviour of landslide dambreak 

floods from the Callery and Tatare are analogous to previous dambreak flood in the West 

Coast. The 1999 Mount Adams dambreak flood remained largely confined to the river channel 

and thus, caused no deaths and little damage (Becker et al., 2007). Given that floods caused 
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by landslide dambreak events often occur quickly and carry more debris than normal floods 

but are less detrimental than flash floods, a mid-value of 1% mortality rate was used.  

Debris Flow Mortality Rate  

The vulnerability values assigned by (Wei, Hu & Liu, 2021) were used to calculate the mortality 

rate for a debris flow from Stoney Creek whereby vulnerability was defined as the “degree of 

loss of any given element exposed to a debris flow of a given magnitude”. According to Wei 

et al. (2021), most injuries and deaths resulting from debris flows in China occur in buildings 

due to damage caused to the buildings. As such, only the risk to the lives of people in buildings 

was taken into account. Given that there are ongoing developments within the region next to 

Stoney Creek, it was safe to assume a similar scenario for a Stoney Creek debris flow, whereby 

only the risk to life of people within buildings was considered and the risk to life of people 

outside of buildings in the event of an occurrence was omitted. Therefore, the vulnerability 

of the people was calculated as vulnerability of person x building vulnerability.  

Wei et al. (2021), assigned the maximum vulnerability of people as 0.9 and the maximum 

building vulnerability as 0.315. Therefore, the mortality rate for debris flow was calculated to 

be 27%.  

Using the above mortality values for each hazard event, the individual risk to life was then 

calculated for each townsite [(OT_1 + OT_2) & (NT_1 + NT_2)] using the following formula:  

𝑰𝒏𝒅𝒊𝒗𝒊𝒅𝒖𝒂𝒍 𝑹𝒊𝒔𝒌 𝑻𝒐 𝑳𝒊𝒇𝒆 =
𝐓𝐨𝐭𝐚𝐥 𝐏𝐨𝐩𝐮𝐥𝐚𝐭𝐢𝐨𝐧 𝐱 % 𝐎𝐟 𝐀𝐫𝐞𝐚 𝐀𝐟𝐟𝐞𝐜𝐭𝐞𝐝 𝐱 𝐌𝐨𝐫𝐭𝐚𝐥𝐢𝐭𝐲 𝐑𝐚𝐭𝐞

𝐓𝐨𝐭𝐚𝐥 𝐏𝐨𝐩𝐮𝐥𝐚𝐭𝐢𝐨𝐧 
 

 

3.4.3 Individual vs societal risk to life 

There is often a distinction between individual risk and societal risk. An individual risk 

estimate is based on the probability that a specific individual is exposed to a particular risk at 

a specific location for a specified period (Muhlbauer, 2004). Typically, the term individual risk 

is meant to signify the risk to “one or more individuals”. For example, an individual’s perceived 

risk to a debris flow (in terms of fatality) can be expressed as follows: “The debris flow 

presents a risk of 10-5 chance of fatality per any given year”. The individual risk is independent 

of the number of people present, but time of exposure should be accounted for (Gardoni & 

Murphy, 2003; Muhlbauer, 2004). In summary, an individual risk can be defined as the total 

risk to a specified individual from all hazards to which that individual is exposed.  

The Risk Assessment tool that is widely used to define individual risk criteria is via the ALARP 

(As Low As Reasonably Practicable) method, that is described by a risk triangle that is inverted 

(Fig. 3.12). It is defined by:  

• Unacceptable risk (colour coded red on the top of the triangle) 
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• Tolerable risk (colour coded orange - yellow in the middle)  

• Acceptable risk (colour coded green on the bottom)  

 
Figure 3.12: The ALARP method for classifying individual risk to life (Bona et al., 2020) 

The degree of risk decreases with increasing mitigation measures. An allocation of safety 

above the red level is intolerable, and risk reduction is needed. If the risk is classified to be 

within the red - green level, it is only tolerable if ALARP is achieved, which is the result of 

identifying and implementing all reasonably practicable measures to reduce that risk (Bona 

et al., 2020). 

In comparison to individual risk, societal risk is generally defined as the total risk to a 

population based on the frequency of each hazard and the total number of people affected 

(Muhlbauer, 2004). A F-N curve, which plots the frequency (F) versus the number of deaths 

(N), is one of the most widely used techniques for quantifying societal risk factors (Muhlbauer, 

2004; Tesfamariam & Goda, 2013). The F-N curve displays the probability of exceeding the 

threshold based on the number of fatalities. Fig. 3.13 illustrates an F-N curve schematic from 

Jacob and Holm (2012). Like the ALARP risk triangle, the F-N curve is classified into acceptable, 

as low as reasonably practicable (ALARP), and unacceptable regions.  
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Figure 3.13: F-N curve showing risk acceptability ranges (Jacob & Holm, 2012). 

 

4 RESULTS 

 

4.1 INTRODUCTION  

The annual probabilities and recurrence intervals were used to calculate the difference in 

hazard probabilities between the current and new townsites to provide a comprehensible 

assessment in terms of risk profiles. Additionally, the risk to life from each hazard for both 

individuals and the Franz Josef society was calculated to provide more context for risk 

comparison between the townsites.  
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4.2 TOTAL ANNUAL PROBABILITY FOR EACH HAZARD 

The annual probability for each hazard recurrence interval is shown in Table 6. A 104 m3 

magnitude rock avalanche has the highest annual probability of occurrence and a 108 m3 

magnitude rock avalanche has the lowest annual probability of occurrence in relation to all 

the all the hazard occurrences in Franz Josef. The lowest and highest annual probability of the 

various hazards in terms of recurrence interval and likelihood of occurrence is as detailed:    

• Flooding: A 500 Qmax flood is expected once every c. 5 years, whereas a 3,500 Qmax 

flood is expected every c. 10,000 years, making it 2000 times less likely to occur than 

a 500 Qmax flood.   

 

• Landslide (Rock Avalanche): A 104 m3 magnitude landslide is expected c. once per 2-

3 years whereas, a 108 m3 magnitude landslide is expected just once every c. 4 million 

years, making it c. a million times less likely than a 104 m3 magnitude landslide event.  

 

• Dambreak Flood (Callery): A 1,700 Qmax dambreak flood from the Callery is expected 

once every c. 10 years, whereas an 8,600 Qmax dambreak flood is expected once every 

c. 300-2,000 years, making it c 30-200 times less likely than a 1,700 Qmax dambreak 

flood.    

 

• Dambreak Flood (Tatare): A 1,000 Qmax dambreak flood from the Tatare is expected 

once every c. 40 years, whereas a 5,000 Qmax dambreak flood is expected once every 

c. 500 years, making it c 12.5 times less likely than a 1,000 Qmax dambreak flood.    

 

• Debris Flow (Stoney Creek): A 1,000 m3 debris flow from Stoney Creek is expected 

once every c. 500 years, whereas a 200,000 m3 debris flow is expected once every c. 

2,500 years, making it c. 5 times less likely than a 1,000 m3 debris flow. 
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Table 6: Annual probability of each hazard for the given recurrence interval 

Hazard Annual Probability 

 
Alpine Fault Rupture 0.0125  

Flooding - Waiho  

500 Cumecs (5-yr) 0.2  

1000 Cumecs (10-yr) 0.1  

1500 Cumecs (20-yr) 0.05  

2000 Cumecs (50-yr) 0.02  

2500 Cumecs (200-yr) 0.005  

3000 Cumecs (1000-yr) 0.001  

3500 Cumecs (10,000-yr) 0.0001  

Rock Avalanche   

10e4 m3 0.64  

10e5 m3 0.016  

10e6 m3 0.0004  

10e7 m3 0.00001  

10e8 m3 0.00000024  

Dambreak Flood - Callery  

1700 Cumecs 0.1  

4200 Cumecs 0.02  

6000 Cumecs 0.01  

8600 Cumecs 0.001  

Dambreak Flood - Tatare  

1000 Cumecs 0.025  

2500 Cumecs 0.01  

5000 Cumecs 0.00217  

Stoney Creek Debris Flow   

1000 m3 0.002  

5000 m3 0.01  

10000 m3 0.01  

20000 m3 0.067  

50000 m3 0.002  

100000 m3 0.001  

200000 m3 0.0004  

 

4.3 FRANZ JOSEF HAZARD IMPACT ANALYSIS – A COMPARISON OF TOWNSITES 

To provide a simple quantitative overview of the hazard impact on both townsites, the total 

probability of occurrence for each hazard on each townsite was assessed. This firstly required 

a simple binary analysis in GIS to determine if the plotted spatial footprint of each hazard 

overlapped with the spatial extent of each townsite. This was then followed by the summation 
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of the annual probabilities of the overlapping hazards for each townsite to estimate the total 

annual probability of each townsite being affected by any intensity of the considered hazards.  

Table 7 shows the summarised results of the total sum of probability of the hazards for each 

townsite (For the full table, see Table 12 in the Appendix).  

 
Table 7: Total sum of probability of each hazard for each townsite and the difference between the old (combined) and new 
(combined) townsites. The Alpine Fault hazard refers to a rupture of the fault. 

 

The annual sum of all hazards for the current townsite, i.e., the probability of any intensity of 

any hazard per year is 86.8%. This is approximately six times greater than the annual sum of 

all hazards for the new townsites which has an annual sum of all hazards of 13.2%. Table 2 

indicates that the current townsite is proportionately more impacted by the Alpine Fault, 

Waiho River flooding, rock avalanches, dambreak floods in the Tatare, and liquefaction. 

Comparatively however, the new town site is affected proportionately more by dambreak 

floods in the Tatare, and debris flows in Stoney Creek. 

 

Fig. 4.1 shows the comparison of relative distribution of hazard impact for both townsites, 

whereby. It illustrates the total percentage of probability of overlap of each hazard (for all 

given occurrences) onto the townsites for the current (OTs) and proposed (NTs) townsites, 

whereby, if a hazard is bluer, the worse the impact on the OTs and if a hazard is more orange, 

the worse the impact on the NTs.   

There are no adverse impacts presented by hazards such as the Alpine Fault or flooding of the 

Waiho River in relation to the proposed townsites. Likewise, there are no adverse impacts 

presented by hazards such as a dambreak flood in the Tatare or a debris flow in Stoney Creek, 

in relation to the current townsites.   

 

 

 

Hazard
Sum of Probabilities 

(OT_1 + OT_2)

Sum of Probabilities 

(NT_1 + NT_2)

Difference between Old 

& New TS

Alpine Fault 0.0125 0 0.0125

Flooding - Waiho River 0.3761 0 0.3761

Rock Avalanche 0.0164 0.00041048 0.01601

Dambreak Flood - Callery 0.2620 0.031 0.231

Dambreak Flood - Tatare 0.0000 0.03717 -0.0372

Stoney Creek Debris Flow 0.0000 0.0014 -0.0014

Liquefaction 0.0125 0.0125 0

Shaking Intensity 0.0250 0.025 0

Total Sum of Probabilities 

for  townsites 
0.70 0.11 0.81

Percentage (%) of total 

hazard
86.8 13.2 100
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Figure 4.1: Comparison of the relative distribution of hazard impact for the current and new townsites 

 

4.4 FRANZ JOSEF HAZARD IMPACT ANALYSIS – AREA AND PERCENTAGE OF 
INTERSECTION 

 

In cases where hazards did intersect the township footprints, the proportion of the township 

affected by each hazard was calculated. The results for the total proportion of intersection of 

the full spatial extent of each hazard type for each townsite is shown in Fig. 4.2 and 4.3. (For 

the full table, see Table 13 in the Appendix).  

 

In Fig. 4.2, a rock avalanche has the highest proportion of intersection for the current 

townsites (93%) followed by a dambreak flood in the Callery (3%) and flooding of the Waiho 

River (2%). This indicates that a rock avalanche hazard occurrence is the largest with the 

highest probability of impact. There is no intersection of a dambreak flood hazard from the 

Tatare or a debris flow hazard from Stoney Creek.  

 

In comparison, Fig. 4.3 shows that a rock avalanche has the highest proportion of intersection 

for the new townsites (75%) followed by a debris flow in Stoney Creek (16%) and a dambreak 

flood in the Tatare (8%). There is no intersection of an Alpine rupture hazard or a flooding 

hazard from the Waiho River. 
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n

Flooding -
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Flood -
Callery
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NTs 0 50 50 0 2.44 10.58 100 100

Ots 100 50 50 100 97.6 89.4 0 0
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Figure 4.2: Total proportion of intersection of each hazard for the combined current townsites 

 

 
Figure 4.3: Total proportion of intersection of each hazard for the combined new townsites 
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4.5 FRANZ JOSEF HAZARD IMPACT ANALYSIS – INDIVIDUAL RISK TO LIFE  

For both current and new townsites (OTs and NTs) the individual risk to life was calculated 

using the formula discussed in Chapter 3. Calculations are presented in Table 8 for the 

individual risk to life for the various hazards and given mortality rates. The calculation 

assumes that the population of residents for both OTs and NTs are equal for a single person 

and uniformly distributed over the areas.  

 

The orange, and red values represent a tolerability index (Refer to Fig. 3.12) for individual risk 

criteria for the given hazard event and probability, whereby risk to life values that range above 

1.0E-0.5 are coded as orange and values that range above 1.0E-0.4 are coded as red. The 

values in orange represent “Tolerable if ALARP – Risk Mitigation must be considered” and the 

values in red represent “Intolerable – Risk Mitigation Required”. All other values fall under 

the “Broadly Acceptable” risk criterion region, where no further actions are required.    

 

The total risk to life ratio for the OTs is calculated to be 16.72 times higher than the total risk 

to life for the NTs, indicating that the combined risk to life for the OTs is an extremely 

unacceptable level compared to NTs. The highest risk to life for individuals in the OTs is from 

a rock avalanche (more specifically from a 10e5 and 10e6 m3 volume rock avalanche) whilst 

the highest risk to life for individuals from the NTs are from the Stoney Creek debris flow.  

 

The comparative risks to assets at the two sites will be proportional to the individual risk to 

life, assuming that the assets are identical and uniformly spatially distributed across the 

current and new town sites.  

 

Due to the method in which the individual risk assessment is calculated (the societal risk is 

figured out by multiplying the individual risk by the population at any given time), the F-N 

curve is also applicable to this study to determine the individual risk to life. 
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Table 8: Individual risk to life for the various hazards, annual probability, and mortality rates for the combined current 
townsites (OTs) and new townsites (NTs). 

 

Mortality Rate (%)
Individual Risk to Life 

(OTs)

Individual Risk to Life 

(NTs)

Alpine Fault Rupture 0.0125 3.00 1.47E-05 0.00E+00

Flooding - Waiho

500 Cumecs (5-yr) 0.2 0.59 6.49E-06 0.00E+00

1000 Cumecs (10-yr) 0.1 0.59 4.07E-06 0.00E+00

1500 Cumecs (20-yr) 0.05 0.59 2.36E-06 0.00E+00

2000 Cumecs (50-yr) 0.02 0.59 1.03E-06 0.00E+00

2500 Cumecs (200-yr) 0.005 0.59 2.74E-07 0.00E+00

3000 Cumecs (1000-yr) 0.001 0.59 5.72E-08 0.00E+00

3500 Cumecs (10,000-yr) 0.0001 0.59 6.02E-09 0.00E+00

Total 1.43E-05 0

10e4 m3 0.64 100.00 0.00E+00 0.00E+00

10e5 m3 0.016 100.00 6.74E-04 0.00E+00

10e6 m3 0.0004 100.00 1.41E-04 1.11E-05

10e7 m3 0.00001 100.00 8.03E-06 3.58E-06

10e8 m3 0.00000024 100.00 2.40E-07 1.66E-07

Total 8.23E-04 1.49E-05

1700 Cumecs 0.1 1.00 4.00E-07 0.00E+00

4200 Cumecs 0.02 1.00 2.16E-06 0.00E+00

6000 Cumecs 0.01 1.00 2.62E-06 5.80E-07

8600 Cumecs 0.001 1.00 4.40E-07 7.10E-08

Total 5.62E-06 6.51E-07

1000 Cumecs 0.025 1.00 0.00E+00 3.50E-07

2500 Cumecs 0.01 1.00 0.00E+00 2.06E-06

5000 Cumecs 0.00217 1.00 0.00E+00 1.99E-06

Total 0.00E+00 4.40E-06

1000 m
3 0.002 27.00 0.00E+00 0.00E+00

5000 m3 0.01 27.00 0.00E+00 0.00E+00

10000 m3 0.01 27.00 0.00E+00 0.00E+00

20000 m3 0.067 27.00 0.00E+00 0.00E+00

50000 m3 0.002 27.00 0.00E+00 0.00E+00

100000 m
3 0.001 27.00 0.00E+00 1.21E-05

200000 m3 0.0004 27.00 0.00E+00 1.93E-05

Total 0.00E+00 3.14E-05

8.58E-04 5.13E-05
16.72OT risk/NT risk

Grand Total

Stoney Creek Debris Flow

Rock Avalanche

Hazard  Annual Probability
Franz Josef Hazard Impact Analysis - Individual Risk to Life 

Based on the assumption that the stop banks are being raised by 2m (Gardner, 2016). 

Dambreak Flood - Callery

Dambreak Flood - Tatare
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4.6 FRANZ JOSEF HAZARD IMPACT ANALYSIS – SOCIETAL RISK TO LIFE  

Consequently, societal risk can be calculated by multiplying the individual risk by the 

population at any given time. For example, multiply by 400 for residents in Franz Josef or by 

1000 for transients/tourists. Table 9 represents the societal risk to life for Franz Josef 

residents. As mentioned in Chapter 3, using the societal risk criteria (F-N curve) (Fig. 3.13) the 

values were colour coded based on the societal risk tolerability criteria. Societal risk to life 

values that range between 1.0E-09 – 1.0E-06 are coded as green and fall between the 

“Broadly Acceptable” region. Values that range between 1.0E-06 to 1.0E-0.3 are coded as 

orange and fall within the “ALARP” region and values that range above 1.0E-0.3 are coded as 

red and fall within the “Unacceptable” region.  

 

The societal risk to life for the OTs remains to be from a rock avalanche hazard and the Stoney  

Creek debris flow for the NTs. The ratio remains the same as the individual risk to life 

calculations.  
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Table 9: Societal risk to life (for 400 residents) for the various hazards, annual probability, and mortality rates for the combined 
current townsites (OTs) and new townsites (NTs). 

 
 

 

Mortality Rate (%)
Societal Risk to Life 

(OTs)

Societal Risk to Life 

(NTs)

Alpine Fault Rupture 0.0125 3.00 5.88E-03 0.00E+00

Flooding - Waiho

500 Cumecs (5-yr) 0.2 0.59 2.60E-03 0.00E+00

1000 Cumecs (10-yr) 0.1 0.59 1.63E-03 0.00E+00

1500 Cumecs (20-yr) 0.05 0.59 9.44E-04 0.00E+00

2000 Cumecs (50-yr) 0.02 0.59 4.11E-04 0.00E+00

2500 Cumecs (200-yr) 0.005 0.59 1.10E-04 0.00E+00

3000 Cumecs (1000-yr) 0.001 0.59 2.29E-05 0.00E+00

3500 Cumecs (10,000-yr) 0.0001 0.59 2.41E-06 0.00E+00

Total 5.71E-03 0.00E+00

10e4 m3 0.64 100.00 0.00E+00 0.00E+00

10e5 m3 0.016 100.00 2.69E-01 0.00E+00

10e6 m3 0.0004 100.00 5.66E-02 4.45E-03

10e7 m3 0.00001 100.00 3.21E-03 1.43E-03

10e8 m3 0.00000024 100.00 9.60E-05 6.64E-05

Total 3.29E-01 5.95E-03

1700 Cumecs 0.1 1.00 1.60E-04 0.00E+00

4200 Cumecs 0.02 1.00 8.64E-04 0.00E+00

6000 Cumecs 0.01 1.00 1.05E-03 2.32E-04

8600 Cumecs 0.001 1.00 1.76E-04 2.84E-05

Total 2.25E-03 2.60E-04

1000 Cumecs 0.025 1.00 0.00E+00 1.40E-04

2500 Cumecs 0.01 1.00 0.00E+00 8.24E-04

5000 Cumecs 0.00217 1.00 0.00E+00 7.98E-04

Total 0.00E+00 1.76E-03

1000 m
3 0.002 27.00 0.00E+00 0.00E+00

5000 m3 0.01 27.00 0.00E+00 0.00E+00

10000 m3 0.01 27.00 0.00E+00 0.00E+00

20000 m3 0.067 27.00 0.00E+00 0.00E+00

50000 m3 0.002 27.00 0.00E+00 0.00E+00

100000 m
3 0.001 27.00 0.00E+00 4.84E-03

200000 m3 0.0004 27.00 0.00E+00 7.72E-03

Total 0.00E+00 1.26E-02

3.43E-01 2.05E-02
16.72

Stoney Creek Debris Flow

Grand Total
OT risk/NT risk

 Annual Probability

Franz Josef Hazard Impact Analysis - Societal Risk to Life 

(Residents)

Based on the assumption that the stop banks are being raised by 2m (Gardner, 2016). 

Rock Avalanche

Hazard

Dambreak Flood - Callery

Dambreak Flood - Tatare
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5 DISCUSSION AND FUTURE RESEARCH  

 

5.1 INTRODUCTION  

This section discusses the results of the hazard impact analysis as a comparison between the 

townsites and the individual and societal risk to life calculations. This section also addresses 

the limitations involved in the hazard assessment, potential mitigation measures for the 

identified hazards and any future work that correlates with the future expansion of the 

township. 

5.2 DISCUSSION OF RESULTS  

5.2.1 Comparison of hazard probabilities between townsites  

Using a simple quantitative approach, which was the simplest step in comparing hazards 

between both townsites, it is extremely evident that the new townsites are far less hazardous 

than the current townsites. 

 

In general, the ratio between the currently existing townsites (OTs) and the new proposed 

townsites (NTs) in terms of the total sum of the hazard probabilities as well as the percentage 

of the total hazard was approximately 6:1, whereby the old townsite is 6 times more 

hazardous than the new townsites. The main factors that were influencing the calculations 

were firstly, the area of intersection/overlay between the runout extents of the hazards 

modelled and the footprint of the townsites and secondly, the summation of the total 

probability of occurrence. As such, in this instance, the Alpine Fault rupture, Waiho River 

flooding and rock avalanche hazards had the highest probability of impact for the OTs, which 

have always been heavily identified in previous literature. In comparison, for the NTs, a 

dambreak flood from the Tatare and the Stoney Creek debris flow have the highest probability 

of impact.  

 

It is important to take into account the likelihood that the dominant hazards will occur in each 

town. Although Stoney Creek debris flows are the primary major hazard that could affect the 

NTs, even at the lowest magnitude (1,000 m3), they are only expected to occur every c. 500 

years. On the other hand, the rock avalanche, which is the greatest threat to the present-day 

townsites, has a recurrence interval of roughly 2-3 years at the smallest magnitude (104 m3). 

Therefore, the overall risk of the NTs is quantifiably lower.  

5.2.2 Individual and societal risk to life  

The tolerability index for the various hazards was evaluated by comparing the individuals' and 

society's risk calculations with the risk matrix. Similar to the comparison of probability of 
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hazards, a rock avalanche and a Stoney Creek debris flow event have the lowest 

tolerability/highest risk for both the individual and societal risk to life for the OTs and NTs 

respectively. The combined individual risk to life calculations for the OTs and NTs fall under 

the “Tolerable if ALARP” and “Intolerable - Risk Mitigation Required” categories. This indicates 

that as current conditions stand, individuals in the OTs are highly vulnerable to the identified 

hazards, especially from an Alpine Fault rupture, Waiho River flooding and particularly from 

a rock avalanche from the hillslope that stands directly above the present township. As such, 

this is indicative that significant risk management approaches are required to mitigate the 

risk. Comparatively, although the combined individual risk of death for NTs is considered 

tolerable, risk mitigation measures are still encouraged to lower the tolerability level to the 

"Broadly Acceptable" range.   

 

In comparison to the individual risk to life, a larger range of values for the societal risk to life 

fall within the “ALARP” and” Unacceptable” domains. However, this is purely due to 

multiplying the individual risk to life values by 400 (to account for the number of permanent 

residents in Franz Josef) which consequently increases the risk to life values by 400. When 

taking mortality rates in account, the risk factor between the OTs compared to the NTs 

increases exponentially to a ratio of 17:1, whereby both individuals and the community in 

Franz Josef are 17 times more at risk at the OTs compared to the NTs.  

 

These results highlight the large potential benefits in reducing risk by relocating to the new 

townsites and reaffirms that the new townsites pose considerably less of a risk to both 

individuals and the Franz Josef society as a whole. 

 

5.3 LIMITATIONS  

Although these results are consistent with other findings, they were affected by several 

limitations from both the modelled and non-modelled data and are therefore not exact.  

 

Non-modelled Data  

In terms of the non-modelled data, the spatial runout extents for the debris flow and rock 

avalanche for the various recurrence intervals were drawn as approximations and worst-case 

scenarios based on existing literatures and previous case-study examples. Therefore, when 

overlaid on the footprints of the townsites, the results were heavily contingent on the 

estimates and assumptions made. 

 

In addition, the risk to life estimates only considered mortality rates. However, there are other 

determinants that heavily influence risk attitudes and uncertainties that heavily influence 

these estimates, such as gender, age, spatial awareness etc (Dohmen et al., 2011). As such, 

these estimates, although fundamental in providing a robust comparison, can be more 

comprehensive.    
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Modelled Data  

For the modelled data, especially for the dambreak floods for both the Callery and Tatare, 

there were significant uncertainties. These uncertainties are attributed to the modelling 

based on very particular scenarios mentioned in Chapter 3, such as the stopbanks operate as 

designed, i.e., no stopbank failure occurs. These limitations in modelled data were also 

compounded by variabilities in mortality values for the risk to life calculations. The mortality 

rates were chosen based on the worst-case scenarios and best-fit approach for the hazards in 

Franz Josef. However, these values may differ nominally from actual mortality values for the 

identified hazards. As such, these limitations have a potential to affect the absolute value of 

risk.  

 

However, despite these uncertainties, the comparison of overall risk between the townsites 

remains to be a more robust outcome as opposed to the absolute value of risk.  

 

5.4 CONSIDERATIONS AND MITIGATION MEASURES 

Although the results above provide a probabilistic approach to the comparison of hazard 

probabilities and risk to life, it cannot be overly relied upon. This is mostly due to the intrinsic 

nature of natural hazard events (Davies et al., 2015). To explain, even though the given 

probability of high magnitude events (e.g., a 108 m3 magnitude landslide that is expected just 

once every c. 4 million years) which is extremely low, does not mean that it is unlikely to occur 

or that the level of impact changes. Even with hazard mitigation, the impact of the event stays 

the same. In fact, according to Davies and Davies (2018), for events that are rarer and more 

severe (with extremely low annual probabilities), the impact of the situation worsens. 

However, there are fundamental issues with over-reliance and prominence on 

probabilistically based hazard assessments. As explained by Davies et al. (2015), 

probabilistically based event predictions for a well-known and quantified event in a specified 

location can still be volatile and unreliable because “potentially disastrous event occur only a 

small number of times at a given location in any realistic planning time-frame, and 

probabilistic predictions of small samples have an intrinsically high degree of unreliability” 

(Pg. 244). Thus, there needs to be further work done by different stakeholders to develop a 

more in-depth understanding of natural systems. 

 

5.5 POTENTIAL MITIGATION MEASURES  

There are several social, engineering, and financial mitigation measures against hazards. The 

more prominent measures that are commonly utilised in New Zealand include, land use 

planning, land use regulations, buildings codes and risk communication.  
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5.5.1 Seismic mitigation measures  

In a community, earthquake safety is achieved (or fails to be achieved) based on the choices 

of individual members, members of organizations, corporations, and professionals, and policy 

makers. The most common approach to dealing with any hazards is generally to aside national 

funds for protection from hazards and disaster aid, and to regulate public and private sector 

activity through business regulations (such as guidelines for insurance firms and construction 

firms), building codes, and land use regulations (Murphy and Gardoni, 2007). However, at 

times, the public can be indifferent to the risks they face. It is especially true when it comes 

to earthquake risk (Gardoni and Murphy, 2013). 

 

The Canterbury Earthquake Sequence of 2010-11 and the Kaikōura Earthquake in 2016 have 

demonstrated the value of pre-event infrastructure resilience initiatives in New Zealand 

(Davies et al. 2017). Due to the consequential social and economic damages caused by these 

events and their subsequent infrastructure damage, the Ministry of Civil Defence and 

Emergency Management (MCDEM) recognized the importance of focusing the response on 

scientifically researched real-world credible scenarios for large scale multi-regional risks 

(Orchiston et al., 2016). These scenario-based approaches are extremely beneficial as they 

facilitate communications and integrate knowledge between the various groups. An Alpine 

Fault rupture which will produce impacts of national significance and especially for the 

township of Franz Josef that lays across the Alpine Fault trace. The Af8 project, which was a 

three-year disaster risk management project planned for an Alpine Fault event funded, led 

and administered by central and regional government agencies, collaborated with science 

communities in order to prepare and plan for a large-magnitude earthquake along the Alpine 

Fault (Orchiston et al., 2016).  As such, the Af8 project serves as a suitable seismic mitigation 

hazard for Franz Josef. However, the most apt mitigation measure would be to reduce the 

risk of an Alpine Fault rupture by relocating to the new townsites.  

 

5.5.2 Flood mitigation measures 

There are several structural and non-structural measures that can be used to mitigate 

flooding.  

 

Some of the non-structural measures include spatial planning and policies and risk 

communication. Spatial planning or land use planning are effective risk reduction tools as they 

do not disrupt the natural flow and processes of the river systems and are integrative and 

proactive tools that include community engagement and help raise awareness (Hendel, 2010). 

Some non-structural measures include zoning and developmental restrictions, whereby areas 

exposed to flooding are designated as floodplains or for agricultural use, restricting 

development in those areas. In terms of Franz Josef, a restrictive zone could be set a certain 

distance from both the Tatare and Waiho riverbanks, which prevents any developments 
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within that zone. This is more feasible for the NTs as land-use planning could be utilised for 

the designation of critical infrastructures and houses.   

 

However, non-structural approaches will be more effective when coupled with structural 

flood mitigation measures.  The flood risk reduction can be achieved by reducing flood 

severity or reducing the vulnerability of the affected area (Heidari, 2009). There are several 

structural measures that can reduce flood severity. These measures include improving the 

river channel, constructing levees or floodwalls and flood proofing structures that are located 

within the flood extent range. According to Heidari (2009), a flood mitigation plan is the 

crucial first step required before structural and non-structural approaches can be 

implemented. A flood mitigation plan should address the following issues:  

 

• The best implementation method for flood control 

• Choosing an appropriate site for the installation of the facilities 

• The most appropriate size for the facilities 

• Maintaining and operating the facilities in the most efficient way 

 

These mitigation measures are also appropriate for dambreak floods.  

 

5.5.3 Debris flows mitigation measures  

The velocity of debris flows during runout is influenced by a variety of factors, including: the 

slope, grain distribution and water content. As such mitigation measures, especially 

engineering mitigation measures need to be considered. There are currently several new 

strategies and technologies in place for debris flow mitigation. After the Wenchuan 

earthquake in the Longmen Mountains in China, several gullies in the area experienced a large 

number of debris flows (Chen et al., 2015). A study was undertaken on the Xiagangjian Gully 

which is quite prominent to debris flows in the Wenchuan area. Debris flow mitigation 

measures in the Xiagangjian Gully effectively mitigated a debris flow with a 50-year return 

period that was caused by rainfall on July 26, 2012. The measures in question successfully 

protected a highway while reducing the impact from the debris flow (Chen et al., 2015). The 

mitigation measures that were applied were:  

I. Using prefabricated reinforced concrete boxes to construct retaining walls. 

II. Debris flow drainage channels and construction of an open tunnel to allow for the 

overpass of the debris flow over a highway.  

III. Construction of drainage damns Construction of a debris flow basin with a capacity 

twice the volume of an expected debris flow in the gully.  
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These measures were extremely effective in limiting the impacts of debris flows that were 

triggered in the gully.  

 

Similarly, on the 18th of May 2005, intense rain over catchments behind Matata, triggered 

several large debris flows. The impacts of the debris flows, and the consequent flooding were 

significantly destructive. Investigative studies by McSaveney, Beetham and Leonard (2005) of 

the debris flow event suggested four broad options to mitigate debris flow risk. It was 

recommended that a combination of all four options was necessary. These options were:  

I. Debris detention (in the catchment areas).  

II. Deflection of debris (on the debris flow fans).  

III. Building regulation (prohibition of any development /dwellings on areas mapped to 
be paths of future debris flows and debris floods). 

IV. Early warning systems and proper evacuation plans using regional-scale, highly-
resolution numerical weather models and regional tracking of storms with weather 
radar (although this can mitigate risk to life, it does not prevent damage to 
properties).  

 

Although not all measures can be applied to Stoney Creek, and not all measures can protect 

against every possible event, it still provides a certain degree of protection, which essentially 

reduces the risk and minimises damage.  

 

5.6 FUTURE WORK 

Several areas have been identified where future work is required to build on the 

fundamentals of this project, for a more comprehensive risk assessment.  

Improve the collation of relevant data including information on 

• Topographical data on:  

o Characteristics of the Stoney Creek catchment (such as shape, slope and 

direction of slope) and gradient of the catchment. This will allow for better 

modelling of debris flow extents from the catchment.  

o Characteristics of the hillslope that is situated above the current township.  

o Digital terrain topographical data models for the Callery, Tatare and Stoney 

Creek catchments  

o Major downstream tributaries for the Waiho and Tatare Rivers  

o Investigation of controls on downstream flood flows such as housing and 

commercial developments, vegetation controls, embarkments, roads, bridges 

etc… (NZSOLD, 2015)  

o River morphology of the Tatare River  
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• Physical modelling of the landslide dambreak and debris flows, like the work 

conducted by Ollet (2001).   

o To test the performance of the dam breach of the chosen dam heights and 

locations to determine if the right parameters were selected and to improve 

the accuracy of the results.  

o To understand and better inform the effects of sediment inundation from a 

landslide dambreak flood on the Tatare River  

 

• Re-run the scenarios for flooding and dambreak floods using an updated DEM, with 

the planned stopbanks in place. This will result in more accurate modelling of flood 

extents.  

• Run landslide modelling using RAMMS or any suitable modelling software to provide 

a more accurate representation of the runout extent of the rock avalanche hazard.  

• More in-dept land use planning to ascertain mitigation measures based on the results 

of the risk assessment and risk acceptability levels.  

 

6 CONCLUSION 

 

The aim of this thesis was to assess the potential suitability of land for town growth by 

comparing the natural hazard footprints of the current and new townsites for the various 

hazards and present a relative risk profile of the sites of the various hazard distributions (as 

stated in Section 1.4). This involved modelling the approximate footprints of the hazards over 

a range of magnitudes and frequencies to compare the level of hazard exposure on the 

current and new townsites. The results provided a comparison of the annual hazard impact 

between the townsites and an individual and societal risk to life estimates. This allowed for 

the following conclusions to be drawn:  

1. The annual average impact of all the identified hazards on the current 

townsite is 6 times higher than that of the new proposed townsites. 

The most significant hazard that could potentially impact the new 

townsites is a debris flow from Stoney Creek. A debris flow and 

resulting flood can have serious consequences downstream, affecting 

any new developments close to the fan and devasting impacts to 

human life. It is crucial that proper mitigations measures are in place 

before proper developments begin.  
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2. The individual and societal risk to life in the old townsites is 17 times 

higher than the new proposed townsites. Combined individual risk to 

life and societal risk to life estimates fall within the unacceptable range 

for the old townsites. Comparatively, combined individual risk to life 

and combined societal risk to life fall within the ALARP and 

unacceptable ranges respectively for the new townsites. However, with 

the significantly lower risk estimates and risk mitigation measures, risk 

to life estimates for new townsites can be further reduce, potentially 

bringing the estimates within the acceptable range.  

 

3. In spite of limitations, the results provide a robust and conclusive 

evidence that risk is significantly reduced in the new townsites and in 

order to lower the risk in the current townsites, a relocation would be 

a great risk reduction/mitigation measure.  

The aims of this thesis have been met through the above-mentioned methodology and 

results. This study thus provides adequate information for the Westland District Council to 

address the potential relocation of the township. However, there is a need for further 

investigation to further inform the decision. Additionally, several mitigation measures can be 

undertaken to further reduce the risk to the new townsites.  
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8 APPENDICES 

 

Table 10: Input parameters for RAMMS for the Callery dambreak flood modelling. 

 

 

 

 

Location
RAMMS 

Simulation

Date 

(model 

run)

DEM 

(used)

Dam 

Height

Dam width 

(m)

Dam cross-

section 

shape

Dam X-

sectional 

area (m2)

Source of 

dam 

dimension 

data

Volume 

of dam 

(m3)

Volume of 

water (m3)

Total 

Volume 

(m3)

Source of 

volume 

data

Calculated 

velocity of 

water 

outflow 

(m/s)

Empirical 

Q max 

(discharge) 

(m3/s)

Peak of 

hydrograp

h (t1) (sec)

Time for 

dam to 

empty (t2) 

(sec)

Hydrograp

h shape

Velocity 

(m/s)

Outflow 

direction

Flow 

density 

(kg/m3)

μ (-) χi (m/s2)

Callery 1 23/2/2022 4 m 40 400 5,202,000         1700 2520 6120 Triangle 6 1100 0.001 2000

3 25/2/2022 4 m 60 600 31,752,000      4200 6226 15120 Triangle 10 1100 0.001 2000

4 26/2/2022 4 m 80 800 64,800,000      6000 8894 21600 11 1100 0.001 2000

5 28/2/2022 4 m 100 1000 133,128,000    8600 12748 30960 13 1100 0.001 2000

time (sec) Q (m3/sec) m3

0 0 Rising 0.67460317

2520 1700 Falling 0.47222222

6120 0

Poerua Dam Breach hydrograph
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Table 11: Input parameters for RAMMS for the Callery dambreak flood modelling. 

 

 

 

 

 

 

Location
RAMMS 

Simulation

Date 

(model 

run)

DEM 

(used)

Dam 

Height

Dam width 

(m)

Dam cross-

section 

shape

Dam X-

sectional 

area (m2)

Source of 

dam 

dimension 

data

Volume 

of dam 

(m3)

Volume of 

water (m
3
)

Total 

Volume 

(m3)

Source of 

volume 

data

Calculated 

velocity of 

water 

outflow 

(m/s)

Empirical 

Q max 

(discharge) 

(m
3
/s)

Peak of 

hydrograp

h (t1) (sec)

Time for 

dam to 

empty (t2) 

(sec)

Hydrograp

h shape

Velocity 

(m/s)

Outflow 

direction

Flow 

density 

(kg/m3)

μ (-) χi (m/s2)

Tatare 1 23/2/2022 4 m 100 1000 1,800,000      1000 1482 3600 Triangle 1 170 1100 0.001 2000

2 25/2/2022 4 m 150 1500 11,250,000    2500 3706 9000 Triangle 2 170 1100 0.001 2000

3 26/2/2022 4 m 200 2000 45,000,000    5000 7412 18000 Triangle 4 170 1100 0.001 2000

time (sec) Q (m3/sec) m3

0 0 Rising 0.67460317

2520 1700 Falling 0.47222222

6120 0

Poerua Dam Breach hydrograph



82 | P a g e  
 

Table 12: Franz Josef hazard impact analysis. A comparison of townsites for the various hazards and recurrence intervals – 
full table.  

 

 

 

 

 

 

Old townsite 1 Old townsite 2
Sum of Probability 

(OTs)
New Townsite 1 New Townsite 2

Sum of Probability 

(NTs)

Difference between 

Old & New TS

Alpine Fault 

Rupture
0.0125 ✔ × 0.0125 × × 0 0.0125

Flooding - Waiho

500 Cumecs (5-yr) 0.2 ✔ × 0.2 × × 0 0.2

1000 Cumecs (10-yr) 0.1 ✔ × 0.1 × × 0 0.1

1500 Cumecs (20-yr) 0.05 ✔ × 0.05 × × 0 0.05

2000 Cumecs (50-yr) 0.02 ✔ × 0.02 × × 0 0.02
2500 Cumecs (200-

yr)
0.005 ✔ × 0.005 × × 0 0.005

3000 Cumecs (1000-

yr)
0.001 ✔ × 0.001 × × 0 0.001

3500 Cumecs (10,000-

yr)
0.0001 ✔ × 0.0001 × × 0 0.0001

0.3761 0 0.3761

10e4 m3 0.64 × × 0 × × 0 0

10e5  m3 0.016 ✔ × 0.016 × × 0 0.016

10e6  m3 0.0004 ✔ × 0.0004 ✔ × 0.0004 0.0008

10e7 m3 0.00001 ✔ ✔ 0.00002 ✔ × 0.00001 0.00003

10e8 m3 0.00000024 ✔ ✔ 0.00000048 ✔ ✔ 0.00000048 0.00000096

0.01642048 0.00041048 0.01601

1700 Cumecs 0.1 ✔ ✔ 0.2 × × 0 0.2

4200 Cumecs 0.02 ✔ ✔ 0.04 ✔ × 0.02 0.06

6000 Cumecs 0.01 ✔ ✔ 0.02 ✔ × 0.01 0.03

8600 Cumecs 0.001 ✔ ✔ 0.002 ✔ × 0.001 0.003

0.262 0.031 0.231

1000 Cumecs 0.025 × × 0 ✔ × 0.025 0.025

2500 Cumecs 0.01 × × 0 ✔ × 0.01 0.01

5000 Cumecs 0.00217 × × 0 ✔ × 0.00217 0.00217

0 0.03717 -0.03717

1000 m3 0.002 × × 0 × × 0 0

5000 m3 0.01 × × 0 × × 0 0

10000 m3 0.01 × × 0 × × 0 0

20000 m
3 0.067 × × 0 × × 0 0

50000 m3 0.002 × × 0 × × 0 0

100000 m
3 0.001 × × 0 × ✔ 0.001 0.001

200000 m3 0.0004 × × 0 × ✔ 0.0004 0.0004

0 0.0014 -0.0014

Liquefaction × ✔ 0.0125 × ✔ 0.0125 0

Shaking Intensity ✔ ✔ 0.025 ✔ ✔ 0.025 0

0.70452048 0.10748048 0.81200096

86.76350333 13.23649667 100

Hazard Annual Probability

Based on the assumption that the stop banks are being raised by 2m (Gardner, 2016). 

Franz Josef Hazard Impact Analysis - A Comparison of Townsites

Total sum of probability for Waiho River 

flooding hazard (Old Townsites)

Total sum of probability for Waiho River 

flooding hazard (New Townsites)

Rock Avalanche

Dambreak Flood - Callery

Dambreak Flood - Tatare

Stoney Creek Debris Flow

Total sum of probability for rock 

avalanche hazard (Old Townsites)

Total sum of probability for Rock 

avalanche hazard (New Townsites)

Total sum of probability for Callery LSDBF 

(Old Townsites)

Total sum of probability for Callery LSDBF 

hazard (New Townsites)

Total sum of probability for Tatare LSDBF 

(Old Townsites)

Total sum of probability for Tatare LSDBF 

hazard (New Townsites)

Percentage of total hazard (%)Percentage of total hazard(%)

Total sum of Probability for New 

Townsites 

Total sum of Probability for Current 

Townsites 

Total sum of probability for Stoney Creek 

DF  hazard (Old Townsites)

Total sum of probability for Stoney Creek 

DF hazard (New Townsites)
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Table 13: Area and percentage of intersection of the various hazards and townsites - full table. 

 

 

 

Old townsite 1 

(813,476.877076m
2
)

Area (m
2
) of 

Intersection (OT1) 

Percentage (%) of 

Intersection (OT1)

Old townsite 2 

(425,146.316196m
2
)

Area (m
2
) of 

Intersection (OT2) 

Percentage (%) of 

Intersection (OT2)

New Townsite 1  

(1,193,727.492414m
2
)

Area (m
2
) of 

Intersection (NT1)

Percentage (%) of 

Intersection (NT1)

New Townsite 2 

(1,076,749.128925m
2)

Area (m
2
) of 

Intersection (NT2)

Percentage (%) of 

Intersection (NT2)

Alpine Fault Rupture 0.0125 ✔ 48,530 5.97 × 0 0 × 0 0 × 0 0

Liquefaction × ✔ × 0 0 ✔ 0 0

Shaking Intensity ✔ 100 100 ✔ 100 100 ✔ 100 100 ✔ 100 100

Flooding - Waiho

500 Cumecs (5-yr) 0.2 ✔ 6,795 0.84 × 0 0 × 0 0 × 0 0

1000 Cumecs (10-yr) 0.1 ✔ 8,559 1.05 × 0 0 × 0 0 × 0 0

1500 Cumecs (20-yr) 0.05 ✔ 9,947 1.22 × 0 0 × 0 0 × 0 0

2000 Cumecs (50-yr) 0.02 ✔ 10,836 1.33 × 0 0 × 0 0 × 0 0

2500 Cumecs (200-yr) 0.005 ✔ 11,477 1.41 × 0 0 × 0 0 × 0 0

3000 Cumecs (1000-yr) 0.001 ✔ 11,957 1.47 × 0 0 × 0 0 × 0 0

3500 Cumecs (10,000-yr) 0.0001 ✔ 12,576 1.55 × 0 0 × 0 0 × 0 0

10e4 m3 0.64 × 0 0 × 0 0 × 0 0 × 0 0

10e5  m3 0.016 ✔ 52,207 6.42 × 0 0 × 0 0 × 0 0

10e6  m3 0.0004 ✔ 438,400 53.89 × 0 0 ✔ 63,155 5.29 × 0 0

10e7 m3 0.00001 ✔ 813,553 100.00 ✔ 180,409 42.43 ✔ 813,198 68.12 × 0 0

10e8 m3 0.00000024 ✔ 813,553 100.00 ✔ 425,146 100.00 ✔ 1,193,727 100.00 ✔ 376,886 34.97

1700 Cumecs 0.1 ✔ 377 0.05 ✔ 66 0.02 × 0 0 × 0 0

4200 Cumecs 0.02 ✔ 4,096 0.50 ✔ 9,246 2.17 ✔ 11 0.001 × 0 0

6000 Cumecs 0.01 ✔ 9,488 1.17 ✔ 22,983 5.41 ✔ 13,259 0.03 × 0 0

8600 Cumecs 0.001 ✔ 21,076 2.59 ✔ 33,485 7.88 ✔ 16,087 0.16 × 0 0

1000 Cumecs 0.025 × 0 0 × 0 0 ✔ 3,113 0.26 × 0 0

2500 Cumecs 0.01 × 0 0 × 0 0 ✔ 46,665 3.91 × 0 0

5000 Cumecs 0.00217 × 0 0 × 0 0 ✔ 208,615 17.48 × 0 0

1000 m3 0.002 × 0 0 × 0 0 × 0 0 × 0 0

5000 m3 0.01 × 0 0 × 0 0 × 0 0 × 0 0

10000 m3 0.01 × 0 0 × 0 0 × 0 0 × 0 0

20000 m3 0.067 × 0 0 × 0 0 × 0 0 × 0 0

50000 m3 0.002 × 0 0 × 0 0 × 0 0 × 0 0

100000 m3 0.001 × 0 0 × 0 0 × 0 0 ✔ 101,620 6.88

200000 m
3 0.0004 × 0 0 × 0 0 × 0 0 ✔ 405,750 20.28

Dambreak Flood - Callery

Dambreak Flood - Tatare

Stoney Creek Debris Flow

Hazard Annual Probability

Franz Josef Hazard Impact Analysis - Area & Perecentage of Intersection

Based on the assumption that the stop banks are being raised by 2m (Gardner, 2016). 

Rock Avalanche
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Table 14: Individual risk to life - full table. 

 

Mortality Rate (%)
Total Percentage (%) of 

Intersection (OT1 +OT2)
Individual Risk to Life (OTs)

Total Percentage (%) of 

Intersection (NT1 +NT2)
Individual Risk to Life (NTs)

Alpine Fault Rupture 0.0125 3.00 3.92 1.47E-05 0 0.00E+00

Flooding - Waiho

500 Cumecs (5-yr) 0.2 0.59 0.55 6.49E-06 0.00 0.00E+00

1000 Cumecs (10-yr) 0.1 0.59 0.69 4.07E-06 0.00 0.00E+00

1500 Cumecs (20-yr) 0.05 0.59 0.80 2.36E-06 0.00 0.00E+00

2000 Cumecs (50-yr) 0.02 0.59 0.87 1.03E-06 0.00 0.00E+00

2500 Cumecs (200-yr) 0.005 0.59 0.93 2.74E-07 0.00 0.00E+00

3000 Cumecs (1000-yr) 0.001 0.59 0.97 5.72E-08 0.00 0.00E+00

3500 Cumecs (10,000-yr) 0.0001 0.59 1.02 6.02E-09 0.00 0.00E+00

Total 1.43E-05 0

Rock Avalanche

10e4 m3 0.64 100.00 0.00 0.00E+00 0.00 0.00E+00

10e5 m
3 0.016 100.00 4.21 6.74E-04 0.00 0.00E+00

10e6 m3 0.0004 100.00 35.35 1.41E-04 2.78 1.11E-05

10e7 m
3 0.00001 100.00 80.25 8.03E-06 35.82 3.58E-06

10e8 m3 0.00000024 100.00 100.00 2.40E-07 69.18 1.66E-07

Total 8.23E-04 1.49E-05

Dambreak Flood - Callery

1700 Cumecs 0.1 1.00 0.04 4.00E-07 0.00 0.00E+00

4200 Cumecs 0.02 1.00 1.08 2.16E-06 0.00 0.00E+00

6000 Cumecs 0.01 1.00 2.62 2.62E-06 0.58 5.80E-07

8600 Cumecs 0.001 1.00 4.40 4.40E-07 0.71 7.10E-08

Total 5.62E-06 6.51E-07

Dambreak Flood - Tatare

1000 Cumecs 0.025 1.00 0.00 0.00E+00 0.14 3.50E-07

2500 Cumecs 0.01 1.00 0.00 0.00E+00 2.06 2.06E-06

5000 Cumecs 0.00217 1.00 0.00 0.00E+00 9.19 1.99E-06

Total 0.00E+00 4.40E-06

Stoney Creek Debris Flow

1000 m3 0.002 27.00 0.00 0.00E+00 0.00 0.00E+00

5000 m
3 0.01 27.00 0.00 0.00E+00 0.00 0.00E+00

10000 m3 0.01 27.00 0.00 0.00E+00 0.00 0.00E+00

20000 m
3 0.067 27.00 0.00 0.00E+00 0.00 0.00E+00

50000 m3 0.002 27.00 0.00 0.00E+00 0.00 0.00E+00

100000 m3 0.001 27.00 0.00 0.00E+00 4.48 1.21E-05

200000 m
3 0.0004 27.00 0.00 0.00E+00 17.87 1.93E-05

Total 0.00E+00 3.14E-05

Grand Total 8.58E-04 5.13E-05

OT risk/NT risk 16.72

Based on the assumption that the stop banks are being raised by 2m (Gardner, 2016). 

Franz Josef Hazard Impact Analysis - Individual Risk to life 
Hazard  Annual Probability
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Table 15: Societal risk to life - full table 

 

Mortality Rate (%)
Total Percentage (%) of 

Intersection (OT1 +OT2)
Individual Risk to Life (OTs)

Total Percentage (%) of 

Intersection (NT1 +NT2)
Individual Risk to Life (NTs)

Alpine Fault Rupture 0.0125 3.00 3.92 5.88E-03 0 0.00E+00

Flooding - Waiho

500 Cumecs (5-yr) 0.2 0.59 0.55 2.60E-03 0.00 0.00E+00

1000 Cumecs (10-yr) 0.1 0.59 0.69 1.63E-03 0.00 0.00E+00

1500 Cumecs (20-yr) 0.05 0.59 0.80 9.44E-04 0.00 0.00E+00

2000 Cumecs (50-yr) 0.02 0.59 0.87 4.11E-04 0.00 0.00E+00

2500 Cumecs (200-yr) 0.005 0.59 0.93 1.10E-04 0.00 0.00E+00

3000 Cumecs (1000-yr) 0.001 0.59 0.97 2.29E-05 0.00 0.00E+00

3500 Cumecs (10,000-yr) 0.0001 0.59 1.02 2.41E-06 0.00 0.00E+00

Total 5.71E-03 0

Rock Avalanche

10e4 m
3 0.64 100.00 0.00 0.00E+00 0.00 0.00E+00

10e5 m
3 0.016 100.00 4.21 2.69E-01 0.00 0.00E+00

10e6 m3 0.0004 100.00 35.35 5.66E-02 2.78 4.45E-03

10e7 m3 0.00001 100.00 80.25 3.21E-03 35.82 1.43E-03

10e8 m3 0.00000024 100.00 100.00 9.60E-05 69.18 6.64E-05

Total 3.29E-01 5.95E-03

Dambreak Flood - Callery

1700 Cumecs 0.1 1.00 0.04 1.60E-04 0.00 0.00E+00

4200 Cumecs 0.02 1.00 1.08 8.64E-04 0.00 0.00E+00

6000 Cumecs 0.01 1.00 2.62 1.05E-03 0.58 2.32E-04

8600 Cumecs 0.001 1.00 4.40 1.76E-04 0.71 2.84E-05

Total 2.25E-03 2.60E-04

Dambreak Flood - Tatare

1000 Cumecs 0.025 1.00 0.00 0.00E+00 0.14 1.40E-04

2500 Cumecs 0.01 1.00 0.00 0.00E+00 2.06 8.24E-04

5000 Cumecs 0.00217 1.00 0.00 0.00E+00 9.19 7.98E-04

Total 0.00E+00 1.76E-03

Stoney Creek Debris Flow

1000 m3 0.002 27.00 0.00 0.00E+00 0.00 0.00E+00

5000 m
3 0.01 27.00 0.00 0.00E+00 0.00 0.00E+00

10000 m3 0.01 27.00 0.00 0.00E+00 0.00 0.00E+00

20000 m3 0.067 27.00 0.00 0.00E+00 0.00 0.00E+00

50000 m3 0.002 27.00 0.00 0.00E+00 0.00 0.00E+00

100000 m3 0.001 27.00 0.00 0.00E+00 4.48 4.84E-03

200000 m3 0.0004 27.00 0.00 0.00E+00 17.87 7.72E-03

Total 0.00E+00 1.26E-02

Grand Total 3.43E-01 2.05E-02

OT risk/NT risk 16.72

Hazard  Annual Probability

Franz Josef Hazard Impact Analysis - Societal Risk to life 

Based on the assumption that the stop banks are being raised by 2m (Gardner, 2016). 


