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Abstract 

Water supply systems are critical infrastructure as they provide potable water for households, 

industrial sectors, and other critical infrastructures. Volcanic hazards such as ashfall and lahars are 

known to directly damage water supply assets, contaminate surface water sources, and drastically 

increase water demand. Water supply systems are also highly dependent on other critical sectors such 

as electricity supply and transportation which can also be compromised by volcanic hazards. Surface 

water systems are exceptionally vulnerable to direct impacts from ashfall and lahars as exposed intake 

structures, abstraction pumps, pipelines, and open-air treatment processes can be overwhelmed by 

volcanic debris and the quality of raw water can be compromised. Groundwater systems are relatively 

resilient with the exception of pumping equipment which can be vulnerable to both airborne ash and 

electricity outages. These impacts can greatly reduce water quantity and quality which can be a major 

public health concern and jeopardise fundamental/critical societal sectors and services such as fire-

fighting, agriculture, and wastewater treatment. 

The Taranaki Region, of Aotearoa New Zealand, is an area of high volcanic risk, surrounded by highly-

vulnerable water supply systems. Taranaki Maunga (also referred to as Taranaki Mounga by local iwi, 

Mt Taranaki and formerly Mt Egmont) is a large stratovolcano capable of producing extensive and 

prolonged volcanism and is estimated to have a 33-42% probability of eruption within the next 50 

years. Taranaki has a range of water supply systems where the majority extract water from rivers and 

streams flowing from the maunga and are highly exposed and vulnerable to ashfall and lahars. A large-

scale eruption from this volcanic centre would likely result in widespread regional water supply 

outages due to adverse impacts on surface water systems.  

Previous volcanic hazard vulnerability research has attempted to quantify the likely impacts on water 

supply systems using hazard-centric vulnerability models that do not account for system design. There 

is a need for a water supply vulnerability model that accounts for the primary role of system design in 

determining impacts. In Taranaki, previous research has highlighted the high exposure of water supply 

systems and outlined potential hazard impacts from a suite of eruption scenarios. However, research 

is needed that identifies the physical and systemic vulnerabilities of regional water supplies and 

outlines potential pathways for resilience to mitigate against considerable volcanic risk. 

This thesis aims to develop a new vulnerability model for water supply systems and apply it to the 

Taranaki region to identify key vulnerabilities in the regional water supply network and discuss 

opportunities for resilience. To achieve this aim a water supply fault tree was developed that captures 

the diverse physical and systemic vulnerabilities of water supply systems and was applied to each 

water supply scheme in Taranaki during a credible, multi-phase, multi-hazard large-scale eruption 

scenario. The fault tree was informed through a review of historical water supply impact events and 

engagement with water supply engineers at resilience workshops in Taranaki. To derive the potential 

impacts on water supplies during the eruption scenario, an exposure inventory and vulnerability 

analysis of Taranaki water supplies was undertaken and combined with ashfall and lahar hazard 

intensity maps to estimate loss-of-services. 

The Taranaki eruption scenario resulted in widespread water supply outages leaving entire 

communities without drinking water. The majority of water supplies in the region experienced 

complete loss-of-service during the 182-day eruption scenario impacting up to 18,326 people. Lahars 

were presumed to severely damage water supply assets, contaminate raw water, and were largely 

responsible for long-term service outages in surface water-fed schemes surrounding the edifice. Direct 

ashfall damaged and contaminated water supplies to a lesser degree but was found to be a major 

issue for supplies with open-air filtration methods. Also, electricity outages during the scenario were 
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found to be a common disruptor for sites without backup generation. To reduce potential volcanic 

hazard impacts in Taranaki the feasibility of auxiliary groundwater bores, covered treatment 

processes, increased water storage, on-site diesel generators, and intensive demand management 

and contingency planning were investigated. This thesis concluded that significant resilience 

investment is required to mitigate the risk of water supply outages during a future eruption. Future 

work should reduce the uncertainty of the presented impacts through more comprehensive hazard 

and impact modelling, detailed engineering assessments, and co-production of knowledge between 

emergency managers, water supply engineers, and disaster risk scientists.  
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Glossary of Terms  

Disaster: 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 (UNDRR 

2017). 

Critical Infrastructure/Lifelines: The physical structures, facilities, networks and other assets which 

provide services that are essential to the social and economic functioning of a community or society 

(UNDRR 2017). 

Hazard: 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. Hazards 

may be natural, anthropogenic or socionatural in origin (UNDRR, 2017). 

Exposure: The situation of people, infrastructure, housing, production capacities and other tangible 

human assets located in hazard-prone areas (UNDRR 2017). 

Vulnerability: 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 (UNDRR 2017). 

Impact: The effects of a hazard event on society.  

Risk: The potential for impacts such as loss of life, injury, or damage. It is function of hazard, 

exposure, vulnerability and capacity. 

Resilience: 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 its essential basic structures and 

functions through risk management (UNDRR 2017). 

Mitigation: The lessening or minimising of the adverse impacts of a hazardous event (UNDRR 2017). 

Capacity: The combination of all the strengths, attributes and resources available within an 

organization, community or society to manage and reduce disaster risks and strengthen resilience 

(UNDRR 2017) 
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1 Introduction 
 

1.1 Context of Study  

Increasing human development in areas of high volcanic risk is challenging for volcanic risk 
management (Brown et al., 2015; Loughlin et al., 2015; United Nations International Strategy for 
Disaster Reduction [UNISDR], 2015). Volcanic eruptions can produce long-duration, complex 
eruptions, that cause widespread impacts to surrounding communities (Kappes et al., 2012; Marzocchi 
et al., 2012). Volcanic risk management is concerned with increasing the understanding of these 
events and building societal capacity to the impacts of volcanic eruptions through informed science 
and policy (Donovan & Oppenheimer, 2015). It aims to reduce the overall losses inflicted by volcanoes 
through informing resilient and progressive decision-making. Volcanic risk assessment is 
underdeveloped compared to other natural hazards and necessitates the development of robust 
impact assessment frameworks that outline the potential impacts of volcanic eruptions and inform 
risk reduction strategies (Loughlin et al., 2014; Jenkins et al., 2014). 
  
Lifelines such as electricity, transportation and water supply are essential services 
and critical infrastructure that are vital to the functioning of societies (Wilson et al., 2012; New 
Zealand Lifelines Council [NZLC] 2020). Volcanic eruptions are capable of severely impacting 
lifelines and causing large economic losses due to widespread infrastructure and building 
damage, industry decline, and ongoing business uncertainty (McDonald et al., 2017; Taranaki 
Emergency Management, 2018). Water supply systems are highly vulnerable to ashfall and other 
volcanic hazards and are integral to the operation of businesses and other lifelines (Stewart et al., 
2006; Wilson et al., 2010; Wilson et al., 2014). Water supply is essential for public health, firefighting, 
and the sustainability of communities, industry, and economic development. Compromised water 
supply systems are often a recovery priority following a disaster.  
  
Taranaki Maunga, located on the west coast of Te Ika-a-Māui the North Island of Aotearoa New 
Zealand, is a basaltic-andesite stratovolcano that has the potential to produce considerable and 
extensive volcanic hazards during an eruptive period (Cronin et al., 2021; Damaschke et al., 2017; 
Turner et al., 2008). Recent studies suggest that the volcano has a 33-42% probability of an eruption 
within the next 50 years which has highlighted the necessity for risk identification, analysis and 
treatment (Damaschke et al., 2018; Bebbington et al., 2018). The volcano is positioned upwind of 
many population centres in the central and upper North Island which, in the event of an eruption and 
during volcanic unrest and uncertainty, will potentially face considerable disruption due to the direct 
impacts to industry and lifelines, national supply chains, and a decline in future investment and 
business certainty (Johnston et al., 2011). Taranaki is an important region for national industries such 
as agriculture, oil and gas, and houses nationally important critical infrastructure (Petroleum 
Exploration and Production Association of New Zealand [PEPANZ], n.d.; Wild, 2016; Juniper, 2018; 
Wilson et al., 2010; New Zealand Lifelines Council [NZLC], 2020). 
 
Water supply systems throughout Taranaki are likely to be severely impacted during an eruption 
period (Wild et al., 2019; Weir et al., in review). The sophistication and criticality of these lifelines 
vary considerably throughout the Taranaki region, with their level of development often influenced 
by the size of the population and industries they serve. Previous research has highlighted the high 
exposure of Taranaki water supplies to volcanic hazards (Weir et al., in review) and the vulnerability 
of agricultural supplies (Wild, 2016; Wild et al., 2019; Wilson et al., 2010). This study develops a 
vulnerability model for water supply schemes, informed by relevant literature and expert 
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consultation. It also develops and completes a deterministic impact assessment for Taranaki water 
supplies using the vulnerability model, an inventory of the available geospatial water supply data for 
Taranaki, and a credible eruption scenario. The application of the vulnerability and impact assessment 
model to the Taranaki context allows for the identification of regional water supply vulnerabilities 
during long-duration multi-phase volcanic activity and potential risk mitigation strategies. 
   
This chapter introduces the thesis, including setting the conceptual and theoretical framing by 
presenting an overview of Disaster Risk Reduction (DRR) (Section 1.2), and a literature review of 
volcanic hazard impacts and risk assessments, focused on water supplies (Section 1.3). Section 1.4 
outlines the volcanic risk context in the Taranaki. The literature review informs the selection of the 
study area and the research aims and objectives (Section 1.6). This chapter then concludes with an 
overview of the research methodology and the thesis structure (Section 1.7).   
 

1.2 Disaster Risk Reduction (DRR) 

A disaster occurs when a natural hazard such as an earthquake, volcanic eruption, or tsunami, 
interacts with society, causing disruption and losses throughout the human environment (United 
Nations Office for Disaster Risk Reduction [UNDRR], 2017). The impact of a disaster is influenced by 
societal conditions of exposure, vulnerability, and capacity. Disaster risk reduction (DRR) aims to build 
resilience and contribute to sustainable development through preventing new and reducing existing 
disaster risk (UNDRR, 2020; UNDRR 2016). Building societal resilience to disasters increases the 
capacity of communities to absorb impacts and monetary losses and to recover from acute and 
prolonged stresses caused by hazards. Disaster risk management (DRM) is the application of DRR 
policies and strategies to contribute to reducing disaster losses occurring across multiple sectors and 
at all levels of government (UNDRR, 2017).  

Globally, DRR is upheld and progressed by international organisations such as the United Nations (UN) 
where the UNDRR is the relevant branch for DRR efforts (UNDRR, 2020; UNDRR, 2019, UNDRR, 2015). 
The UNDRR is responsible for the coordination of DRR knowledge and resources and supports the 
implementation of the Sendai Framework for Disaster Risk Reduction (2015-2030; hereafter referred 
to as the Sendai Framework) (UNDRR, 2020; UNDRR, 2019; UNISDR, 2015). The Sendai Framework 
summarises the current state of DRR knowledge and outlines a plan for achieving societal resilience 
and sustainable development goals and actions (UNISDR, 2015). This framework followed the Hyogo 
Framework for Action (2005-2015) (UNISDR, 2005) and aligns with other current international 
sustainable planning initiatives such as the Paris Agreement on Climate Change (United Nations 
Framework Convention on Climate Change [UNFCCC], 2015) and the UN’s Sustainable Development 
Goals (UNDRR, 2020). 

 

1.3 Volcanic Hazard Impact and Risk Assessment 

This section summarises relevant literature on the existing methodologies for quantifying volcanic 
impact and risk, volcanic hazards, and the impacts of volcanic hazards on critical infrastructure with a 
focus on water supply systems. This section reviews the key concepts and components of a volcanic 
hazard impact and risk assessment to outline the current best practices and methodologies. The 
following sections will provide an overview of the different elements of a volcanic risk assessment and 
will address the importance and relevance of volcanic risk assessments with a focus on critical 
infrastructure risk assessments.  
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1.3.1 Volcanic hazard impact assessments  

Volcanic impact assessments combine elements of hazard, exposure, and vulnerability to estimate the 
impacts and risks to society, inform mitigation strategies, and reduce loss (World Bank, 2014; UNDRR, 
2019; UNDRR, 2016; Papathoma-Köhle et al., 2011). Where a hazard is a phenomenon that has the 
potential to cause loss of life, damage to the built environment, and social and economic disruption 
(UNDRR, 2017). Exposure is the arrangement of humans, buildings, infrastructure and other tangible 
human assets in hazard-prone areas, while vulnerability is the susceptibility of these assets to be 
impacted by a hazard (UNDRR, 2017). Figure 1.1 illustrates how these elements combine to assess 
impact and risk. Where impact directly relates to the possible consequences of hazards whereas risk 
is a combination of the consequences and their probability of occurrence. By providing decision-
makers with the likely impacts from potential future eruptions, volcanic risk assessments can guide 
resilient planning and influence long-term policy that reduces the predicted losses from an eruption 
(World Bank, 2014; Jenkins et al., 2014; UNDRR, 2019; Spence, 2004). Risk assessments inform the 
safe development of industry, housing, and infrastructure and provide disaster scenarios for response 
plans such as evacuation and infrastructure plans (Wilkinson, 2013). By preparing and accounting for 
disasters in society, risk assessments safeguard the sustainability of economies and 
communities in hazard-prone areas. 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1.3.1.1 Volcanic Hazard  

Volcanic eruptions produce multiple hazards that occur over varied spatio-temporal scales including 
tephra, lahars, pyroclastic flows, and lava flows (Figure 1.2).  Volcanic tephra ranges from fine-grained 
ash (<2 mm) and lapilli (2–64 mm) particles to molten rock projectiles known as ballistics (>64 mm). 
The dispersal and impact of tephra is dependent on the ejected particle size and chemical properties, 
eruption magnitude, and wind strength and direction (Poulidis et al., 2018). Volcanic tephra produced 
during an eruption is the most widely distributed product with extensive consequences (Blake et al., 
2018; Craig et al., 2016; Wilson et al., 2010). Volcanic ash, which is tephra smaller than 2 mm diameter, 
is erupted from a vent and included in an eruption column that can rise tens of kilometres into the 

Figure 1.1: An illustration of how certain elements in the risk 
framework combine to assess impact or risk. From Weir et al. (in 
review). 
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atmosphere (Castruccio et al., 2016). Volcanic ash rarely threatens lives but can have significant 
impacts on public health, critical infrastructure, primary production, and aviation (Stewart et al., 2006; 
Wilson et al., 2012; Wilson et al., 2010; Guffanti et al., 2010; Johnston et al., 2011). Due to its violent 
and rapid formation, volcanic ash particles have a high angularity and hardness which make them very 
abrasive and can cause damage to machinery (vehicles, pumps, and aircraft), and infrastructure. 
Highly destructive, large blocks and bombs of hot volcanic rock (ballistics) are a direct life-threatening 
hazard and are a major proximal hazard for buildings and infrastructure (Fitzgerald, 2014). They can 
travel up to ~10 km from a vent but rarely travel more than 3 km (Alatorre-Ibargüengoitia et al., 2012). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Lahars, which are a rapidly flowing mixture of water and volcanic debris, can cause direct fatalities 
due to crushing, drowning, and asphyxiation, indirect fatalities, and severe impacts to the built 
environment (Newhall & Punongbayan, 1996; de Bélizal et al., 2013; Johnston et al., 2011). They can 
be highly erosive and depositional, which has implications for secondary hazards, such as flooding. 
They are highly destructive to infrastructure, buildings, and vehicles due to extreme dynamic pressure 
(relates flow density and velocity) and lateral loading (Wilson, 2015; Wilson et al., 2014). Lahars can 
have large run-out distances as seen during the 1877 Cotopaxi eruption where lahars travelled for 325 
km in one valley (Mothes & Vallance, 2015). Lahars can be triggered by eruptions due to the deposition 
of volcanic material onto ice and/or eruptions through crater lakes (syn-eruptive), or heavy-rainfall 
due to the remobilisation of erupted material (post-eruptive) (Zuccaro & De Gregorio, 2013; Wilson 
et al., 2014). Hence, lahars are primary (direct hazards from eruptions) and secondary (indirect 
hazards can occur outside of an eruptive period) volcanic hazards and can have prolonged and 
widespread impacts (Newhall & Punongbayan, 1996; Johnston et al., 2011).   

Figure 1.2: An illustration of the different volcanic hazards at a 
typical volcano (created by the United States Geological Survey 
(USGS); (Myers & Driedger 2008)). 
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Pyroclastic flows are a primary volcanic hazard in which hot, chaotic mixtures of rock fragments, gas, 
and ash are rapidly transported down valleys and across low-gradient surfaces during an eruption 
(United States Geological Survey [USGS], 2011). Due to the rapid velocity and extreme heat of PDCs, 
a high level of damage is usually experienced by exposed buildings and infrastructure, and people can 
be badly burnt and suffocated (Spence et al., 2004; Baxter et al., 2005; Wilson et al., 2014; Hansell et 
al., 2006). The destructive nature of PDCs was highlighted during the 1902 Mt Pelée, Martinique 
eruptions where the town of St. Pierre with 29,000 inhabitants was razed within minutes of the PDC 
being triggered (Gueugneau et al., 2020).  
 
In contrast, lava flows are slow, hot flows of molten rock that ooze out of a volcanic vent where the 
distance of the flow is dependent on the viscosity (stickiness) of the lava, slope angle, and other terrain 
features (Favalli et al., 2009; USGS, 2011). Due to the high heat of lava flows damage usually occurs 
when surfaces come into contact with the flow resulting in the melting and burial of structures (Tsang 
& Lindsay, 2020).   
 
Hazard assessment is primarily concerned with establishing the spatial extent, intensity, and 
frequency of potential hazards (Smith, 2013). Using a combination of data from the eruptive 
record and expert-derived data, hazard assessments provide valuable outputs for decision-makers 
and inform risk mitigation strategies (Tierz et al., 2017, Hayes et al., 2020; Ang et al., 2020). Data from 
the eruptive record includes qualitative descriptions of hazards and impacts (e.g. Blong, 1984), and 
historical and geological records of unrest and eruptions (e.g. Damaschke et al., 2017), which can be 
used to derive empirical data and forecast eruption scenarios (e.g. Turner et al., 2008; Lindsay et al., 
2010). Eruption scenarios vary due to certain eruption characteristics such as the vent 
location, the eruption magnitude and duration, and prevailing meteorological conditions. They also 
vary in uncertainty which is determined by the size, type, and accuracy of the used dataset.   
 

1.3.1.2 Exposure  

Exposure assessments identify the number and attributes of elements (e.g. people, assets, and/or 
infrastructure) that are located in potentially hazard-prone areas at a range of spatial scales (Wilson 
et al., 2014). Exposure is specific to the geological and societal context of an area and can be managed 
with effective decision-making and calculated thinking during an eruption (Aspinall et al., 2011). 
Firstly, exposure is dependent on the interaction between the hazard (type, spatial extent, and 
intensity), and society (people and the built environment). High levels of exposure relate to significant 
human developments in an area of high hazard risk such as on the slopes of an active volcano (Brown 
et al., 2015). Exposure can be reduced during an eruption with the evacuation of people and 
the shutdown of infrastructure assets, while the long-term reduction of exposure can be promoted 
through the relocation of people and assets from hazard-prone areas to safer locations (World Bank, 
2014; Wardman et al., 2012). 
 

Existing inventories such as local council asset databases can be used as primary data sets for exposure 
assessments with more specific data being obtained through fieldwork or remote sensing (Jenkins et 
al., 2014). An exposure inventory is overlaid with hazard data to illustrate the relative exposure of 
assets and people to the impacts from that particular hazard. Sophisticated exposure 
assessments utilise publicly available geospatial data such as those provided by government agencies. 
An exposure inventory comprised of geospatial data is advantageous as it can contain attributes of 
exposed elements that can characterise asset vulnerability (Pareschi et al., 2000; Cole et al., 
2005). The importance of good quality exposure inventories and geospatial data was highlighted in 
Chile during the 2015 Calbuco eruption, where the electricity sector had developed and complied high-
quality geospatial datasets of all their assets due to the 2010 Maule earthquake (Hayes et al., 2019). 
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This allowed for prioritised and efficient response efforts as teams could quickly identify the assets 
most at risk to volcanic hazards.   
 

1.3.1.3 Vulnerability  

Robust and accurate datasets are required to carry out vulnerability assessments 

which characterise the susceptibility of elements to impact from a hazard (UNDRR, 2019). 

Assessments use either qualitative (descriptive data), quantitative data (measurable data), or a 

combination of both (Wilson et al., 2014). Qualitative data is important foundational knowledge of 

past impact events and is usually recorded as written observations (e.g. Blong, 1984). This assessment 

approach usually classes vulnerability using simple qualitative descriptions such as ‘high’, ‘medium’ or 

‘low’ which allows for quick and effective communication (Uzielli et al., 2008). However, to facilitate 

more detailed estimations of risk, a quantification of impacts is required and allows for further risk 

investigations such as cost-benefit analysis (Wilson et al., 2017).   

 

Vulnerability can be influenced by multiple factors such as; physical, social, and economic 
circumstances, which change throughout an eruption and can be altered with specific mitigation 
techniques (Few et al., 2017b; Mechler & Bouwer, 2015). Systemic vulnerability refers to the 
susceptibility of system disruption due to external stresses rather than due to direct damage (UNDRR, 
2019). Physical vulnerability directly relates to the tendency of an object to be physically impacted by 
a hazard, while social and economic vulnerability relates to the tendency of people and economies to 
be impacted. This thesis is mostly concerned with the systemic and physical vulnerability of 
infrastructure to volcanic hazards, but it is important to recognise the other types of vulnerability. 
Social vulnerability is related to complex sociopolitical and economic contexts and can be managed 
through increasing public awareness and knowledge of local hazards (Becker et al., 2015). While 
economic vulnerability is determined by the ability of businesses to operate as normal during disaster 
situations. Social and economic vulnerability should be accounted for in volcanic risk assessment 
processes but is not a focus of this thesis.   
 

Physical vulnerability has been the subject of frequent volcanic risk research and has resulted in 
various tools and models that attempt to use and organise this knowledge (Blong et al., 2017; Cronin 
et al., 2014; Wilson et al., 2014; Wilson et al., 2012). The three main approaches to assessing 
vulnerability are vulnerability indicators, damage matrices, and fragility functions which vary in 
sophistication due to the accuracy of the dataset (Figure 1.3; Wilson et al., 2014). Vulnerability 
indicators provide a simple matrix that combines the perceived volcanic hazard level with an exposure 
index to indicate the relative vulnerability of an asset or a population (e.g. Aspinall et al., 
2011). Similarly, damage matrices provide impact data using hazard intensity and damage levels which 
relate to the amount of damage an asset is likely to sustain (e.g. Zuccaro et al., 2008). These 
approaches can contribute to fragility functions which more accurately display certain aspects of 
vulnerability as different assets can be classified by functions. Recent research has developed volcanic 
hazard fragility functions for electricity (Wardman et al., 2012), the agricultural sector (Craig, 
2015; Wilson & Kaye, 2007), buildings (Jenkins et al., 2014; Williams et al., 2020), and critical 
infrastructure (Wilson et al., 2014; Wilson et al., 2017).   
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1.3.2 Critical infrastructure impacts  

Critical infrastructure or lifelines are physical structures, facilities, networks, and other assets that 
provide society with essential services such as drinking water, electricity, and transportation (UNDRR, 
2017). Successful management of lifelines during a disaster is crucial for the response and recovery of 
affected communities. Volcanic hazards (principally ashfall, lahars, PDCs, and lava flows) can directly 
disrupt infrastructure systems and contribute to service outages such as power loss and road closures 
(Wilson et al., 2009; Bebbington et al., 2008; Blake et al., 2017). Critical infrastructures are also 
interdependent systems meaning that they can be indirectly impacted by outages to other sectors 
(Weir et al., in review; NZLC, 2020). The degree of lifeline functionality during a disaster directly 
influences the ability of affected areas to respond to and recover from a disaster (Wilson et al., 2014).  
There are major implications for water supply outages due to direct hazard impacts and indirect 
impacts from interdependent lifeline outages (Stewart et al., 2006; Stewart et al., 2009; Craig et al., 
2016; Wilson et al., 2014). The vulnerability of these systems to volcanic hazards is a focus of this 
thesis. This section will briefly review the direct impacts of volcanic hazards to water supply systems 
(Section 1.3.2.1) before summarising the interdependence of the water supply lifeline and other 
critical infrastructure sectors (Section 1.3.2.1). Section 1.3.2.3 will review the impacts of volcanic 
hazards on these sectors.  
 

Figure 1.3: Examples of the three most common approaches to assess natural hazard vulnerability: vulnerability indicators, 
damage matrices, and fragility functions. From Wilson et al. (2014). 
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1.3.2.1 Direct Impacts on Water Supplies  

Water supply systems and wastewater collection and treatment systems are highly vulnerable to small 
amounts of ashfall and lahars (ReliefWeb, 2021; Wilson et al., 2014; Hayes et al., 2019). Ashfall is 
known to physically disrupt water treatment, damage equipment and plants and cause large-scale 
water shortages due to ash clean-up operations, where impacts are strongly dependent on system 
design (Stewart et al., 2009b; Stewart et al., 2006). Volcanic debris can cause abrasion and blockages 
throughout the network, increasing wear on equipment and labour required to restore systems. Also, 
contamination of drinking water can occur with ashfalls and lahars and may require increased 
treatment or boil water notices (Stewart et al., 2009a). For water supply, groundwater systems are 
relatively invulnerable to ashfall, apart from possible effects on well head pumps. Whereas surface 
water supplies are highly vulnerable to ash and will be compromised during an eruption as seen during 
the 2021 La Soufrière eruption where several river-fed water supplies were damaged and 
contaminated due to ashfall (ReliefWeb, 2021). Combined wastewater and stormwater systems are 
more vulnerable to impacts as ash can easily enter the network through storm drains (Wilson et al., 
2014). Lahars can cause severe damage to assets near river channels due to increased lateral loading.  
 
Volcanic vulnerability models for water supply systems are poorly developed due to the complexity 
and diversity of systems and limited historical impact data. Wilson et al. (2014) developed a four-
tiered water supply impact model based on several historical eruption events (Table 1.1). However, 
this model does not account for critical system attributes that influence overall vulnerability and 
impact. Craig et al. (2016) applied the Wilson et al. (2014) impact model to water supplies in towns 
following the 2011 Cordón Caulle eruption along with inferred damage states that aligned more with 
the recorded observations from this event (Table 1.2). It was found that the damage states for ashfall 
thicknesses from Wilson et al. (2014) were different than the actual damage states experienced by 
water supply during the eruption. For example, the town of Jacobacci had no reported damage 
(damage level 0) despite receiving 50mm of ash and satisfying the damage level 2 threshold in the 
model. The vulnerability model failed to account for the resilience of the groundwater sourced 
Jacobacci system which highlights that system design is more influential than hazard intensity in 
estimating water supply vulnerability (Craig et al., 2016). While both examples provide a valuable 
contribution to estimating damage levels for water supplies further research is needed to develop 
vulnerability models that capture the differing individual vulnerability of water supply systems.  
 
 
Table 1.1: Damage levels and associated ashfall thresholds for water supply systems as outlined in Wilson et al. (2014). 

Level Ashfall Threshold 
(mm) 

Description 

0 – No damage <1 No damage 

1 – Cleaning required 1-20 Possible clogging of filters and some abrasion to 
moving components. Normal operation with 
increased frequency of filter cleaning and 
increased turbidity 

2 – Repair required 20-100 Damage to pumping equipment, other moving 
parts and infilling of tanks. Contamination of 
water and increased treatment required. Possible 
water use restrictions 

3 – Replacement or 
financially expensive 
repair 

>100 Collapse of reservoir roofs and infilling of open 
reservoirs and tanks. Severe contamination of 
water supply and exhaustion of supply due to 
damage and/or increased demand. 
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Table 1.2: Previous attempts to relate ashfall thickness to damage states for water supplies. Adapted from: Craig et al. 
(2016). 

Water 
Supply 

Ashfall 
thickness 
(mm) 

Damage state from 
thickness (Wilson 
et al., 2014) 

Damage state 
based on 
observations 
(Craig et al., 
2016) 

Justification 

Villa la 
Angostura 

150-170 3 2 No roof collapse reported, 
water demand raised but not 
exhausted Bariloche 30-45 2 2 

Jacobacci 50 2 0 No damage due to pumps 
being in pumphouses 

 
 

1.3.2.2 Lifeline Interdependencies  

Lifelines are often dependent on one another for continued operation and become increasingly so 
during a disaster where the capacities and outputs of assets are vastly reduced due to disruption 
(Juniper, 2018; Wilson et al., 2012). This concept is referred to as lifeline interdependencies and forms 
a large part of a disaster impact assessment. Table 1.3 and Table 1.4 display the dependency of each 
lifeline on another during business-as-usual and disaster situations. The total dependency 
scores emphasise the overall importance of electricity, roads, fuel, and telecommunications, with 
VHF, broadcasting, and air transport increasing in importance during a disaster (New Zealand Lifelines 
Council [NZLC], 2020). Most of the lifelines require electricity to function to a degree and will have 
backup power generation at crucial sites due to the risk of external power outages. Hence, in a 
disaster, the dependency of other sectors on electricity does not change. Telecommunications, fuel, 
VHF, broadcasting, and transportation sectors become increasingly relied on during a disaster due to 
the need to communicate effectively, produce internal power, access other utilities, evacuate areas, 
and distribute aid.   
 
The water supply lifeline is highly dependent on electricity, transportation (roads), fuel, and 
telecommunications (Stewart et al., 2006). Operating electrical equipment such as control systems 
and pumps requires a consistent power supply from electrical networks (Stewart et at., 2009b). Water 
supply systems also rely on transportation for consumables such as fuel and treatment chemicals to 
operate equipment and effectively treat raw water. Modern water supply systems are also dependent 
on telecommunications for remote operation. These supporting infrastructures are also known to be 
disrupted during volcanic eruptions which has implications for water supply systems (Wilson et al., 
2014).   
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1.3.2.3 Direct impacts to the interdependent critical infrastructures of water supply systems 

The main impacts to electricity networks during volcanic eruptions are contamination causing 
flashover (Figure 1.4), line breakage, disruption of generation facilities, abrasion, and corrosion of 
equipment as discussed in Wardman et al. (2012) which describes each impact in detail. These 
disruptions have been reported in many post-event studies which outline the vulnerability of the 
electricity lifeline and establish the need to mitigate against further losses (Morgan, 2000; Wilson et 
al., 2009; Wilson et al., 2007; Sword-Daniels et al., 2011).  

Table 1.3: The interdependency matrix of critical infrastructure for a business-as-usual situation. The numbers 1-3 
indicate an increasing dependency score From NZLC (2020). 

Table 1.4: The interdependency matrix for lifeline dependency during a disaster. From NZLC (2020). 
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Communication networks during an eruption can be impaired due to interference to radio 
transmission, heavy demand on the network, damage to communications facilities, and service 
outages due to the coinciding impacts on electricity infrastructure (Wilson et al., 2009; Wilson et al., 
2014). Signal interference due to ashfall has been reported during recent eruptions at volcanoes such 
as Pacaya, Mt Hudson, and Merapi (Wardman et al., 2012; Wilson et al., 2011; Wilson et al., 2007). 
However, these occurrences are poorly documented and there are detailed observations of 
communication infrastructure still operating without interruption with ash deposits exceeding 150 
mm (Wilson et al., 2012). Recent eruptions suggest that the largest disruption to communication is 
network overloading due to high user demands because of the eruption, this is a common occurrence 
during any disaster (Wilson et al., 2009). Volcanic ash causes direct damage to network components 
as it abrades and blocks equipment, causes flashover on transmitting equipment, collapses aerial 
assets, and corrodes exposed components (Wilson et al., 2014). Wilson et al. (2009) covered the 
impacts of ashfall on electricity and communication networks in depth.  
 
Transportation networks (road, rail, and air) are another piece of critical infrastructure that can be 
exposed to extensive and disruptive volcanic hazard impacts (Wilson et al., 2014). Ashfall can impact 
large areas of air space and surface transportation during an eruption and can decrease visibility, 
compromise skid resistance, cover important markings, and disrupt aeroplane communication 
creating dangerous conditions and usually halting all transportation (Johnston et al., 2011). Blake et 
al. (2018), investigated the impacts of ashfall on visibility for surface infrastructure in Auckland and 
found that fine-grained ash with high settling rates can decrease visibility to 1-2 m in some instances. 
Blake et al. (2017) also carried out laboratory experiments to determine the effect of ashfall on skid 
resistance and concluded that even thin (~1 mm) deposits of ash on asphalt surfaces have skid 
resistance values lower than that of uncontaminated wet surfaces. Additionally, thin ash deposits can 
obscure road markings which leads to driver disorientation and can contribute to an increase in 
accidents during an eruption (Blake et al., 2016). The impacts of tephra on transportation 
infrastructure can be minimised through coordinated clean-up operations such as appropriate 
disposal and collection methods. Hayes et al. (2017), modelled tephra clean-up requirements in 
Auckland, New Zealand, and provides a detailed overview of waste management during an 
eruption.  Lahars and other volcanic flow hazards will have similar impacts on transportation networks 
and will place additional stress on key transportation assets such as bridges, roads, and runways (de 
Bélizal et al., 2013; Newhall & Punongbayan, 1996).   
 

Ashfall can also cause physical damage to engines and moving parts in vehicles and can disrupt 
communication channels (Wilson et al., 2014). Tephra particles are known to abrade moving parts, 
windshields, and paintwork and can block air and oil filters resulting in engine failure (Wilson et al., 
2012). Recorded aeroplane encounters with ashfall have often resulted in severe engine damage and 
even engine shutdown during flight (Guffanti et al., 2010). Several international eruptions have caused 
widespread airway, road, and railway closures due to disruption from ashfall as summarised in Wilson 
et al. (2014).   
 
Buildings and other similar structures can be impacted by all volcanic hazards and can experience high 
levels of damage during an eruption due to increased lateral and static loads (Wilson et al., 2014). 
Volcanic flows including lahars and PDCs can cause physical damage to buildings from lateral loading 
and have been a major contributor to losses from historical eruptions (de Bélizal et al., 2013; Newhall 
& Punongbayan, 1996). PDCs and lahars generated during eruptions such as Mt. Pelée, Martinique 
(1902), Mt. St. Helens (1980), Unzen volcano (1991) and Merapi volcano (1994, 2006, 2010) establish 
that significant losses can occur to buildings where lateral loading exceeds the strength of a building’s 
roof and walls. Increased static loading can occur following thick tephra falls (>100 mm) and can cause 
building damage or roof collapse (Spence et al., 1996). Building damage is largely dependent on the 
vulnerability of the structure to increased loading and can be reduced with the removal of ash 
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following an ashfall. However, with the additional static load from people on the roof ash removal 
may increase roof damage (Jenkins et al., 2014). 
 
 
 

 

  

 
 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 

1.4 Case Study Risk Context 

This section introduces the case study area of Taranaki, Aotearoa New Zealand, detailing national and 

regional relevant DRR policy, legislation, and practices, the management of critical infrastructure and 

water supply systems, and volcanic risk. Sections 1.4.1 - 1.4.4 outline the national risk context in 

Aotearoa New Zealand, while Section 1.4.5 provides the regional volcanic risk context in Taranaki. 

 

1.4.1 Disaster Risk Management in Aotearoa New Zealand 

New Zealand is recognised as being one of the most advanced countries in the world with regards to 
DRM research and practices due to investment in identifying and evaluating national risks, increasing 
community preparedness and education, early warning systems, and various response and recovery 
legislations (MacAskill & Guthrie, 2016). Several pieces of legislation such as the National Disaster 
Resilience Strategy Rautaki ā-Motu Manawaroa Aituā (Ministry of Civil Defence and Emergency 
Management [MCDEM], 2019), and the Civil Defence and Emergency Management (CDEM) 
Framework (Department of Internal Affairs 2008; Government of New Zealand 2002; MCDEM, 2019) 
drive DRR practice and policy in New Zealand and are closely linked to the Sendai Framework (UNISDR, 
2015).  
 

Figure 1.4: Ashfall damage to lifelines. Top left shows Quito International airport covered in ash following the 
2000 Reventador volcanic eruption (United States Geophysical Survey [USGS], 2003). Top right shows 
insulators used on power transmission circuits contaminated by ashfall. This is a common cause of flashovers 
(USGS, 2015). Bottom left shows ash-covered pasture following the 2008 Chaiten eruption (USGS, 2008). 
Bottom right shows a severely abraded turbine caused by tephra-laden water at the Agoyan hydroelectrical 
power plant near Tungurahua volcano, Ecuador (Wardman et al., 2012). 
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Disaster risk management in New Zealand is coordinated by the National Emergency Management 
Association (NEMA), formerly known as the Ministry of Civil Defence and Emergency Management 
(New Zealand Government, 2015). NEMA works to increase the effectiveness of the emergency 
management system in New Zealand to reduce risk, plan for, respond to, and recover from 
emergencies across a multitude of hazards and risks (NEMA, 2020). The authority and purpose of risk 
management in government is maintained through legislations that are imperative to DRR, such as 
the Civil Defence Emergency Management Act 2002, the Resource Management Act 1991, and the 
Local Government Act 2002.  
 
Disaster risk governance can be observed across all levels of government in New Zealand. While NEMA 
has the role of ‘steward’ for the New Zealand emergency management system, much of the practical 
implementation and practice is the responsibility of Civil Defence and Emergency Management 
(CDEM) groups, that implement DRM strategies at the regional level (MCDEM, 2015; MCDEM, 2019; 
Government of New Zealand, 2002). Authority groups (e.g. Police), government organisations 
(e.g. Waka Kotahi New Zealand Transport Authority [NZTA], Transpower), and non-government 
organisations (NGOs)  also contribute to DRM processes at regional and central levels of government 
(Department of Internal Affairs, 2008). In this way, DRM governance is shared between multiple 
groups and at multiple levels allowing a more integrated form of governance. The structure of DRR 
governance in New Zealand is outlined in Figure 1.5. 
 

 
 

1.4.2 The Risk Management Framework in Aotearoa New Zealand 

Successful DRM will strive to minimise the impacts from a disaster using specifically developed plans 
and frameworks that are aligned with the four Rs of disaster risk (reduction, readiness, response, 
recovery) (New Zealand Government, 2002). The New Zealand Risk Management Framework as 
outlined in the Australian/New Zealand Standard (AS/NZS) ISO 31000 standard (AS/NZS, 2009) is the 
current process used to manage risk (Figure 1.6). The framework first establishes the risk context 
before assessing the risk by identifying, analysing, and evaluating that risk using a systematic approach 
(Standards New Zealand, 2009). Once the risk has been determined and evaluated, risk treatment 
options can be discussed, which are supported and affirmed by constant communication and 

Figure 1.5: The New Zealand Civil Defence and Emergency Management Framework (NEMA, 2020). 
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consultation with key stakeholders. Consistent monitoring and review ensure that the process delivers 
effective outcomes. Often when managing risk there will be an existing hazard that is disrupting or 
likely to disrupt something of value and therefore needs to be managed. This thesis contributes 
principally to risk assessment, by identifying and analysing risk to water supply schemes in Taranaki 
from volcanic multi-hazards and provides recommendations for risk treatment.  
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.4.3 Critical Infrastructure in Aotearoa New Zealand 

Successful management of critical infrastructure during a disaster is crucial for the response and 
recovery of affected communities. In New Zealand, it is the responsibility of NEMA and CDEM groups 
to coordinate lifeline utilities during the response and recovery stages of an emergency (New Zealand 
Government, 2015). At the regional level, this is delegated to the Lifeline Utility Coordinator (LUC) 
whose role is to liaise with key New Zealand infrastructure managers and provide advice to both NEMA 
and the affected CDEM groups. Lifeline utility managers are expected to cooperate with advice from 
the LUC and other relevant emergency managers. Information and data regarding the operational 
capacity of  lifelines during a disaster is essential in aiding the response and recovery periods.  
 
Additionally, investment in critical infrastructure risk research, policy, and practice increases the 
resilience of lifelines and builds societal capacity to cope with disasters. The New Zealand Lifelines 
Council (NZLC) is the national body for increasing the resilience of critical infrastructure and oversees, 
advises, and supports lifelines groups at the regional level such as the Taranaki Lifelines Group. The 
NZLC connects a range of national lifeline utility management organisations such as Waka Kotahi 
(NZTA), Transpower New Zealand, and Water New Zealand. The NZLC also produces critical 
infrastructure vulnerability reports which have highlighted the high interdependence of New Zealand 
critical sectors and key vulnerabilities within national and regional networks (NZLC, 2020). 
 

Figure 1.6: AS/NZS ISO:31000:2009 Framework for Risk Management 
(AS/NZS, 2009). 
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1.4.3.1 Water Supply  

Water services are essential to society as three days without drinking water is considered life-
threatening and a lack of water supply can present major health problems (Stewart et al., 2006). New 
Zealand’s municipal water supply network consists of water sources ranging from surface water 
reservoirs and intakes on streams or rivers to groundwater abstraction, treatment plants, reticulation, 
and storage assets that provide households with a constant supply of water for drinking, cooking, 
washing, and sanitary purposes. These services are usually provided by the relevant local council who 
facilitate specific responsibilities within their geographical district. Rural water supply in New Zealand 
comprises rainwater tanks, stream/river intakes, and groundwater bores. Water lifeline assets are 
exposed to a variety of hazards in New Zealand and will incur disruptions in future disasters (Weir et 
al., in review; Johnston et al., 2004.  
 
Currently, the New Zealand Government is revamping how the ‘three waters’ sector (drinking water, 
wastewater, and stormwater) is managed and coordinated in order to meet certain infrastructure 
standards and provide affordable water services for customers. The Three Waters 
Reform Programme, released in July 2020, aims to address issues with the status quo of water 
management through centralising the control, allocation, and operational costs of water 
services (Department of Internal Affairs, 2020). It will see a move away from local government 
authority and management to ‘regional entities’ defined by population, geographical areas, and 
current regulatory boundaries. This comes as performance reviews have highlighted large failings in 
the current system and have identified infrastructure deficits that cannot be easily reversed under the 
current model. It is estimated that between $70 billion and $96 billion is needed over the next 30 
years to replace, repair, and maintain much of our ageing water infrastructure. The reform is still in 
the establishment phase with implementation of the changes projected to take place in late 2022. 
However, there is considerable opposition to the reforms from local councils throughout the country, 
particularly those who have invested heavily in their water infrastructure as future ‘three waters’ 
decisions are likely to take place elsewhere. This research is being undertaken before the 
implementation of these reforms and hence the results reflect the current state of affairs with district 
councils responsible for the provision of three waters.   
 

1.4.4 Volcanism in Aotearoa New Zealand 

New Zealand is one of the most volcanically active places on Earth and has gained international 
notoriety for both the frequency and intensity of eruptions. The volcanism is grouped into areas of 
more intensive and long-lived activity and is largely related to New Zealand being positioned on the 
tectonic plate boundary between the Pacific and Australian plates (Ministry of Civil Defence 
Emergency Management [MCDEM], 2004; Figure 1.7). The subducting Pacific Plate generates magma 
through partially melting the overlying mantle wedge at depth which rises through the crust and forms 
magma chambers or plutons nearer to the surface (Institute of Geological and Nuclear Sciences 
Limited [GNS Science], 2010). At the surface, this has resulted in three major types of subaerial 
volcanoes occurring in New Zealand: volcanic fields; cone volcanoes; and caldera volcanoes. Recent 
active volcanism in New Zealand is concentrated in the North Island, where the Taupō Volcanic Zone 
(TVZ), Taranaki, the Auckland Volcanic Field (AVF), Northland, and the Kermadec Arc are the main 
centres of recent activity (Ministry of Civil Defence and Emergency Management [MCDEM], 
2004) (Figure 1.8). The TVZ produces rhyolitic and andesitic eruptions and is the most recent 
configuration of the volcanic arc which has gradually shifted from Northland over the past 25 million 
years (Booden et al., 2010). The volcanic hazards produced during an eruption largely depend on the 
volcano that is erupting and its composition (GNS Science, 2010). The potential hazards from New 
Zealand volcanoes are tephra fall, pyroclastic flows, lava, lahars, landslides, electrical storms, volcanic 
gases, tsunami, and hydrothermal eruptions.   
  



Chapter 1 - Introduction 

16 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1.7: A geological cross-section of the convergent plate boundary between the Pacific and 
Australian Plates and the associated volcanism at the surface. Retrieved from GNS Science (2010). 

Figure 1.8: The areas of active New Zealand volcanism. The 
Taupō Volcanic Zone is defined by the pink area in the central 
North Island shown in the inset. The pink polygons at the Bay of 
Islands, Whangarei and Auckland denote volcanic fields. The pink 
polygons on and just offshore of Raoul Island mark calderas. 
From GNS Science (2010). 



Chapter 1 - Introduction 

17 
 

1.4.5 Taranaki Risk Context 

The central North Island features some of the most populous areas in New Zealand and is a large part 

of the nation's economy with 77.6% of total GDP ($303.4 billion) in the North Island alone (Statistics 

New Zealand [StatsNZ], 2020). Frequent tephra eruptions from Taranaki Maunga have helped the 

Taranaki region to become one of the most important dairy production areas in New Zealand due to 

the high fertility of volcanic soils (Murray et al., 2017). Dairy (agriculture) along with fishing, forestry, 

mining, and manufacturing are Taranaki’s main industries accounting for 42.8% of the region’s GDP in 

2018 (StatsNZ, n.d.). Volcanic activity in Taranaki will cause considerable losses to both the local and 

national economy driven mainly by the direct losses to industry and lifelines from the eruption period 

and a decline in future investment and business certainty (Johnston et al., 2011). 

 

1.4.5.1 Eruption history and forecasting  

Taranaki Maunga is a 130,000-year-old basaltic to andesitic stratovolcano located on the West Coast 
of the central North Island (Alloway et al., 2005; Zernack et al., 2011; Neall & Alloway, 1993) (Figure 
1.9). The volcano is similar in geochemistry, petrology, and volcanology to several recently active 
volcanoes including Merapi (Indonesia), Unzen (Japan), and Colima (Mexico) (Turner et al., 
2008). However, unlike these volcanoes, Taranaki Maunga has been in a period of quiescence for at 
least the past 150 years with the most widely accepted date for its last known eruption being 1790 
A.D. (Cronin et al., 2021). There is evidence, however, for two post-1755 events occurring between 
1800 and 1866 A.D, which coincides with European settlement in the area and some observational 
evidence in the diary of a local settler (Platz, 2006, 2007; Turner et al., 2008). Alloway et al. (1995) 
concluded that there have been 76 tephra events from Taranaki in the last 28,000 years with the last 
600 years of activity characterised by periods of dome-forming and collapse. Recent studies suggest 
that Taranaki last hasa Sub-Plinian eruption in 1655 A.D (Platz et al., 2007). Sub-Plinian eruptions are 
estimated to occur on average every 300-330 years with smaller, less explosive eruptions more 
frequent (Alloway et al., 1995). Taranaki’s summit and a parasitic cone on the southern flank of the 
volcano called Fanthams Peak are thought to be the only vent locations for large explosive eruption 
events in the past 10,000 years, with subsidiary vents around the volcano producing smaller eruptions 
(Neall et al., 1986).   
 
Radiocarbon dating of Taranaki-derived tephra layers in lake sediment cores has indicated that there 
is a 37–52% probability of an eruption in the next 50 years (Turner et al., 2008; Turner et al., 
2009). More recent estimates conclude that the volcano has a 33-42% probability of an explosive 
eruption within the next 50 years (Damaschke et al., 2018). Bebbington et al. (2018) found that there 
a moderately sized eruption was the most likely with larger eruptions becoming more likely with time. 
The date of AD2098 was outlined as the median date for the next eruption of Taranaki.   
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1.4.5.2 Hazards 

Tephra from a period of active volcanism in Taranaki will severely impact the built environment and 
have lasting economic and social implications (McDonald et al., 2017). A large-scale eruption from 
Taranaki Maunga such as the 1655 A.D. eruption will produce considerable volumes of tephra that will 
damage and disrupt infrastructure and lifelines, impact public health, regional industry, and have 
prolonged direct and indirect impacts that will contribute to significant economic losses (Wilson et al., 
2009; McDonald et al., 2017). Taranaki Maunga is positioned upwind from major 
population centres throughout the Waikato, Auckland, and Bay of Plenty regions, where Taranaki-
derived tephra layers have been identified up to 270 km from the vent (Damaschke et al., 2017; 
Taranaki Regional Council [TRC], 2012).  Ash-forecasting in Taranaki has largely been scenario-based 
as the dispersal is dependent on the size of the eruption and meteorological conditions. Figure 1.10 
represents a recent ash hazard map for a 500-year return period for New Zealand volcanism and 
illustrates the ashfall exposure of the central North Island.  
 

Figure 1.9: Taranaki Maunga and the surrounding population centres labelled. 
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Lahars are a significant hazard from New Zealand volcanoes and were the cause of the deadliest 
volcanic disaster in New Zealand history on 24 Dec 1953 when a passenger train travelled on a lahar-
weakened bridge killing 151 people near Tangiwai (Ministry for Culture and Heritage, 2014). In 
Taranaki, most recorded lahar deposits have travelled towards the west and will likely continue to as 
the western crater wall has been breached and has little resistance to flow (Procter et al., 2009; Neall 
& Alloway, 1993). However, lahars can travel in any direction from the maunga and will flow down the 
river gorges and channels in Te Papakura o Taranaki the Egmont National Park (Procter et al., 2021; 
Weir et al., in review; TRC, 2012). Sector collapse and associated debris avalanches where a portion 
of the volcanic cones fails and triggers a large landslide have similar impacts to lahars and are a 
common phenomenon in Taranaki (Procter et al., 2021; Johnston et al., 2011). They are often triggered 
by an eruption or earthquake and create hummocky terrain such as the landscape of Stratford. Lahars 
and sector collapse are likely to be future issues for Taranaki due to the steep topography, high rainfall, 
and frequent historical deposits (Neall & Alloway, 1993).  
 

Pyroclastic flows typically travel 10-15 km from a vent but can surge for up to 100 km and in some 
extreme cases hundreds of kilometres (e.g. the Tāupo caldera eruption approximately 1800 years 
ago), all of which have occurred in New Zealand, however, smaller PDCs are much more frequent (GNS 
Science, 2010). Pyroclastic surge and flow deposits have been identified up to 15 km away from the 
main vent in Taranaki, with some rare large PDCs travelling up to 19 km (Procter et al., 2010). Most of 
these deposits are contained within the National Park boundary where there is little infrastructure, 
however, the larger PDCs are said to have regularly flowed outside of this zone. Much like lahars, the 
impacts from PDCs will be most intense within the valleys radiating from the Maunga. 
 

Figure 1.10: The ashfall hazard map (in mm) for a 500 yr return period for volcanism in the 
central North Island (Hurst & Smith, 2010). 
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Lava flows damage buildings and infrastructure and have occurred frequently in New Zealand’s 
volcanic history (Greve et al., 2016). Neall and Alloway (1993), establish that lava flows have not 
exceeded 7 km in distance from the summit of Taranaki within the past 10,000 years of volcanic 
activity. This activity is all contained within the Te Papakura o Taranaki Egmont National Park and 
further lava flows are unlikely to present a major hazard as there is little infrastructure within the park 
and people can easily avoid the slow-moving flow (Cronin et al., 2021). However, due to the heat of 
lava flows, fires can be triggered in the forested slopes of Mt Taranaki which may have impacts of 
greater concern.  
 

1.4.5.3 Taranaki Critical infrastructure  

Taranaki is an important region for the national security of lifelines and houses extensive 

infrastructure that services the isolated population. Significant oil and gas resources exist in the 

Taranaki basin, a Late Cretaceous-Cenozoic hydrocarbon-producing sedimentary basin (Mortimer et 

al., 1997). Vital oil and gas exploration and production infrastructure assets such as the Maui pipeline 

contribute $2.5 billion to the national economy annually (PEPANZ, n.d.). Natural gas production in 

Taranaki is essential to the petrochemical industry, electricity generation, and large industrial 

customers such as dairy plants, oil refining, and wood processing (NZLC, 2020). An eruption from 

Taranaki Maunga could result in disruption to natural gas production, which would have a dramatic 

effect on the national security of electricity and gas supply.  

Regional infrastructure circumnavigates the volcanic ring plain in Taranaki and services the dispersed 

population centres which are concentrated around the northern and eastern sides of the volcano 

(Weir et al., 2021). Key transportation links in Taranaki include a large port in New Plymouth, a regional 

domestic airport, three State Highways (3, 43, and 45), and a freight-only railway line to the port. 

Electricity transmission and distribution lines, drinking water supplies, and wastewater assets 

surround the Maunga and provide essential services to the region and surrounding areas. Critical 

infrastructure assets in Taranaki are exposed to ashfall which can occur throughout the region in a 

future eruption (Wild et al., 2019; Weir et al., in review; Juniper, 2018). Additionally, assets such as 

water and gas pipelines are attached to bridges crossing rivers radiating from the Maunga and are 

exposed to volcanic flows in the river channels, particularly in the southern and eastern areas of the 

region. The spatial arrangement of critical infrastructure assets in New Zealand and Taranaki is 

displayed in Figure 1.11. 

1.4.5.3.1 Water Supply  

Water supply in Taranaki is predominantly sourced from surface water due to the arrangement of 

population centres around the central Taranaki Maunga and Egmont National Park. Taranaki is a 

largely rural region intersected with urban population centres such as New Plymouth, Stratford, and 

Hāwera (Figure 1.9). The sophistication of water supply systems in Taranaki varies greatly from large-

scale modern systems such as New Plymouth to simplistic rural schemes throughout largely 

agricultural areas. Water supply in Taranaki has been identified as hugely vulnerable to volcanic 

hazards impacts due to the dominance of surface water sourced supplies (Taranaki Civil Defence and 

Emergency Management [TEMO], 2018; NZLC, 2020). Understanding the likely impacts to water 

supplies from volcanic hazards is of particular interest to the local councils (New Plymouth District 

Council, Stratford District Council, and South Taranaki District Council) and the Taranaki Emergency 

Management Group as the overseers of the provision of drinking water during business-as-normal and 

state of emergency situations. It is also important to acknowledge the Tangata Whenua (indigenous 

Māori inhabitants) and the importance of water (wai) and the local mountain (Maunga) to the 

culture (Te Ahukaramū Charles Royal, 2006).  
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1.4.5.4 Previous Volcanic Risk Assessments for Taranaki Maunga  

Taranaki Maunga has been the subject of recent volcanic hazard assessments and represents one of 
the current focuses for risk research in New Zealand. There is a well-established research interest in 
understanding the spatial extent of volcanic hazards from Taranaki Maunga (Wild et al., 2019; Weir et 
al., in review; Neall & Alloway, 1993; Alloway et al., 1995; Alloway et al., 2005; Turner et al., 2008; 
Procter et al., 2009; Turner et al., 2009; Procter et al., 2010; Johnston et al., 2011). Volcanic hazard 
assessments have been concerned with forming an accurate historic eruption record to establish an 
eruptive recurrence interval which is an effective way to communicate risk (Cronin et al., 2021; 
Damaschke et al., 2018; Turner et al., 2008; Turner et al., 2009).  Additionally, recent research on 
volcanic risk in New Zealand has used probabilistic hazard models to estimate tephra fall from active 
volcanoes including Taranaki Maunga (Magill et al., 2006; Hurst & Smith, 2010; Jenkins et al., 
2012). This research has largely formed the basis for previous and ongoing volcanic risk assessments 
for Taranaki Maunga and serve as key examples of credible hazard assessments in the literature.  
 

A comprehensive understanding of the likely impacts on critical infrastructure during volcanic 
eruptions is required to increase the effectiveness of asset management and lifelines performance 
during a crisis. Several recent studies have quantified the vulnerability of critical infrastructure to 
volcanic hazards in the Taranaki region using a range of exposure and vulnerability modelling 
techniques. Bebbington et al., (2008) used Taranaki as a case study for quantifying volcanic tephra fall 
hazard to electricity infrastructure. This study identified thresholds of ash (1 mm of wet and 2 mm of 
dry ash) that could cause disruption and used eruption records to calculate the annual probability of 
occurrence at several infrastructure sites. Wild (2016) used fault tree analysis to quantify the 

Figure 1.11: A critical infrastructure map for the Taranaki region. 
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vulnerability of agriculture-supporting infrastructure such as water, transportation, and electricity. 
Juniper, (2018) established a methodology for assessing volcanic hazards impacts to the energy sector 
in Taranaki including literature review, hazard intensity metric selection, presentation of relevant case 
studies, and expert elicitation. Wilson, (2015) applied previously developed (Wilson et al., 2014) 
volcanic hazard vulnerability models for critical infrastructure (water, electricity, transportation, 
telecommunication, buildings, and critical components) to the Taranaki region. The findings from 
Wilson, (2015) use hazard intensity metrics (HIM) such as ashfall thickness and dynamic pressure to 
determine the impact on the asset without the consideration of existing vulnerabilities or resilience 
features in the network. Similarly, Weir et al. (2021) conducted an impact assessment for three 
infrastructure sectors; water supply, electricity, and transportation using existing vulnerability models 
(e.g. Wilson et al., 2017) to derive loss-of-services for assets such as roads, water treatment plants, 
and transmission lines.  
 

1.5 Literature Review Summary  

Water supply systems are critical infrastructure as they are fundamental to public health and 
firefighting (Civil Defence New Zealand, 2020). They are a major priority following a disaster due to 
the extreme health and environmental risks that compromised water quantity and quality can pose 
(Stewart et al., 2006). These systems are susceptible to severe impacts from volcanic hazards including 
ashfall and volcanic flow hazards (lahars, PDCs, and lava flows) (Stewart et al., 2006; Craig et al., 2016; 
Wilson et al., 2014). Ashfall is typically the largest threat due to its widespread distribution. Ashfall 
can affect raw water sources, cause operational problems for water treatment plants and increase 
water demand, which can lead to water shortages if not managed (Stewart et al., 2006). Lahars travel 
down river valleys and can cause abrasion and blockages throughout the system that can occur for 
several years following an eruption (Newhall & Punongbayan, 1996). Lateral loading and dynamic 
pressure from volcanic flow hazards can destroy assets such as buildings and intake structures which 
can require the complete replacement of damaged assets (Wilson et al., 2014).  
 
Taranaki Maunga, situated on the west coast of the North Island, is a major source for regional water 
supplies, where much of the region’s drinking water infrastructure is arranged proximal to the volcano 
in areas exposed to high ashfall and lahar hazard. Research on lifeline exposure and vulnerability in 
the Taranaki region, where there is a substantial volcanic risk, has generally focused on multiple critical 
lifelines and economic sectors such as petroleum and agriculture (e.g. Wilson et al., 2012; Juniper, 
2018; Wild, 2016). Previous studies have identified the high exposure of water supply systems in 
Taranaki (Wilson, 2015) and have applied impact metrics to regional supplies to determine loss-of-
services using an eruption scenario (Weir et al., 2021). However, there is little work that has clearly 
defined the systemic vulnerability of water supplies in Taranaki. There is a need for research that 
analyses the vulnerability of regional water supplies using robust and transparent vulnerability models 
that capture the pivotal role of system design in determining damage and disruption. Additionally, 
potential risk-reducing strategies are needed for the water supply lifeline in Taranaki.  
 

1.6 Research Aims and Objectives  

This thesis aims to identify water supply systems that are exposed and vulnerable to volcanic hazards 
from a future eruption of Taranaki Maunga to advise methods for reducing risk and increasing 
national resilience. Additionally, it aims to develop a water supply volcanic hazard vulnerability model 
that can be applied to a range of system types and in a range of settings. This thesis will outline how 
regional water supplies will be impacted during a feasible, credible, but low-likelihood 
Taranaki Maunga eruption scenario. It is intended that this approach can be applied to other New 
Zealand volcanoes, infrastructure sectors, and regions. It is also relevant to international volcanoes 
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capable of producing large-scale explosive eruptions in areas of vulnerable surface water supply 
systems.   
 

The primary objectives of this thesis are to:  
 

i. Review the historical eruption impact events to water supplies and pertinent literature. 

ii. Develop a volcanic hazard vulnerability model for water supply systems. 

iii. Apply the model to regional water supplies in the Taranaki region and complete an impact 

assessment using existing eruption scenarios.  

iv. Provide recommendations for increasing the resilience of regional water supplies in Taranaki. 

 

1.7 Thesis Structure and Research Methods  

This section outlines the structure of this thesis including chapter arrangement and the methodology 
used to achieve the objectives. The methodology for this thesis follows the Risk Management 
Framework and aims to satisfy steps 1, 2, and 3 (establishing the context, risk identification, and risk 
analysis). This chapter has established the risk context in Taranaki highlighting the high exposure and 
vulnerability of water supplies to volcanic hazards from a future eruption of Taranaki Maunga. The 
following two core chapters (Chapter 2 and Chapter 3) identify and analyse the risk, while Chapter 4 
outlines potential risk mitigations and reflects on the work undertaken in this thesis. Figure 1.12 
outlines the chapters and is referred to in the following chapter summaries. 
 

 

Chapter 2 (orange – Figure 1.12) develops a volcanic hazard vulnerability model for water supplies 
which is informed by a literature review of historical impacts events to water supplies and specific 
case studies. Case studies have been collated from the literature and previous site visits to impacted 
water supplies undertaken by the project supervisors. This chapter also presents a water supply 

Figure 1.12: Thesis structure and chapter outline. Red represents the first chapter, orange the second, yellow the third, and 
green the fourth. 
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impact event depository which was used to develop the vulnerability model which captures key 
vulnerabilities in water supply systems that can lead to failure during an eruption (Objectives i  and ii).   
 
Chapter 3 (yellow – Figure 1.12) applies the vulnerability model to the Taranaki context and completes 
a water supply impact assessment using an existing eruption scenario (Objective iii) (Weir et al., 2021). 
This involved engagement with the three district councils in the region who operate and maintain the 
schemes. A site visit was conducted to the New Plymouth water treatment plant to familiarise the 
author with water supply systems and to discuss potential vulnerabilities to volcanic hazards. 
Additionally, the author attended a workshop at the Taranaki Emergency Management Office (TEMO) 
which connected water supply managers with volcanic risk researchers and emergency management 
officers to discuss pathways for increasing the resilience of regional water supplies to volcanic 
eruptions.  
 
Chapter 4 (green – Figure 1.12) importantly provides recommendations for potential risk mitigation in 
Taranaki (Objective iv). It also reflects on the methodology and results of this research and discusses 
the implications of the results, opportunities for future work, and limitations of the study. This chapter 
concludes by summarising the work undertaken in this thesis.  
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2 Development of a water supply volcanic hazard vulnerability model  
 

2.1 Introduction  

Water supply systems are fundamental to the functioning of society and can be highly vulnerable to 

impacts during volcanic eruptions (Weir et al., 2021; Wilson et al., 2014; Stewart et al., 2020). Taranaki 

is an important region for several economic sectors in New Zealand including mining (oil and gas) and 

agriculture and houses several water supply systems significantly exposed to volcanic hazards from 

Taranaki Maunga (Wild, 2016; Juniper, 2018; Weir et al., 2021; NZLC, 2020). Previous research in 

Taranaki has outlined the range and scale of volcanic hazards, the high exposure of communities, and 

the likely impacts on economic sectors and critical infrastructure (Cronin et al., 2021, McDonald et al., 

2017; Weir et al., 2021). Volcanic hazard impacts to water supplies have been characterised using 

hazard intensity metrics defined by thresholds such as ashfall thickness without the consideration of 

system design (Wilson, 2015; Weir et al., 2021). The previous chapter briefly outlined the impacts of 

volcanic hazards on water supply systems and how effective system design can provide resilience to 

volcanic hazard impacts. The purpose of this chapter is to develop a volcanic hazard vulnerability 

model for water supply systems that accounts for the central role that system design and management 

actions have in influencing the overall impact on drinking water.  

Firstly, this chapter will provide some context on water supply systems (Section 2.1.1) before outlining 

the applied methodologies (Section 2.2). The following sections consist of; a literature review on the 

vulnerability of water supply systems (Section 2.3), development and presentation of the vulnerability 

model (Section 2.4), and a summary of the chapter which reflects on the methods and results (Section 

2.5). This will achieve objective i and objective ii (Section 1.6) and will contribute to establishing the 

risk context and identifying the risk as part of the risk management framework. Due to the nature of 

a thesis introduction and further literature review in this chapter they may be some repetition from 

previous sections.  

 

2.1.1 Water Supply Systems  

A water supply system is a means or process of supplying water for drinking, cooking, and cleaning to 

a community. Broadly speaking, water supply systems encompass; a water source, water treatment 

plant (WTP), and distribution system (Figure 2.1). The sophistication of water supply systems varies 

greatly due to local geography, cultures, and economies, where municipal systems in cities serve large 

populations and are developed and maintained by pooled economic resources. In rural areas, water 

supply systems are more simplistic and may only consist of a water source, some primary treatment, 

and distribution (Nokes, 2008). Water sources largely depend on local geography and climate and are 

derived from either surface water (e.g. streams, rivers, lakes, or reservoirs), groundwater (bores and 

wells), or rainwater sources (e.g. rain collected from roofs). Water from a source is piped to a water 

treatment plant with the assistance of a pump or gravity where it enters a treatment process designed 

to remove suspended solids from the raw water so that it can be disinfected to remove pathogenic 

micro-organisms. The treatment plant houses filters, pumps, monitoring equipment, and treatment 

chemicals and is operated and maintained by trained professionals. Following treatment, water is 

distributed to households through a distribution network which generally includes pipes, pump 



Chapter 2 – Development of a water supply volcanic hazard vulnerability model 

26 
 

stations, storage reservoirs and customer connections. This section will detail common approaches to 

the treatment and management of drinking water in New Zealand.   

 

 

 

 

 

 

 

 

 

 

 

Raw water extracted from a source undergoes a treatment process that aims to meet the New Zealand 

Drinking Water Standards (DWS) which are upheld by the Ministry of Health (Ministry of Health, 2018). 

The standardised water treatment process involves three steps: pre-treatment, particle removal, and 

disinfection, which will always occur in that order, but some may not be required if the quality of the 

water source or the DWS does not require them (Nokes, 2008). Pre-treatment processes such as 

sedimentation basins provide a buffer against changes in water quality in source water, and also 

remove some initial contaminants before the main treatment process. Sedimentation basins allow 

time for particles from the raw water to settle out under gravity. The particle removal step uses 

techniques such as coagulant dosing, flocculation, and filtration to further reduce suspended solids 

for effective disinfection. A coagulant is often added to raw water to encourage the clumping together 

of larger particles which are removed during the filtration step of the process. Chlorine is the most 

widely used disinfection method and is added to filtered water as it inactivates bacteria, viruses and 

protozoa such as Giardia (Nokes, 2008). Other disinfection methods include ozonolysis and UV 

disinfection. Correction of pH using lime or a similar substance may be required for effective 

disinfection. Figure 2.2 indicates the water treatment process at a facility in Westport, New Zealand 

and serves as a good example of a conventional New Zealand water supply system.  

Raw and processed water is constantly monitored for indicators of water quality such as turbidity and 

pH and is tested regularly to ensure that it is meeting the relevant DWS. Turbidity is a measure of the 

concentration of particles in water (Buller District Council, n.d.). Turbidity is an important parameter 

of water treatment as particles can shield microbes from disinfectants and compromise disinfection 

(White et al., 2011). The pH level of the water can also compromise disinfection and cause indirect 

health issues due to the ingestion of corroded metals (World Health Organisation [WHO], 2007). The 

DWS in New Zealand, recommend that pH be adjusted to between 7.0 and 8.0 (Ministry of Health, 

2018). Below pH 7.0 the water can be corrosive and increase the risk of dissolving metals in plumbing 

fittings, while above pH 8.0, water can taste unpleasant. The concentration of major elements is also 

monitored in drinking water and is maintained through various DWS which are determined by national 

health organisations and government departments.  

Figure 2.1: The components of a water supply system from source to 
sink. From Nokes (2008). 
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2.2 Chapter Methodology 

Volcanic risk and critical infrastructure vulnerability assessments require a comprehensive 

understanding of hazard impacts and robust vulnerability models based on experience obtained from 

many studied examples (e.g. Wilson et al., 2010; Stewart et al., 2006; Wilson et al., 2009; Wilson et 

al., 2014). The historical impacts of eruptions allow for the characterisation of infrastructural 

vulnerability using, for example, vulnerability indicators, damage matrices, and fragility functions. The 

previous chapter reviewed these approaches (Section 1.3.1.3) and highlighted graphical 

representation such as fault trees as an effective method for illustrating complex vulnerabilities of 

infrastructure systems (Ericson, 1999).  

This chapter firstly presents a literature review focusing on the impacts of volcanic hazards on water 

supplies involving detailed case studies of historical impact events (2012 Te Maari, 2021 La Soufrière, 

2011–2012 Puyehue-Cordón Caulle, and the 2015 Calbuco eruptions). The case studies are based on 

site visits and subsequent publications by the project supervisors at localities affected by volcanic 

eruptions. The 2021 eruption of La Soufrière occurred during an early phase of this thesis and allowed 

the author to follow an unfolding disaster and the complexities of managing water supplies during a 

crisis. The literature review informs the development of the water supply vulnerability model which is 

a major output of this research and is intended for use by water supply managers to assess the 

vulnerability of their water supply systems.  

 

Figure 2.2: An example of the treatment process in a water supply system. This illustration outlines the 
raw supply, pre-treatment, separation, filtration, and disinfection processes in the Westport water 
treatment facility with proposed changes marked in red. From Buller District Council (n.d.). 
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2.3 Review of water supply vulnerability from volcanic hazards 

2.3.1 Impacts of Volcanic Hazards on Water Supplies  

Volcanic eruptions are known to severely impact water supplies and often result in a drastic loss of 
service for the lifeline (Stewart et al., 2006; Stewart et al., 2009a; Wilson et al., 2010). Ashfall (tephra 
<2 mm diameter) is the principal concern for water supply systems and can physically damage and 
disrupt aspects of water supply and treatment, increase suspended solid loads in water sources, and 
drastically increase water usage due to ash-clean-up operations following an eruption (Stewart et al., 
2006; Johnston et al., 2011). Other volcanic hazards such as lahars, pyroclastic density currents (PDCs), 
lava flows, and landslides are also a concern for water supply systems and will have both short term 
and more prolonged impacts following an eruption.  Water supply systems are dependent on other 
critical infrastructure such as electricity and transportation which can also be disrupted due to volcanic 
hazards and indirectly compromise water supply (Stewart et al., 2006; Stewart et al., 2009a). Over the 
past 80 years, there have been many accounts of water supplies being affected by eruptions, although 
the level of detail varies greatly between reports. Impacts from recent eruptions are documented in 
much greater detail. This section will review the known water supply impact data and summarise it 
using a volcanic event impact depository, which will inform the vulnerability model for this study.  
 

2.3.1.1 Direct Impacts on water supplies 

Severe damage can occur to elements of water supply systems surrounding a volcanic eruption 

(Wilson et al., 2012).  Intake structures can be damaged and clogged by ashfall in systems with stream 

and lake intakes (Wilson et al., 2014). During the 1963 eruption of Irazú in Costa Rica, water had to be 

trucked to San José as fine ash clogged filters at the intake to the capital city’s river-fed supply (Blong, 

1984; Stewart et al., 2006). Similarly, intake filters were blocked by ash in Taumarunui’s water supply 

during the 1945 Ruapehu eruption which reduced pumping significantly (Johnston et al., 2004). In 

systems where pumping is required for abstraction, suspended ash entering through intakes can cause 

abrasion to pump impellors and place additional strain on motors (Craig et al., 2016). Ash can also 

enter the treatment train through either water intakes or open-air components such as clarifiers and 

slow sand filters, although automatic shutdown of intakes linked to turbidity thresholds can limit ash 

ingress and subsequent problems.  

Coagulant dosing may need to be adjusted to cope with the additional suspended solid load, and 

clarifiers may require increased cleaning. In Quito, Ecuador during the 1999 Guagua Pichincha 

eruption, increased sediment load at water treatment plants meant that filters were cleaned at an 

increased rate of every 1 to 6 hours from the original 8 to 10-hour interval (Leonard et al., 2005; 

Barnard, 2009). Plants also increased flocculent to account for a low water supply rate. Plants that do 

not have an initial coagulation/flocculation step (due to low turbidity source waters) are likely to 

experience greater problems with ash clogging slow sand filters. During heavier ashfalls, open-air sand 

filters and settling ponds are susceptible to significant ash blockages (Figure 2.3). These impacts can 

generally be managed without compromising water production although with greatly increased 

maintenance schedules. However, during volcanic eruptions site access can be difficult due to ash 

impacts on road networks and evacuation mandates, which may in turn limit staff access and the 

delivery of essential supplies such as treatment chemicals.  
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Lahars can damage or destroy water supply assets located in flow paths, such as intake structures and 
aerial stream crossings (Figure 2.4). Frequent and extensive lahars occurred on the slopes of Pinatubo 
volcano in the Philippines during monsoon seasons throughout the 1990s (Wilson et al., 2010). These 
lahars remobilised ash deposits, blocked and buried key channel-irrigation ditches, and dramatically 
changed the geomorphology of several water catchments. Other volcanic flow hazards such as lava 
and PDCs are generally less of an issue for water supplies as their extent is usually limited to areas 
proximal to the volcano where there is typically little infrastructure. However, some developing 
countries struggle with uncontrolled urban sprawl which has resulted in more people living in hazard-
prone areas such as the ring plain of a volcano (Braun & Aßheuer, 2011).  For example, during the 
2014 Kelud eruption in Indonesia, ballistics damaged water supply pipes in villages proximal to the 
volcano (Blake et al., 2015). Also, during the 1995 Soufrière Hills eruption PDCs and lahars destroyed 
and damaged groundwater well heads, springs, reservoirs, and pipes in Montserrat due to increased 
lateral loading (Caribbean Disaster Emergency Response Agency [CDERA], 2006). 
 

 

 

 

 

 

 

 

 

 

 

Following volcanic ashfall, there is often an increase in water demand for ash clean-up operations 

(Stewart et al., 2009b; Wilson et al., 2014; Wilson et al., 2010; Figure 2.5). Surges in water demand 

may coincide with plants having to slow down production due to the physical impacts of ashfall on 

Figure 2.3: Ash inundation in settling ponds in a stream-fed 
water treatment system in Argentina following the 2011–2012 
Puyehue-Cordón Caulle eruption (Stewart, 2012). 

Figure 2.4: Lahar damage during the 1980 Mt St Helens eruption 
(USGS). 
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treatment systems, as described above. Effective public communication from emergency managers, 

in partnership with water supply managers, is required to advise the public on water conservation 

measures and dry clean-up methods, such as shovelling or sweeping ash rather than using hoses. 

 

 

 

 

 

 

 

 

 

 
The 1992 Mt Spurr eruption in Alaska deposited around 3mm of ash on the city of Anchorage which 
experienced water outages due to a large increase in water demand (Stewart et al., 2020; Figure 2.6). 
Residents used mostly wet methods to clean the ashfall which led to reduced pressure across the 
whole city and water outages in certain areas (Stewart et al., 2009b). This left little reserves for fire-
fighting as there was inadequate supply to operate fire hydrants (Johnston et al., 2004). This event 
prompted significant upgrades to the city’s water distribution network.  
 
In Esquel, Argentina this situation was avoided during the 2008 Volcán Chaitén eruption as authorities 
advised residents to opt for dry clean-up methods such as the use of brooms and shovels when 
removing ash rather than the use of hoses (Stewart et al., 2009b). This method was also found to be 
more effective and highlights a critical mitigation method for avoiding the exhaustion of water 
supplies during an eruption. As residents are likely to clean up multiple ashfalls during a period of 
active volcanism, effective management of water usage becomes essential.   
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.5: Ash being cleaned from a strain insulator string using a 
pressurised water hose following the 1995 Mt Ruapehu eruption 
(Transpower New Zealand, from Johnston 1997). 

Figure 2.6: Water production during the 1992 Mt Spurr eruption 
in Alaska (Stewart et al., 2020). 
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Ashfall can cause compositional changes to raw water sources and has caused water supplies to shut 
down operations during many historical eruptions (Leonard et al., 2014; Leonard et al., 2005; Blake et 
al., 2015; Wilson et al., 2014; Wilson et al., 2010; Johnston et al., 2004; Stewart et al., 2006). 
Suspended ash in surface waters increases turbidity, which can in turn exceed operating thresholds 
for water treatment systems (Leonard et al., 2014). Water treatment may have to be stopped if the 
level of turbidity is deemed untreatable; this occurred in Anchorage where a plant was shut down for 
30 hours following the 1992 eruption of Mt Spurr, Alaska (Wilson et al., 2012). Turbidity levels were 
also exceeded during the 1980 Mt St Helens eruption and increases in the occurrence of waterborne 
Giardiasis were reported (Weniger et al., 1983). If residual turbidity is high following filtration, 
disinfection using dosing with chlorine compounds may have to be adjusted and monitoring of 
microbiological indicators stepped up throughout the distribution system. This occurred in Esquel 
during the 2008 Chaitén eruption where elevated turbidity levels up to 6 mg/L were recorded and it 
was necessary to increase chlorination so as to not compromise terminal disinfection (Stewart et al., 
2009a).  
 
Lahars cause increases in turbidity and can occur during high rainfall events following an eruption. 
Long-term fluctuations in turbidity are expected for surface water-fed schemes affected by lahars. 
Sasaki et al. (2016) monitored changes in turbidity in nearby rivers following the 2014 Mt Ontake 
eruption in Japan and found that turbidity greatly increased at a locality where a lahar had travelled 
through but gradually decreased over a 12-month period.  
 
Fresh ashfall commonly has a strongly acidic surface coating, which may slightly lower pH, but typically 
not below pH 6.5, in low-alkalinity surface waters (Stewart et al., 2020). Acidification of water due to 
tephra occurred during the 1969 Mt Ruapehu eruption where the acidity of roof tank and stream-fed 
water supplies in Iwikau Village and Whakapapa Village was as low as pH 4.4 in sources receiving 1-7 
mm of ash (Collins, 1978). Similar pH values have been recorded for ash-contaminated drinking water 
in several other studies (e.g. Smithsonian Institution, 1997; Cronin & Sharp, 2002; Leonard et al., 2005) 
however, acidification is typically only a problem for rainwater fed supplies. Acidification can also give 
the water a high solvation potential (plumbosolvency) meaning that potentially toxic metals such as 
lead and copper from pipes and fittings can be dissolved into the water (Stewart et al., 2006).  
 
Fresh ash also has a surface coating of soluble salts that are rapidly released on contact with water 
(Stewart et al., 2020). The most abundant soluble elements are typically Ca, Na, S and Cl, followed by 
Mg, K, Al, Si, Fe and F (Stewart et al., 2006). Cronin and Sharp (2002), recorded very high 
concentrations of fluoride in rainwater-fed systems in villages in Vanuatu following the 2005 Ambrym 
eruptions. Similar concentrations of fluoride up to 4.0 mg/L in drinking water supplies were found on 
Tanna Island, Vanuatu, in communities around the continuously active Yasur volcano (Webb et al., 
2021). The Tanna Island study found that fluoride concentrations were largely in excess of the WHO’s 
guidelines for drinking-water quality (1.5 mg/L F) and that communities exposed to these levels of 
fluoride have an increased risk of dental and skeletal fluorosis. The ingestion of fluoride is 
predominantly a problem for young children and livestock (Fawell et al., 2006). The 1970 eruption of 
Mt Hekla in Iceland caused widespread livestock losses due to the ingestion of contaminated pasture 
and water (Wilson et al., 2010). High levels of fluoride (up to 8mg/L) were recorded and caused acute 
fluorosis in sheep. Degassing volcanoes can also increase the concentration of fluoride in drinking 
water and expose nearby communities to elevated levels of fluoride for prolonged periods. Calkins 
and Delmelle (2021) identified several communities downwind of Masaya Volcano (Nicaragua) with a 
high level of exposure to fluoride due to the ingestion of contaminated water, air, and soil.  
 
Compositional changes depend on the ash surface chemistry, the amount of ashfall, and the dilution 
volume.  In rivers and streams, there is typically a short-lived pulse of dissolved constituents (Cronin 
et al., 2014).  In lakes and reservoirs, the volume of dilution is usually large enough that compositional 
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changes are not discernible.  The constituents most likely to be elevated above background levels are 
Fe, Mn and Al. Thus, water is likely to become unpalatable due to discolouration or a metallic or 
salty taste before it becomes a health hazard. Stewart et al. (2006) reviewed the contamination of 
water supplies by ashfall in-depth and concluded that chemical changes in source waters due to ashfall 
are in most cases manageable and very unlikely to present a severe public health risk. Table 2.1 
summarises the historical volcanic hazard impact events on water supplies.  
 

Table 2.1: A summary of international eruptions that have impacted water supplies, with New Zealand eruptions in bold. 

 

Impact on water supplies Volcanic eruption events 

Physical impacts Mt Ruapehu 1945 (Johnston et al., 2004), Irazú 1963 (Blong, 
1984), Mt St Helens 1980 (Warrick et al., 1981), Mt Hudson 1991 
(Wilson et al., 2010),  Soufrière Hills 1995 (CDERA, 2006), 
El Rentavador 2002 (Pan American Health Organisation [PAHO], 
2003), Merapi 2006 (Wilson et al., 2007), Pacaya 2010 (Wilson et 
al., 2012), Cordón Caulle 2011 (Craig et al., 2016),  Kelud 2014 
(Blake et al., 2015), Calbuco 2015 (Hayes et al., 2019) La Soufrière 
2021 (ReliefWeb, 2021).  

Water Shortages Mt Hudson 1991 (Wilson et al., 2010), Mt Spurr 1992 (Johnston et 
al., 2004), Mt Ruapehu 1995/96 (Johnston, 1997), Chaitén 2008 
(Wilson et al., 2012), Cordón Caulle 2011 (Craig et al., 2016), La 
Soufrière 2021 (ReliefWeb, 2021). 

Effects on raw water sources Mt Ruapehu 1945 & 1969 (Johnston et al., 2004; Johnston, 1997), 
Mt Spurr 1953 (Johnston et al., 2004), Mt Hekla 1970 (Wilson et 
al., 2010), Mt St Helens 1980 (Stewart et al., 2006),  Mt Hudson 
1991 (Wilson et al., 2010),  Soufrière Hills 1997 (Global Volcanism 
Program, 1997),   Guagua Pichincha 1999 (PAHO, 2003), 
Copahue 2000 (Smithsonian Institution, 2000), 
El Reventador 2002 (PAHO, 2003), Ambrym (Stewart et al., 2006), 
Chaitén 2008 (Stewart et al., 2006), Te Maari 2012 (Leonard et al., 
204), Kelud 2014 (Blake et al., 2015). 

 

 

2.3.1.2 Indirect Impacts  

Lifelines are dependent on one another for continued operation and become increasingly so during a 
disaster where the capacities and outputs of assets are disrupted (NZLC, 2020). The water lifeline is 
dependent on the functioning of other lifelines such as electricity, transport, and telecommunications 
(Weir et al., in review; Wild et al., 2019; Stewart et al., 2006). The main impacts to electricity networks 
from ashfall are; ash contamination causing flashover, line breakage, disruption of generation 
facilities, abrasion, and corrosion of equipment as discussed in Wardman et al. (2012). Water supply 
systems rely on a continuous power supply to operate electrical equipment such as pumps and 
monitoring devices. During the 1995/6 eruptions of Mt Ruapehu, a resident washed ash into a power 
transformer which failed and cut electricity to water pumps resulting in widespread water shortages 
(Johnston, 1997).  Power outages are common during eruptions and water supplies are dependent on 
electricity for the abstraction, treatment, and distribution of water will be unable to operate unless 
they have backup power generation. Furthermore, communication networks during an 
eruption are impaired due to interference to radio transmission, heavy demand on the network, 
damage to communications facilities, and service outages due to the coinciding impacts on electricity 
infrastructure (Wilson et al., 2009; Bebbington et al., 2008). Water supply systems are highly 
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dependent on communication systems to operate and monitor the plant remotely. Without consistent 
communication services, the operation of the plant is compromised.   
 
Ashfall can also impact large areas of air space and surface transportation during an eruption and 
can decrease visibility, compromise skid resistance, cover important markings, 
and disrupt aeroplane communication creating dangerous conditions and usually halting all 
transportation (Blake et al., 2017; Blake et al., 2018; Johnston et al., 2011). Additionally, lahars, PDCs, 
and lava flows can destroy sections of roads including vital bridges which will limit access to any water 
treatment plant during an eruption (Newhall & Punongbayan, 1996). This will undoubtedly create 
personnel and equipment issues that will disrupt the production of potable water at most sites. 
Additionally, evacuations during an eruption are likely to be widespread and cause staffing issues for 
critical services as the safety of people is prioritised.  
 

2.3.2 Case Studies  

This section presents four detailed case studies of water supply impact events during historical 

eruptions. Each summary will outline the eruption event, the impacts on water supplies, and the 

lessons learnt about the vulnerability of water supplies to volcanic hazards. The four case studies have 

been selected as they were well documented and provide examples of future impact events from an 

eruption of Taranaki Maunga. Drinking water in Taranaki is predominantly surface-water fed and the 

treatment process is largely conventional (clarification, filtration, disinfection). The majority of the 

water supplies discussed in this section are very similar.  

 

2.3.2.1 2012 Te Maari eruption, New Zealand 

Overview 

On the 6th of August 2012, the Te Maari vent on Tongariro volcano briefly erupted, producing a series 

of explosions and a minor volume of tephra which was dispersed to the east with small ashfalls 

observed as far away as Wairoa (Pardo et al., 2014). Ash was deposited in the Mangahouhounui 

Stream, which drains the north-eastern sector of Mt Tongariro and is used as the raw water source 

for the water treatment plant at Rangipo Prison. This WTP produces 70 ± 5 m3/day of drinking water 

and supplies 220 people and received 5 mm of direct ashfall during this eruption. This section will 

summarise the impacts during this event on the Rangipo prison supply and will review systemic 

vulnerabilities and resilience aspects outlined in the literature and also during a site visit completed 

by an author in October 2012 which included conversations with the water supply operator. 

Impacts on water supplies  

During the eruption ashfall increased the turbidity in the stream, causing the intake to automatically 

shut down as the turbidity threshold of 20 NTU was exceeded (Leonard et al., 2014). The supply was 

shut down for one week to allow for the testing of water by a Health Protection Officer. For a water 

sample collected on the 8th of August, no parameters exceeded values specified in the Drinking water 

standards (DWS) for New Zealand 2005 (Revised 2018) and all remained within normal ranges. While 

the intake was shut down, the 6-7-day stored supply (550 m3) of treated water was used and water 

conservation measures were implemented. This meant that the prison limited water usage by 

employing dry-clean-up methods such as brooms and shovels for surfaces coated with ash. Towards 

the end of the week, the stored water started to run low, and the water supply manager experimented 

with the use of water tankers as a supplementary supply. Water was pumped from tankers up to the 
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large storage reservoir and three tankers per day were required to meet demand. Turbidity in the 

stream had reduced markedly by the 10th of August and the supply began producing water again 

shortly after on the 13th.  Overall, the event was able to be managed as if it were a major storm and 

little additional maintenance was required.  

Lessons learnt  

Despite the high exposure of the water supply system to ashfall, very few impacts were experienced, 

due to the system having pre-existing resilient features (Table 2.2). The intake structure was 

undamaged; it has a Johnson 3 mm screen to exclude larger debris and pumice fragments and is 

regularly checked and cleared by the operator. Additionally, water is transported by gravity from the 

intake to the WTP without the need for any abstraction pumps which are susceptible to abrasion and 

clogging from ashfall. The automatic turbidity shutdown at the plant protected the sand filters and 

distribution pumps from excess wear. These features meant that ash ingress and associated impacts 

were reduced and that the plant was able to resume operation without significant repair once 

turbidity levels returned to treatable values. During the water production disruptions, the plant was 

able to rely on its stored treated water and alternative supply (water tankers). The plant also has 

onsite power generation in case of external power outages.  

 

Table 2.2: Resilient design features of the Rangipo water supply. From Leonard et al. (2014) 

 

 
While the water supply was able to respond effectively to this event some key vulnerabilities were 

discussed during the site visit in 2012. Firstly, the Public Health Management Plan (PHRMP) before the 

event did not consider the management of ashfall meaning that the operator managed the supply 

based on instinct. Luckily the supply manager had previous experience with ashfall while operating 

the Raurimu water treatment facility during the 1995/6 Ruapehu eruptions and learnt that minor 

Design feature Comment 

Gravity feed of raw water from the intake to 
plant. 

Pump impellers are highly vulnerable to 
accelerated wear and tear from ash-laden 
intake water; systems that utilise gravity feed 
rather than electrical pumping are less 
vulnerable to this mode of damage.  

Automated shutdown of the treatment plant at 
a threshold of 20 NTU.  

This shutdown system limits the exposure of 
treatment plant filtration systems to ash-laden 
water. 

Two sets of filtration equipment (pressure sand 
filters) operating in parallel. 

Ability to maintain production while closing 
down filters alternately for maintenance. 

Water storage capacity of 6–7 days supply. This allowed precautionary shutdown to 
continue for several more days while testing of 
raw water source composition was carried out 

Availability of alternative potable water 
supplies (water tankers). 

This option extended the time the plant intake 
could remain closed and utilise stored water. 

On-site emergency power generation The plant has diesel generators on trailers 
which means that the plant can cope with 
external power cuts. Additionally, pumps have 
purpose-built jack points.  
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ashfalls can generally be managed in the same manner as storm events. The PHRMP at Rangipo was 

updated to include planning for volcanic ashfall shortly after the event. Secondly, the feasibility of the 

alternative tanker supply during a large eruption is an issue as there are limited potable water 

suppliers in the region and during heavier ashfall, road transport may be restricted.  

 

2.3.2.2 2021 La Soufriere eruption, St. Vincent 

Overview  
 
Saint Vincent and the Grenadines (SVG) is a small Caribbean Island nation with significant volcanic 
risk stemming from the recently active stratovolcano La Soufrière which erupted on the 9th of April 
2021 after a 42-year period of quiescence (ReliefWeb, 2021). This eruption was characterised by large 
eruption columns and ashfall, pyroclastic flows, and repeated lahars that had widespread and severe 
consequences for SVG and surrounding nations. During this event, water supply systems were 
adversely impacted and failed to produce and distribute potable water. This event took place during 
the early stages of this research and provided the author with a real-time example of how water supply 
systems are affected during eruptions. The lessons learnt from this event can be applied 
to Taranaki as the causes of failure in many cases are common characteristics of Taranaki water 
supply systems. It is important that the lessons learnt from this disaster event are acknowledged in 
volcanic risk and infrastructure vulnerability literature. The notable hazard, impact, and decision-
making events surrounding the water supply lifeline will be reviewed here.   

 

In December 2020 La Soufrière had an effusive eruption where the formation and growth of a new 
lava dome indicated increased unrest at the volcanic centre (Global Volcanism Program, 2021). Dome 
growth continued throughout the early months of 2021 and was accompanied by gas emissions and 
increased seismicity which raised concerns that there would be an eruption. On the 8th of April, the 
University of the West Indies Seismic Research Centre reported further gas and steam 
emissions, minor ash venting, and episodes of tremor that indicated the movement of magma and 
fluids near the surface This prompted the Volcanic Alert Level to be raised to red (the highest on 
a four-colour scale), and the Prime Minister to order the evacuation of communities in the ‘red 
zone’ of the island to the north of the volcano, affecting 16,000-20,000 people (University of the West 
Indies Seismic Research Centre, n.d.). The following morning on the 9th of April the volcano began the 
first of many explosive eruptions which was classified as VEI-4 on the Explosivity Index and caused 
widespread ashfall, and later; significant pyroclastic flows and lahars which had impacts throughout 
St. Vincent and surrounding nations.  

 

Eruptions in the following days caused widespread power and water outages and by the 10th of 
April, 78 emergency shelters with more than 3000 occupants had been established by the 
government. Ash falls disrupted evacuations throughout the island due to treacherous driving 
conditions and caused the closure of the Argyle International Airport in the southeast of the island. 
Wet ash on roofs caused frequent building collapses in heavily affected areas but due to pre-
emptive evacuation efforts there were no casualties. Evacuations during the event were carried out 
under the COVID-19 pandemic which was a concern for health officials as the virus could spread in 
evacuation centres and hospitals throughout the island (Los Angeles Times, 2021). Heavy rainfall 
following explosive eruptions caused widespread lahars which reached the ocean and clogged marine 
waterways with logs and debris (Global Volcanism Program, 2021).   
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Impacts on water supplies 

 

The water supply sector on St. Vincent recorded impacts due to ash fall and had to make critical 
management actions and decisions during a government-led disaster response. In St. Vincent, The 
provision of three waters services is managed by the Central Water and Sewerage Authority (CWSA) 
who are responsible for the majority of household, commercial, and industrial water supply. The 
CWSA is a quasi-Governmental organisation within the Ministry of Health and the Environment. Water 
is sourced entirely from surface water sources from river and reservoir intakes throughout St. 
Vincent due to topography and rainfall. However, on the drier islands of the Grenadines, water is 
mainly sourced from rainwater and wells. The surface-water fed plants mainly use gravity systems and 
treatment processes range from conventional systems (sedimentation, slow sand filtration, and 
disinfection with chlorine) to chlorination only which is the case with most systems (ReliefWeb, 2021). 
A developed network of pipelines distributes drinking water to 11 supply zones (PAHO, 2013). Drinking 
water in the Grenadines is more primitive with roof catchments supplying individual households.  
 
The initial impacts from ashfall during this eruption included; increased turbidity, blocked open-air 
sand filters, and water shortages due to high usage as people were filling up emergency 
supplies. These issues coupled with disrupted power service meant that many communities 
were without piped drinking water and the government was forced to truck in safe drinking water to 
affected communities throughout the island. Approximately 1.6 million litres of water was distributed 
by trucks from 11-30 April 2021 (ReliefWeb, 2021). Distribution of drinking water to individuals took 
place at evacuations centres and temporary standpipes which were erected throughout the 
island (Figure 2.7). Authorities advised communities to not drink or cook with piped water but it could 
be used for cleaning and washing. During the initial response, the government had to rely heavily on 
foreign aid to provide the majority of the emergency water supply which was shipped from 
surrounding nations to wharves on the island’s coast (Figure 2.8).   
 
  
  
 
 
 
 
 
 
 
 
 
 
 
  
 
 

Figure 2.7: A small water tank supplying an evacuation centre at a local school on St. 
Vincent. Photo: CWSA (2021, April 11). 
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Supplies located in the red and orange evacuation zones during the eruption suffered major structural 
damage from lahars which occurred during heavy rainfalls following the explosive eruptions 
(ReliefWeb, 2021). The river intake structures at supplies within the red zone were destroyed by lahars 
along with sections of major pipelines. This zone was evacuated during the event and remains largely 
uninhabited with no customers to supply. Evacuations also meant that shifts in water demand 
occurred throughout the island. Recurring lahars impacted restoration efforts in the area and the 
CWSA is investigating options for medium to long term redevelopment of water supply systems. Water 
treatment plants in the orange zone received considerable ashfall and falling trees in the catchment 
and along access roads which caused siltation in treatment facilities and interrupted site access. 
Additionally, lahars damaged roads and bridges restricting access to several sites. Elsewhere water 
supplies were out of commission for days due to deterioration in the quality of water. Testing was 
undertaken to verify the quality of water by local and international organisations.  
 
The CWSA responded quickly to the event and distributed crews to shovel ash and debris out of open-
air filters (Figure 2.9), however, this required considerable manual labour and access to many of the 
plants was difficult due to trees and debris across roads (NationNews, 2021). Water engineers also 
constructed temporary bores to access groundwater to relieve the stress on surface water and 
emergency supplies (Figure 2.9). Periodically, service was restored to water supplies but was 
repeatedly disrupted due to further eruptions and high usage of water. By the 22nd of April, the 
explosive eruptions at La Soufrière had ceased. The government continued to monitor the water for 
turbidity and other contaminants which continued to be an issue with high rainfall following the 
eruptions. Some water supplies in the red zone are still offline which has resulted in large monetary 
losses due to the interruption of service. Total losses experienced by the WASH (Water, Sanitation and 
Hygiene) sector during this event are estimated to be XCD 1.64 million (ReliefWeb, 2021). This is about 
900,000 NZD and reflects the cost for repairs such as rebuilding catchment areas, intake structures, 
pipework, and damaged access roads, and also water service interruption, cleaning and ash removal, 
and the use of trucks for delivering water.  

Figure 2.8: Bottled water being loaded to a vessel in Martinique bound for Kingstown 
in St. Vincent. Photo: St. Vincent National Emergency Management Organisation 
(n.d.). 
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Lessons learnt 
 
This eruption highlighted the vulnerability of open-air filtration, river intakes, and site access to ashfall 

and lahars. The major lesson for New Zealand from this event is that open-air sand filters are highly 

vulnerable to ash fall and can cause the entire loss of service of a water supply. Restoring filters and 

other aspects of water supply requires significant manual labour and personnel which is dependent 

on access to the site and the availability of workers in a disaster response. River intakes in some 

localities were destroyed by lahars during this event and have been largely abandoned since the 

eruption and lahars (ReliefWeb, 2021). Ashfall and lahars greatly restricted access to many water 

infrastructure sites which slowed restoration efforts prolonging water outages in some areas. 

Additionally, this eruption provided yet another example of water shortages due to excessive usage, 

and that evacuations cause variability in water demand that needs management.   

  

2.3.2.3 2011 Puyehue-Cordón Caulle eruption, Chile 

Overview 

On the 4th of June 2011, the large Chilean stratovolcano Puyehue-Cordón Caulle erupted creating a 12 

km high ash plume and PDCs. Heavy ashfalls occurred in population centres throughout Chile and 

Argentina including Villa la Angostura, Bariloche, and Jacobacci (Figure 2.10). The eruption had severe 

impacts on critical infrastructure and various economic sectors including airports, roads, hospitals, 

water supply, agriculture, and tourism (Elissondo et al., 2015).  

Figure 2.9: Left: A crew shovels ash from the bottom of a sand filter in a water supply in St. Vincent. Photo: CWSA 
(2021, May 12). Right: Successful groundwater abstraction in St. Vincent. Photo: CWSA (2021, April 10). 
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Impacts on water supplies 

In Villa la Angostura the main water supply is relatively advanced with dual intakes on Lago Correntoso 
and Lago Nahuel Huapi (Craig et al., 2016). Water is then pumped uphill to a water treatment plant 
where it is filtered by pressure sand filtration and chlorinated. The town received 150-170 mm of ash 
and suspended ash in the lakes caused high levels of wear on pumping equipment. One pump had to 
be completely replaced after the eruption and power outages meant that generators had to be 
brought in to maintain pumping. Other stream-fed systems in the area were inundated with ash and 
suffered from damage to pumping equipment, clogging of intakes, pipes and sand filters (Wilson et 
al., 2013). Following the event, the badly affected stream-fed systems were abandoned and replaced 
with water supplies with lake intakes and enclosed pressure sand filtration systems. To meet demand 
during this event a 21 m deep well was dug and the water was trucked to the most affected 
communities.  

During the eruption, the Bariloche water treatment plant in Argentina received 30-45 mm of ash and 
was adversely impacted as suspended ash entered the system through intake pipes in the lake and via 
direct fallout. The turbidity in the lake is usually very low (0.2-0.4 NTU) thus there is no 
coagulation/flocculation step before filtration. The eruption increased the turbidity in the lake to 26 
NTU, which had never previously been experienced by the plant operator (Craig et al., 2016). Ash 
ingress into the lake intake caused accelerated wear on pump impellers and burnout of a motor, with 
three years’ wear occurring in six months. Ash entered the sand filters (Figure 2.11) both through 
direct fallout and through the intake. Water production was able to continue, but a greatly increased 
maintenance schedule was required to maintain the pumping equipment and sand filter beds. The 
only interruption to service was due to a city-wide 12-hour power outage which interrupted 
production at the plant. Intake structures were commonly blocked by ash in surface water supplies 
during the eruption at other locations and required manual cleaning (Craig et al., 2016). Rainy 
conditions remobilised ash into catchments during this event and prolonged the impacts on supplies. 

Figure 2.10: An ashfall thickness isopach map from the eruption, with population centres (Wilson et al., 2013). 
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In the nearby township of Jacobacci which received 50 mm of ashfall, the water supply system proved 
to be resilient as the system extracts water from 17 groundwater wells (Craig et al., 2016). The entire 
system is enclosed, including the wellhead pumps, which meant that during this event physical 
impacts from direct ash fall were not an issue. However, meeting the water demand during this event 
was a challenge as residents cleaned repeated ashfalls causing the demand to increase from the 
normal usage of 1 million L/day to as high as 3 million L/day. Jacobacci and Bariloche received a similar 
amount of ashfall during the eruption but the impacts on their water supply systems were completely 
different, highlighting the importance of system design. Systems with surface water sources and open-
air sand filters are a key vulnerability of water supplies. 
 

Lessons learnt  

This eruption event again demonstrated the vulnerability of open-air sand filters, abstraction and 

distribution pumps, and surface-water systems. The groundwater supplies in Jacobacci were largely 

unaffected despite receiving 50 mm of ash which illustrates the resilience of enclosed bores and 

treatment processes for water supply. Pumps were a problem during this event as they are susceptible 

to abrasion and also rely on the continued supply of electricity for operation. Surface water systems 

are also exposed to remobilised ashfall from wind and rain. There is likely to be substantial ashfall 

deposits on the slopes of Taranaki Maunga following a future eruption and given the high rainfall of 

the Taranaki region, water supplies downstream of catchments will receive significant and prolonged 

ash. Open-air sand filters are a feature at several Taranaki water supplies and represent an area of 

concern.  

 

2.3.2.4 2015 Calbuco eruption, Chile  

Overview 

After 44 years of dormancy, Calbuco volcano, Chile, erupted again on the 22nd of April 2015 resulting 

in two subplinian eruptive pulses and widespread ashfall throughout Chile and Argentina (Castruccio 

et al., 2016).  Approximately 20 mm of medium-grained andesitic ash fell on the town of San Martin 

de los Andes (population ~35,000) located 165 km NNE of the volcano. 

 

Figure 2.11: ~50 mm ashfall at Bariloche WTP (Departamento 
Provincial de Agua, Bariloche.) 
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Impacts on water supplies 

The San Martin municipal water treatment plant (Quilquihue) is a largely gravity-fed system with a 

very low source water turbidity (0.2-0.3 NTU) that does not need a coagulation/flocculation step 

before filtration and is delivered directly to open-air slow sand filters. The plant had previously 

received ashfall from the 2011 Cordon Caulle eruption, which deposited around 20 mm fine 

rhyodacitic ash on the area (Craig et al., 2016). It was severely affected by this event, both because of 

the fine-grained nature of the ash, which clogged the pores of the sand filter media and made the 

water turn milky and turquoise-coloured, and also because it was beyond their experience, and they 

had little idea how to manage the situation. In particular, they did not realise the importance of 

proactively advising the public to conserve water and use dry clean-up methods so that water demand 

did not exceed supply. While it was necessary to increase NaOCl dosing because of increased turbidity 

even after filtration, FAC was maintained at 0.5 mg/L throughout the distribution system.  

Improvements to the plant to increase its resilience were funded by the Andean Development 

Commission of the Development Bank of Latin America. These included the construction of five 

additional sand filters (Figure 2.12), an underground aqueduct (to replace an open canal), an 

additional aqueduct and tanks (2 x 500 m3) to increase treated water storage.  

While these improvements were not completed by the time of the April 2015 Calbuco eruption, the 

ashfall was much less disruptive, despite being a similar depth to the 2011 ashfall. This was partly 

because the Calbuco ash was coarser-grained and did not block the sand filter media to the same 

extent, and also because of the experience gained from the 2011 event. Physical impacts to the plant 

were minimised through specific management actions such as co-opting additional workers to the 

roster and proactively managing water demand by advising the public not to use water for ash clean-

up.  

 

 

 

 

 

 

 

 

Lessons learnt 

The San Martin water supply provides an example of how building personnel resilience before an 

eruption can decrease the impact on water supply. The main lessons learnt from this event are the 

importance of water supply management during a crisis and that staff who have had experience with 

volcanic hazards will have a more effective response to an event. The latter is a particularly important 

consideration for the Taranaki context as water supply managers are unlikely to have had any 

experience with the devastating impacts volcanic hazards can have. This event illustrated that 

proactive management of water demand is needed throughout an eruption including consistent and 

clear public messaging. Also, the development of an emergency staffing roster can help to address 

staffing issues during an eruption. Investment in additional sand filters, subterrestrial infrastructure, 

Figure 2.12: New sand filter at San Martin WTP. There is now a 
total of 14. Photo: Carol Stewart (2016). 
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and increased water storage represent methods to improve the resilience of water supply systems 

and can be applied in the New Zealand context.   

 

2.3.3 Water supply vulnerability and opportunities for resilience  

From the literature and case studies, there are system characteristics for water supplies and water 
treatment that influence the vulnerability of the system to the impacts of ashfall. This section will 
review the key systemic vulnerabilities and highlight opportunities for resilience as displayed in Figure 
2.13. Additionally, it will discuss pathways for building resilience aside from the physical aspects of 
water supply systems.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Often the most influential factor on the vulnerability of a water supply is the water source type. Often 
during an eruption, water systems that are fed by groundwater perform much better than the surface 
and rainwater-fed systems (Craig et al., 2016; Stewart et al., 2006; Stewart et al., 2009a; Wilson et al., 
2010). Ash is less likely to enter the water supply system when the water is sourced from groundwater 
and the pumps and other moving parts are covered. In contrast, systems that are surface water-fed 
and have open-air elements are more vulnerable to the physical disruption of moving parts and the 
contamination of a water supply (Wilson et al., 2014; ReliefWeb, 2021). Additionally, surface water-
fed systems have intake structures that are vulnerable to clogging from ashfall and extreme damage 
from lahars (CDERA, 2006; Hayes et al., 2019). Irrigation systems in Ritzville County during the Mt St 
Helens eruption were little impacted by ashfall as they were groundwater-fed where water was 
pumped directly from bores and did not come into contact with ash (Wilson et al., 2010). The resilience 
of groundwater supplies was also highlighted during the 1991 Mt Hudson eruption in Los Antigous 
Village where groundwater sourced supplies were not contaminated unlike surrounding surface water 
supplies (Inbar et al., 1995).  
 

Figure 2.13: Schematic diagram of water supply networks illustrating points of vulnerability and factors 
increasing resilience. Figure credit: N. Deligne and C.Stewart. 
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Water supply systems depend on a constant supply of water which can be disrupted during an 
eruption due to impacts to water extraction and delivery components (Stewart et al., 2020). Systems 
that use pumps for the extraction or distribution of water are a major vulnerability as they can be 
clogged and abraded by ashfall and lahars resulting in a loss of service (Stewart et al., 2006). Covered 
pumps will receive less direct ashfall, however, blockages can still ensue due to tephra-laden water 
entering the system through an intake. Systems which utilise gravity for the distribution of water to 
the water treatment plant are less likely to experience supply disruptions. Additionally, reticulation 
systems with low capacities for sediment are more vulnerable to blockages (Wilson, 2015).  
 
Elements of the water treatment plant can also contribute to the vulnerability of a system including 
the treatment strategy and building design (Stewart et al., 2020). Ashfall and other volcanic debris will 
greatly increase the maintenance and treatment actions required to sustain potable water production. 
Elevated sediment load will apply pressure to the system and will require increased flocculent 
resulting in more solids being removed by the clarifiers and filters (Craig et al., 2016). Staff will need 
to clean or replace filters more frequently which can reduce the production of water (Stewart et al., 
2009b). Systems with a small number of open-air filters are particularly vulnerable as they may not 
have the option to continue production during cleaning and they will receive a greater amount of 
direct ashfall. Slow sand filters have proved to be highly vulnerable in several historical eruptions due 
to infilling and blocking by ashfall (e.g. 2021 La Soufrière, 2011–2012 Puyehue-Cordón Caulle) (Relief 
Web, 2021; Craig et al., 2016). Covered filtration methods such as membrane filters and having filters 
in parallel are more resilient to ashfall as they will receive less direct ashfall and cleaning actions can 
occur while adjacent filters continue to operate (Leonard et al., 2014). Lastly, buildings at a water 
treatment plant site are exposed to increased static and lateral loading from ashfall and lahars (Hayes 
et al., 2019). Regular clearing and appropriate disposal of ashfall from rooftops and other surfaces can 
decrease the chance of roof collapse and protect other assets from remobilised debris. Roofs with a 
large surface area and structures located near river channels are especially vulnerable to increased 
loading.  
 
Automatic turbidity shutdowns can reduce the direct impacts to water supply systems during an 
eruption as ash-ingress is greatly reduced (Leonard et al., 2014). Supplies that can automatically shut 
down an intake due to elevated levels of turbidity protect assets downstream of the intake structure 
such as pumps, pipes, and filters. However, this will halt the production of potable water from the 
plant and to supply customers with potable drinking water the stored treated water will have to be 
used.   
 
The vulnerability of water supply systems is also influenced by the systems reliance on electricity and 
telecommunications for operation (Wilson et al., 2010). It is well documented that electrical power 
supply and telecommunication networks are subject to failure during a volcanic eruption due to ashfall 
(Bebbington et al., 2008; Wilson et al., 2009). Therefore, water supply systems that rely on electricity 
and telecommunications for the operation of pumps and other equipment are likely to fail and without 
a backup generator, these systems may not be operational for significant periods during an eruption.  
Lastly, the literature identified that water demand is likely to drastically increase during an eruption 
and requires significant stored treated water and proactive management (Stewart et al., 2009). 
Historically, water supplies with substantial water reserves are better equipped to meet the demands 
of a crisis and allow for the tactical shutdown of equipment to protect assets. Additionally, water 
supply managers and emergency officials who effectively implement, communicate, and enforce 
water usage restrictions greatly reduce the stress on the system and the likelihood of failure. Specific 
volcanic eruption plans and public education initiatives also contribute to the preparedness of water 
supply staff and communities. Public communication plans should reflect the challenges of public 
messaging under telecommunication outages and the shift of demand that evacuations cause. 
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2.4 Fault Tree – development of the tool  

The literature review has illustrated the range of impacts from volcanic hazards to water supply 
systems and the complex systemic vulnerabilities that exist due to variations in system design, lifeline 
dependency, and asset management. Due to the intricate interactions between hazards and water 
supply systems, it is difficult to quantify vulnerability using traditional approaches. The vulnerability 
of critical infrastructure can be displayed effectively using system diagrams and graphs such as fault 
and event trees which produce failures within a system due to stresses (Pollert & Dedus, 2006; Wild, 
2016). This highlights systemic vulnerabilities and allows for the identification of potential 
opportunities for resilience (Ericson, 1999). Impacts to complex infrastructure systems and 
commercial sectors with intricate structures and interactions with other lifelines can be assigned 
certain probabilities based on the likelihood of combinations of events occurring. Wild (2016) used a 
fault tree to identify all of the failures during an eruption that can lead to an impact on livestock 
welfare.The purpose of this section is to develop a fault tree for water supply systems to serve as a 
vulnerability model in further impact assessment.  
  

2.4.1 Background of fault trees and methodological development 

Fault tree analysis is used to establish the probability of system failure root causes and is a common 

risk assessment tool as it highlights system ‘faults’ and opportunities for resilience (Ericson, 1999). It 

uses a tree branch graphical structure where the root cause of the failure is at the bottom of the tree 

and directly relates to the so-called top event in the diagram. Logical gates throughout the tree 

investigate a combination of causes that lead to the initial event. The AND gate identifies situations 

where two or more causes are needed to cause the event higher up in the tree (Pollert & Dedus, 2006). 

Whereas the OR gate is used when a singular fault can lead to the event that triggers system failure. 

In this way, FTA establishes the combination of causes that lead to the initial event at the top of the 

tree and the probability that this event occurs. This type of statistical analysis is widely used by 

infrastructure managers and researchers as it specifically outlines systemic vulnerabilities.  

To determine the vulnerability of water supply systems a fault tree is presented in Section 2.4.2. This 

fault tree is informed through an extensive literature review and with expert elicitation from the 

project supervisors and members of the water industry. The completed fault tree has undergone 

several iterations and has been validated with input from water supply engineers at workshops 

completed in December 2021 in Taranaki.   

 

2.4.2 Presentation of fault tree 

During volcanic eruptions, all steps in a water supply system can be impacted where the severity and 

spread of the impact throughout the system depend on the characteristics of the supply system and 

management actions during the crisis (Leonard et al., 2014; Stewart et al., 2020; Craig et al., 2016). A 

water supply system fails if it does not provide water to customers; this can be seen as the top event 

in the tree, where a multitude of causes can lead to this failure. Figure 2.14 shows the fault tree 

developed to determine the causes of failure of a generic water supply system during an eruption. 

From past volcanic impact events, it is clear that the main modes of failure for water supply systems 

during volcanic eruptions are; no potable water is being by the treatment plant, no water is being 

distributed to customers, and the stored treated water has been exhausted. These are the main 

branches of the tree and have various root causes at the bottom of each branch. It is also important 

to recognise the dependence of water supplies on other lifelines in the analysis as it can fail following 
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impacts to other sectors during an eruption. Outages to transportation, power, and 

telecommunications are faults within the fault tree that can lead to the loss of water supply.   

Identifying the volcanic hazards that can influence a specific cause or fault is helpful as it allows 

managers to assess impact based on differing eruption scenarios. For example, a scenario where a 

water supply only receives lahar impacts is likely to be different from one where the supply is exposed 

to several hazards. Literature has established that the primary volcanic hazards for water supply 

systems are airborne and waterborne tephra, and lahars. The difference between lahars and 

waterborne tephra is that the high velocity and density of lahars are more likely to cause dynamic 

pressure impacts to assets in watercourses such as intake structures, while waterborne tephra is 

unlikely to destroy intake structures but may block them, damage submerged pump impellers and/or 

motors and overwhelm turbidity reduction steps such as initial coagulation-flocculation treatment, 

and clog open-air sand filters.  
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Figure 2.14: The water supply fault tree with main modes of failure, impacts on other lifelines, and volcanic inputs marked. 
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Main modes of failure for water supplies 

During an eruption, the production of potable water is likely to be disrupted and when combined with 

high demand and depleted water storage it can result in the loss of water supply. In the fault tree, this 

mode of failure has been characterised by two branches; delivery of water to WTP disrupted and water 

treatment process disrupted.  Surface water intakes and abstraction pumps are known systemic 

vulnerabilities and can be destroyed and severely damaged by ashfall and lahars. Some intake 

structures have an automatic turbidity shutdown which prevents further water production at the site, 

however, an automatic turbidity shutdown limits ash ingress and associated impacts to the rest of the 

system preventing widespread damage and disruption. Pumping failure can occur due to either a loss 

of power or severe abrasion to pumping impellers and motors as a result of ash. Where the loss of 

power can occur due to the combination of external power outages, flashover on electrical equipment 

at the site, and the lack of backup power generation. Additionally, sections of aerial pipelines can be 

severed or blocked by lahars and restrict water distribution to the WTP.   

Direct ashfall at the plant site or ash ingress through the intake can result in several issues for the 

water treatment plant that are intensified due to high demand during an eruption. The water 

treatment process is likely to be disrupted by ashfall due to critical service outages 

(telecommunications, and power), contamination, and physical impacts to treatment equipment. The 

aforementioned dependence of water supply systems on telecommunications and power supply will 

mean that various treatment actions throughout the water treatment process cannot occur. A 

particular point of vulnerability is that the ability of the plant to be controlled remotely is jeopardised 

during a situation where site and staff access is limited. Ashfall is known to block clarifiers and filters 

and can damage monitoring equipment which will compromise the treatment of source water.  

Disruption to the supply chain can occur due to reduced staffing capacity and on-site storage of 

consumables such as diesel and water treatment chemicals such as coagulants. Reduced staffing 

capacity means that management actions such as an increased maintenance schedule cannot occur. 

An eruption is likely to limit access to the site and will prompt staff to connect with family rather than 

operating a potentially dangerous site. In addition, if there is no site access and insufficient on-site 

storage, elements of the supply system such as backup power generation, treatment, and damaged 

componentry are likely to fail. Treatment, for example, will fail if there is insufficient lime for pH 

adjustment, alum or PACl for coagulation or chlorine-based compounds for disinfection. Also, ash can 

alter the chemical composition of raw water and dramatically increase the turbidity which will require 

increased chemical treatment, testing, and monitoring. 

Subaerial pipes delivering water from intakes to WTPs can be severed or damaged by lahars due to 

high dynamic pressure and lateral loading leading to service outages. The pipe network from the WTP 

and reservoirs to customers is less likely to be impacted but can still experience damage to subaerial 

pipelines. Any reticulation pumps can be blocked and clogged by volcanic debris travelling through the 

system, however, this is less likely for pumps downstream of the WTP. Reticulation pumps rely on the 

electrical network and will need backup power to operate during power outages.  

The above impacts and faults will mean that to continue supplying potable water to residents the 

supply will have to rely on its stored treated water and backup sources. Therefore, if there is a situation 

where the production of potable water has been compromised and the stored supply has been 

exhausted, residents will not receive potable water. The water supply is more likely to be exhausted 

when the supply has no backup water source and has little stored treated water to utilise while the 

water production capacity of the treatment plant is reduced. In addition, effectively communicating 

the stress an eruption is having on a supply with emergency managers and the public is essential to 
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ensuring that water demand is controlled and that public anxieties around water quality and 

production are checked. Even very small ashfalls can result in high water usage due to ash clean-up 

operations.  

 

2.5 Summary of chapter 

This chapter has reviewed volcanic hazard impacts on water supply systems using case studies from 

historical volcanic eruptions. This review revealed the features of water supply systems that influence 

the systemic vulnerability of the system to volcanic hazards. Findings were summarised using a fault 

tree which is intended to be used as a vulnerability model for water supplies. The fault tree presented 

here will be applied to the Taranaki context and used for further analysis of impacts. This section will 

reflect on the development and results of the fault tree analysis and how this can be applied to specific 

water supply systems.  

Water supply systems are complex infrastructures that involve several linked assets all with differing 

vulnerabilities to volcanic hazards (Weir et al., in review; Wild et al., 2019; Wilson et al., 2014). 

Additionally, water supplies are dependent on power, telecommunications, and transportation for 

continued operation which further complicates quantifying vulnerability. The review of water supply 

vulnerability established that vulnerability is highly dependent on system design. To address this a 

fault tree was created as it captures all of the vulnerable characteristics of water supply systems by 

identifying potential failures in the network. 

The fault tree represents a conventional water supply system and may need to be altered if used on 

systems with alternate abstraction and treatment methods. For example, if a groundwater system 

does not have an exposed intake that branch of the fault tree would be removed. In this way, the fault 

tree can represent water supplies with differing characteristics. This will be an important aspect of the 

impact assessment in the following chapter, as Taranaki is a region with a diverse range of water 

supply systems.  

While the fault tree provides a novel contribution to quantifying water supply vulnerability, it does 

not estimate vulnerability on a transferrable numerical scale. Calculating the probabilities of each type 

of failure would address this, but can only be applied to one supply at a time and would require 

numerical hazard data and fragility functions for each node in the tree. This is outside the scope of 

this thesis but the fault tree will be varied in the following chapter to derive impact metrics.  
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3 Assessing volcanic hazard impacts on Taranaki water supply 

schemes to evaluate loss-of-services 
 

3.1 Introduction  

The previous chapters have outlined the volcanic risk context in Taranaki and how water supply 

systems are vulnerable to volcanic hazards. Outlining the potential hazards and associated impacts in 

a certain setting forms part of the risk identification stage within the risk assessment process (Figure 

1.6). Comprehensive risk identification involves identifying specific exposed assets and determining 

their vulnerability to potential hazards. This allows for further impact assessment using risk models 

and functions. Additionally, it allows for discussion of the likely consequences of hazard impacts and 

identification of risk mitigation options as part of the risk analysis and risk evaluation stages of the risk 

assessment process. 

The objective of this chapter is to develop and apply a volcanic hazard impact assessment to municipal 

water supply schemes in the Taranaki region. The impact assessment uses a deterministic approach, 

combining hazard models, an exposure inventory, and the fault tree for water supplies outlined in the 

previous chapter. The impacts to each asset contribute to an overall loss-of-service (LOS) estimation 

for each water supply scheme. This was selected as a suitable impact metric for this assessment. The 

chapter methodology is outlined in detail in Section 3.2. The results from the impact assessment are 

presented using figures and tables generated using geospatial and computational analysis (Section 

3.3). The methodological development and key findings of the impact assessment are summarised in 

Section 3.5. Chapter 4 will discuss the implications of the results presented here and outline the 

limitations of this study and areas for future work. 

 

3.2 Chapter Methodology 

Impact assessments require detailed information around the potential range and extent of hazards, 

and the arrangement and vulnerability of exposed assets and communities (UNDRR, 2019; Weir et al., 

in review). Volcanic hazards are usually represented using spatial maps which communicate hazard 

intensity, distribution, and topographical behaviour to display what is known as the ‘hazard footprint’ 

(Alatorre-Ibargüengoitia et al., 2012; Deligne et al., 2017; Hayes et al., 2020; Ang et al., 2020). 

Developing a hazard footprint necessitates a profound understanding of the eruption characteristics 

and meteorological and topographical settings of a particular volcano. Spatial datasets of assets or 

people and their susceptibility to impacts establish exposure and vulnerability (Aspinall et al., 2011; 

Brown et al., 2015; Wilson et al., 2014; Williams et al., 2020). The combination of hazard footprints, 

asset inventories, and vulnerability models can be used to disseminate direct impact from an event 

(McDonald et al., 2017; Marzocchi et al., 2012). 

Direct impacts from volcanic hazards only account for one facet of the total impact from an event. 

Indirect impacts following and during an eruption are known to cause losses and can occur outside of 

the spatially defined hazard (Few et al., 2017b). Indirect impacts such as lifeline outages or the 

evacuation of people from an exposed area do not directly relate to the interaction between the 

hazard and the exposed object (UNDRR, 2019). These impacts are not conveyed by direct hazard 

impacts and need to be incorporated into impact assessments to develop more realistic eruption 
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scenarios. The methodology for this chapter follows a systematic approach to assess the potential 

impacts on water supply schemes in Taranaki. This section will review the methods used at each stage 

in the impact assessment process. 

 

3.2.1 Selection of a deterministic eruption scenario  

Deterministic scenarios which represent the worst-case or most likely events are often used to 
provide efficient and direct hazard assessment for emergency managers, however, they are limited as 
the probability of occurrence is rarely presented and uncertainties with eruption forecasts are not 
reflected in the output (Newhall & Hoblitt 2002; Jenkins et al., 2012). Probabilistic hazard modelling 
develops a range of scenarios based on past-event and expert-derived data and more effectively 
communicates the intrinsic complexity of natural hazards (Weir et al., in review Wild et al., 2019). 
However, probabilistic scenarios involve large statistical datasets and complex tools such as Bayesian 
Event Trees which reduce effectiveness in time-restricted situations (Tierz et al., 2017; Wild et al., 
2020). Hazard maps or hazard curves are commonly produced during hazard assessment and show 
hazard intensity as a function of the spatial extent or the probabilities of hazard intensities at a given 
location (Jenkins et al., 2012; Mead & Magill, 2017). As both approaches are valuable for scientists 
and decision-makers there has been increasing favour to merge deterministic and probabilistic hazard 
modelling (Hayes et al., 2020; Ang et al., 2020).   
 

Volcanic eruptions can be complex and have different eruption phases with different hazard types 
occurring throughout an eruptive period (Bebbington & Jenkins, 2019). Large volcanic eruptions can 
produce several hazards which can each trigger a cascade of hazards or intensify existing hazards (Weir 
et al., in review). For example, a volcanic eruption can trigger landslides and lahars which can 
remobilise deposited ashfall and exacerbate impacts. Lahars are of particular concern as these can 
occur outside of eruptive periods due to earthquakes and high rainfall (Zuccaro & De Gregorio, 2013; 
Wilson et al., 2014). Recent research has attempted to quantity the initiation of cascading hazards 
such as lahars (Mead & Magill, 2017; Tierz et al., 2017), while other work has incorporated volcanic 
multi-hazards into hazard assessments (Weir et al., in review; Jenkins et al., 2013; Tierz et al., 
2017). Understanding and interpreting the hazard or range of hazards is an important initial step in 
the risk assessment process and provides spatial risk context.  
 

Hazard data is a key component of any impact assessment as it establishes the extent and intensity of 

the hazard and can be used to develop useful disaster scenarios (Deligne et al., 2015; Zuccaro et al., 

2008; Smith, 2013). Volcanic hazard data is often derived from historical records of previous events, 

geological records of unrest and eruptions, and informed expert opinion (Blong, 1984; Damaschke et 

al., 2017; Turner et al., 2008). The impact assessment completed in this chapter uses a current 

eruption scenario for Taranaki Maunga that represents a large-scale eruptive period from the main 

vent over several months. The large-scale drawn-out eruption scenario can be described as the worst-

case scenario for Taranaki.  

Weir et al. (in review) developed a framework for the development of multi-hazard, multiphase 

eruption scenarios and applied it to the Taranaki Maunga context. This work produced nine credible 

eruption scenarios for Taranaki Maunga that are used widely by emergency managers, risk scientists, 

and government organisations. The eruption scenarios were developed using statistical models, 

expert judgement, and empirical data and follow a simple modular and inherently adaptable 

approach. The nine eruption scenarios vary in eruption magnitude and are categorised into small, 

medium, and large sub-suites (Figure 3.1). Within the sub suites, there are three scenarios that 

increase in total volcanic magnitude from 1-3. Each scenario covered four modules; eruption location, 
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eruption phase-type and duration, and hazard occurrence and frequency where a ‘phase’ is defined 

as a change in volcanic activity. The volcanic hazards included in the framework are ballistics, lava 

flows, ashfall, PDCs, and lahars which are noted in each of the six eruption phases. The large eruption 

scenario ‘L1’ was selected as a suitable choice for this impact assessment as it represents a worst-case 

scenario for the water supply lifeline and can be applied over 5 months to assess cumulative impacts 

and the long-term operation of assets.  Another valuable contribution that this work made was 

converting the Taranaki eruption scenarios into GIS hazard footprints with spatial and hazard intensity 

data. Ashfall and lahars are the most relevant hazards for water supply systems and the ‘footprints’ 

developed for these hazards in Weir et al. (in review) were used in the GIS programme ArcGIS. Ashfall 

was represented using isopach maps which display ash thickness, this was created using the contour 

tool. While a simple polygon feature was used to represent lahars in which it is assumed there will be 

a very high level of damage due to the intense structural loading and dynamic pressure that lahars 

inflict on exposed objects (Newhall & Punongbayan, 1996; de Bélizal et al., 2013; Wilson et al., 2014). 

The scenarios also record power and road outages, and evacuations which were used to display 

indirect impacts.  
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Figure 3.1: The nine eruption scenarios for Taranaki Maunga. Each eruption phase during a scenario is noted along with either a (d) for a discrete phase, or a (p) 
for a prolonged phase. Discrete phases last 1 day and prolonged phases last weeks to months. The volcanic hazards associated with each eruption phase are noted 
using hazard symbols. The total volcanic magnitude increases for each scenario from S1 downwards. From Weir et al. (2021). 
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3.2.2 Taranaki water supply exposure and vulnerability analysis  

Determining exposure from volcanic hazards is often associated with large uncertainties due to the 

unpredictable nature of volcanic eruptions and the influence of meteorological conditions on hazard 

extent and intensity (Brown et al., 2014; Aspinall et al., 2011). A literature review on the eruptive 

record of Taranaki Maunga and the extent of known hazard events was completed in Section 1.4.5. 

This concluded that the entire Taranaki region is potentially exposed to ashfall and informed the 

spatial extent of the exposure data used in this impact assessment (Cronin et al., 2021; Damaschke et 

al., 2018; Bebbington et al., 2018; Hurst & Smith, 2010). Exposure data on water supplies was collected 

using an exposure inventory which recorded the location of the selected asset. Water supply data was 

sourced from the three authorities of municipal water provision in Taranaki; New Plymouth District 

Council [NPDC], Stratford District Council [SDC], and South Taranaki District Council [STDC]. Data from 

the Ministry for the Environment and the Institute of Environmental Science and Research [ESR] was 

also used to identify other water assets. The collected data was then converted into the same GIS 

format as the hazard data.  

The previous chapters have established that impacts to surface water-fed supplies during volcanic 

eruptions can occur at any point throughout the water extraction, treatment, and distribution process, 

where exposure and impact can vary dependent on the asset (Stewart et al., 2006; Wilson et al., 2010; 

Wilson et al., 2014). To reflect this, each water supply in Taranaki was separated into key components 

within a larger water supply scheme. Figure 3.2 displays the notation used for these features with 

reference to the type of system. It was important to separate assets with a groundwater source as 

these are much less vulnerable to volcanic hazards and represent points of resilience within the 

regional water supply network (Stewart et al., 2020) 

Each supply was mapped from source to sink, where a range of data sources and geospatial techniques 

were applied. Surface water catchments were mapped using publicly available geospatial river 

catchment data created by the Ministry for the Environment. Location data for intake structures, 

water treatment plants, storage reservoirs, pipelines, and customer catchment areas was provided by 

the three district councils in the region.   

 

  

 

 

 

 

 

 

Chapter 2 developed a volcanic hazard vulnerability model for water supply schemes using recorded 

impact events and with expert consultation from the project supervisors and water supply engineers. 

The fault tree was designed to be used in risk and impact assessments and is applied to the Taranaki 

context in this chapter. To successfully use this tool, water supply vulnerability data was collected to 

determine the vulnerability of each supply in Taranaki. This included detailed information on how each 

Figure 3.2: The water supply assets and their notations that were mapped as part of the exposure data for 
the impact assessment. 
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supply scheme sources, delivers, treats, and stores its water. This data was collected from publicly 

available engineering reports and direct engagement with regional water supply operators at 

workshops and conferences in Taranaki. The workshops and conferences were part of the wider 

research programme and did not explicitly relate to this thesis. Also, a site visit to the New Plymouth 

WTP was carried out and informed the analysis and discussion of systemic vulnerabilities.  

 

3.2.3 Determining LOS for water supplies 

Impact state (IS) is a widely used metric for volcanic hazard impact and provides levels of damage and 

disruption defined by semi-quantitative impact descriptions (Kappes et al., 2012; Jenkins et al., 2014; 

Wilson et al., 2014; Wilson et al., 2017; Weir et al., in review). Recent studies have developed volcanic 

hazard impact metric tiers for several categories of infrastructure (Jenkins et al., 2014; Juniper, 2018; 

Wilson et al., 2017; Wilson et al., 2014; Johnston et al., 2004; Blake et al., 2017), however, impact 

classes often relate to direct physical impacts and do not make it clear whether that asset can provide 

service. Craig et al. (2016) applied the Wilson et al. (2014) water supply vulnerability model to supplies 

following the 2011 Puyehue-Cordón Caulle eruption (Table 1.2). This highlighted that hazard-centric 

vulnerability models are inaccurate in estimating impacts to diverse water supply systems. Weir et al. 

(in review) applied the Wilson et al. (2017) ashfall vulnerability model for water supplies to the 

Taranaki context and provided impact states for water supply assets during several eruption scenarios.  

This study aims to build on this knowledge by providing loss-of-service (LOS) estimates for Taranaki 

water supplies during the L1 eruption scenario using a system design-focussed vulnerability model. A 

LOS levelled tier informed by a review of volcanic impact events was developed to provide distinct 

water supply outage classes for end-users (Table 3.1). Four LOS levels (LOS0-LOS3) were developed 

with an increasing impact on water supply. These are largely based on four LOS levels for water supply 

outages defined in Buxton et al. (2014). Deligne et al. (2015) applied these LOS levels to water supplies 

during an Auckland Volcanic Field (AVF) eruption scenario using mostly qualitative descriptions of 

impacts, outage maps and timelines.  

This study followed a similar approach and applied the fault tree (Section 2.4.2) to each water supply 

scheme in Taranaki during each day of the L1 eruption scenario to determine the direct and indirect 

impacts and the LOS level for water supplies. Each direct impact failure node on the fault tree was 

informed through the presented case studies and determined through a combination of hazard 

intensity metrics (e.g. ashfall thickness, lahar volume/consistency), and systemic and physical 

vulnerability. Failure nodes were removed or added depending on the characteristics of each water 

supply scheme. For example, the pumping failure branch and associated nodes were removed from 

fault trees for water supply schemes without abstraction pumps. Indirect impacts were determined 

through the pre-existing eruption scenario (Weir et al., in review) and engagement with local councils. 

The L1 eruption scenario included spatial data on power and road outages and evacuations which 

allowed for estimations of demand, site access, and power loss throughout the scenario (Weir et al., 

in review). Water supply failures at each day during the eruption scenario were recorded and used to 

derive LOS level maps and timelines. 
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Table 3.1: The four LOS levels developed for the impact assessment in this study. The colours represent the colour scheme 
used in the analysis. 

Loss-of-
Service level 

Description 

0 Total security in quality and quantity of water. Supply is fully 
operational. There may be some increased water usage that needs 
to be managed. 

1 Water quality is compromised. Water not microbiologically 
safe/boil water notices needed. 

2 Water quantity is compromised. Supply is under considerable 
stress but may be able to provide some service to customers under 
strict water usage restrictions.  

3 No water available. Supply is under extreme stress and it is 
unlikely that it will be able to provide service to customers. 
Alternative supply needed to supply customers. 

 

 

3.3 Deterministic volcanic hazard impact assessment for Taranaki Water Supplies  

This section summarises the key findings from the vulnerability analysis and deterministic impact 

assessment. Firstly, the exposure and vulnerability analysis for water supply schemes is presented in 

Section 3.3.1. The following sections (Section 3.3.2 and Section 3.3.3) summarise the regional impacts 

on water supply systems in Taranaki and provide LOS estimates for each scheme. The results 

presented here will be discussed in the subsequent chapter which will include recommendations for 

improving the resilience of water supply schemes in Taranaki.  

 

3.3.1 Exposure and Vulnerability Analysis 

The previous chapter identified the vulnerability to volcanic eruptions of water supply systems with 

surface water sources, water abstraction relying on pumping rather than gravity feed, uncovered 

treatment processes, reliance on the power network, and low treated water storage volumes (Stewart 

et al., 2020; Stewart et al., 2006; Leonard et al., 2014; Craig et al., 2016; ReliefWeb, 2021). The majority 

of water supply schemes in Taranaki have a surface water source that is fed by rivers and streams 

flowing from the maunga. Many of the region’s water supplies have a limited 2-3 days of treated water 

storage which under an eruption scenario can be depleted quickly due to high demand and water 

production issues (Stewart et al., 2009b). Additionally, several water supplies use a conventional 

treatment method with uncovered sand filters and other treatment equipment. Due to the 

topography of the region, many water supplies utilise gravity for distribution, however, aerial pipelines 

attached to bridges traverse rivers susceptible to lahars and represent a potential breakage point in 

the network (Newhall & Punongbayan, 1996). This section will outline the council-owned and 

operated water supply schemes in Taranaki and identify any systemic points of vulnerability.  

 

 

 



Chapter 3 – Assessing volcanic hazard impacts on Taranaki water supply schemes to evaluate loss-of-services 

56 
 

3.3.1.1 New Plymouth District  

The NPDC operates four water supply schemes; New Plymouth, Inglewood, Ōakura, and Ōkato, 

serving approximately 65,210 customers (ESR, 2019). Figure 3.3 displays the location of key assets 

within the four schemes and system diagrams of each water supply scheme. The New Plymouth WTP 

is a major asset for drinking water services in the district and serves the majority of its residents 

(59,072). This WTP sources its water from Lake Mangamahoe which is a reservoir recharged by the 

Waiwhakaiho River through a river transfer tunnel. Stepper screen intakes submerged in the lake 

transfer water (via gravity) to the WTP where it undergoes pre-treatment, clarification, filtration, and 

final disinfection. The New Plymouth WTP uses open-air sand filters, and the treated water is stored 

in a holding tank below the WTP before it is distributed to several reservoirs throughout New 

Plymouth. The distribution system is largely gravity fed but there are some pump stations to reach 

elevated areas. Figure 3.4 shows a system diagram of the New Plymouth water supply. 

The Inglewood and Ōkato water supply schemes are much smaller and are similar to each other in 

water extraction, distribution, and treatment processes. At these supplies, an infiltration gallery 

(concrete stream-bed intake structure) draws water from rivers flowing from Taranaki Maunga where 

it is gravity-fed to a WTP. The Inglewood WTP uses a conventional treatment process (clarification, 

filtration, and disinfection), while the Ōkato WTP features a two-stage microfiltration process using 

cartridge filters before final disinfection (NPDC, 2021, Oct 21). The treatment process in the Inglewood 

and Ōkato schemes is covered by a roof. 

The Ōakura water supply is the only groundwater supply in the district and sources its water from a 

confined aquifer beneath the WTP where it is disinfected before distribution to a storage reservoir 

(NPDC, 2021, Oct 21). The Ōakura supply is dependent on a constant power supply to operate its bore 

pumps and requires a backup power generator during power outages. The other systems in the region 

require power to operate mechanical components and monitoring systems and will also require 

backup power during power outages. New Plymouth and Ōkato have an onsite backup power 

generator, while Ōakura has one yet to be installed. These backup generators will allow for continued 

operation during external power outages. However, site access is needed to supply diesel during 

extended outages. 

 

3.3.1.2 Stratford District  

The Stratford District Council operates three supply schemes; Stratford, Midhurst, and Toko which 

serve a total population of 7,028 (ESR, 2019). The Stratford and Midhurst schemes are located in the 

west of the district and extract water from rivers flowing down the eastern flank of Taranaki Maunga 

(Figure 3.5). The Stratford scheme is served by dual intakes on the Patea River (primary intake) and 

Konini Stream (auxiliary intake) and follows a conventional, covered treatment process before 

distribution to customers. The Midhurst water supply sources its water from the Popo Stream where 

it is pumped to a WTP. The Midhurst WTP uses a conventional, uncovered treatment process, while 

the Stratford system uses covered settlement and membrane filters for particle removal. The Toko 

water supply is a small rural supply with a groundwater source and a small pump house that filters 

and disinfects the raw water. SDC have capital expenditure (CapEx) approved for a new generator at 

the Stratford WTP which is part of resilience investments in the system over the next few years. 

However, at the time of this assessment work on the new upgrades has not commenced. The Midhurst 

and Toko schemes do not have on-site power generators.  
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3.3.1.3 South Taranaki District  

The STDC operates 11 water supply schemes serving approximately 20,000 residential and commercial 

customers in a largely rural district (ESR, 2019).  Drinking water supply in the district has two distinct 

supply areas with contrasting system processes (Figure 3.6). The central and western supplies all 

extract water from streams and rivers flowing from Taranaki Maunga and largely follow a conventional 

treatment process. The Hāwera water supply is the largest scheme in the district and uses pumps to 

extract water and has a more sophisticated treatment process than the other surface-water schemes 

in the district including; initial settlement and parallel membrane filters for particle removal (Figure 

3.7). Similar to other water supplies in the region, Hāwera has a 2-3 days’ supply of stored treated 

water. The southern water supplies in the district utilise confined aquifers in the underlying strata to 

supply water to several small communities.  
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1. Intake 2. WTP 3. Storage
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of pumps and ash ingress will be limited by the roof.
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Figure 3.3: Maps and system diagrams of the four municipal water supply schemes in the New Plymouth District.  
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Figure 3.4: A map and system diagram of the New Plymouth water supply scheme. 
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Figure 3.5: Maps and system diagrams of the three water supply schemes in the Stratford District. 
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Figure 3.6: Maps and system diagrams of the 11 water supply schemes in the South Taranaki District. The Nukumaru water 
supply is a private supply operated by the Nukumaru Water Scheme Society Incorporated (NWSSI) and is only included here 
as an example of the private schemes that exist throughout Taranaki. 
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3.3.2 L1 eruption scenario regional water supply impacts 

The L1 eruption scenario outlined in Section 3.2.1 was used to investigate the potential impacts on 

water supply schemes across Taranaki. This section will summarise the likely direct and indirect 

impacts to regional water supply schemes during this eruption scenario and outline the calculated 

loss-of-service for each supply. Section 3.3.3 records the impacts on individual supply schemes.  

Volcanic activity during the eruption scenario is characterised by repeated ashfalls and extensive 

lahars that can cause impacts throughout each stage of the water supply process (Stewart et al., 2020; 

Wilson et al., 2014). Hazard data including ashfall thicknesses and lahar volumes for these eruption 

phases is summarised in Table 3.2. Figure 3.8 illustrates the spatial extent and intensity of ashfall and 

lahars during four of the six eruption phases. Eruption phases 3d and 4p are not shown as no volcanic 

activity occurs during this time.  

The first major eruption on day 40 (1d) deposits ash predominantly to the east of the vent blanketing 

several water supplies including Midhurst and Stratford. It is anticipated that this significant ashfall 

will increase the turbidity of raw water in surface water supplies and build up on intake structures and 

abstraction pumps. It is likely that pre-emptive, manual turbidity shutdowns of intakes will prevent 

Membrane 
filtration

Settlement
Disinfection 
– Chlorine, 

pH, F- 2-3 days

Kapuni Stream 
Weir

Pump assisted 
distribution

Covered treatment

1. Intake 2. WTP 3. Storage

Covered treatment processes are resilient to impacts 
as ash ingress will be limited by the roof.

Intakes and pumps on streams or 
rivers are highly vulnerable to 

impacts from lahars and ashfall.

Onsite backup 
generatorand 
diesel supply

Onsite backup 
power generation 

a resilience feature

Figure 3.7: A map and system diagram of the Hāwera water supply scheme. This scheme is unique due to the 
interconnectedness with the adjacent schemes (Waimate West and Inaha). 
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significant ash-ingress for covered systems but means that supplies will have to rely on stored treated 

water to supply customers. The Midhurst water supply will be the worst affected during this eruption 

and receive 600 mm of ash which is likely to collapse the treatment plant roof and infill the open-air 

filters and clarifiers.  

This eruption is followed by several smaller eruptions which affect the northern and eastern areas of 

the region. It is likely that the ashfall during this phase of the eruption is manageable with increased 

cleaning and treatment for the majority of affected supplies. For those supplies receiving a 

considerable amount of ash in the first eruption, eruptions during phase 2p likely worsen the condition 

of already-damaged intakes, pumps, and WTPs. Heavy rainfall (ex-tropical cyclone) triggers lahars on 

day 50 which likely destroy or severely damage water supply assets at a few localities and cause 

elevated levels of turbidity in several other supplies. It is probable that lahars down the eastern flanks 

of the volcano destroy or severely damage assets of the Inglewood, Stratford, and Eltham schemes. It 

is anticipated that water supplies recording very high levels of turbidity shut down intakes and use 

stored water to supply customers. The Midhurst water supply scheme is inundated with lahar deposits 

during this phase, however, the scheme is likely to have been abandoned due to significant damage 

during the initial major eruption.  

Eruption phase 2p is followed by 84 days of quiescence before a second major eruption during phase 

5d. This eruption deposits ashfall to the northeast of the vent mainly affecting supplies in the New 

Plymouth District. Ashfall is deposited on the Inglewood water supply and township, however, it is 

likely that major assets in this scheme had been destroyed by a lahar 3 months earlier and is unlikely 

that restoration efforts have gained any traction. It is anticipated that the 13 mm of direct ashfall to 

the New Plymouth WTP during this eruption elevates turbidity and causes blockages in the open-air 

sand filters requiring significant restoration work and a greatly increased maintenance schedule. 

These impacts are likely to be prolonged due to the remobilisation of material in the catchment. Also, 

as this eruption deposits ash over much of New Plymouth, there is likely to be a large increase in water 

demand as people clear ash from driveways, cars, and properties. This requires critical demand 

management from water supply operators and emergency managers.  

The major eruption during phase 5d is followed by several minor eruptions throughout phase 6p 

where ash deposition is concentrated to the east of the vent. Minor deposition occurs over several 

supply schemes which is assumed to increase water demand and stress on already affected schemes. 

Water supply schemes that had not been heavily impacted by previous major eruptions or lahars are 

presumably able to cope with increased treatment and management of water demand. Lahars on day 

182 triggered by heavy rainfall (ex-tropical cyclone) travel down several river catchments including 

the Waiwhakaiho River. It is anticipated that this lahar destroys buildings and infrastructure near the 

river channel in New Plymouth including some critical customers of water supply. Also, it is presumed 

that the Ōkato WTP is severely damaged by a large lahar in the Hangatahua River / Stony River forcing 

the NPDC to abandon the supply scheme and employ alternate methods to supply customers. 

Elsewhere it is expected that these lahars destroy or significantly damage intakes and cause turbidity 

triggered intake shutdowns at the majority of surface water-fed supplies. This concluded the volcanic 

activity for this eruption event. 
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Table 3.2: Ashfall and lahar hazard at each Taranaki water supply scheme during the L1 eruption scenario. Ash at WTP agg is the aggregate of ash thickness during that particular phase. *The 
Mangatete catchment where the Ōkato WTP sources its water from was not affected by lahars. However, a lahar down the neighbouring Hangatahua River / Stony Rivercatchment affected 
this supply during eruption phase 6p. Hence the volume of this lahar is recorded here.  

  Phase 1d 2p 3d/4p 5d 6p 

 Day 40 41 - 68 50 69 - 153 154 155 - 182 182 

 Hazard 
Ash at 
WTP (mm) 

Ash at WTP 
agg (mm) 

Lahar volume in 
catchment (km^3) 

%of lahar 
blocks None 

Ash at WTP 
(mm) 

Ash at WTP 
agg (mm) 

Lahar volume in 
catchment (km^3) 

% of lahar 
blocks 

N
P

D
C

 

Inglewood 5 11 0.024 1   780 3 0.081 1 

New 
Plymouth  0 1 0.02 <0.1   13 0 0.382 5.4 

Ōkato* 0 1 0 0   0 0 0.139* 0 

Ōakura 0 3 0 0   1 0 0 0 

SD
C

 

Midhurst  600 6 0.284 <0.1   0 6 0.005 12.8 

Stratford 115 11 0.147 <0.1   0 7 0.003 0 

Toko 50 1 0 0   0 3 0 0 

STD
C

 

Eltham 1 10 0.133 0.2   0 9 0.006 0 

Inaha 1 12 0.015 0.2   0 13 0.001 0 

Hāwera 0 1 0.067 1.1   0 3 0.04 0 

Waimate 
West 0 6 0.001 <0.1   0 14 0.001 0 

Pope 0 2 0.003 1.4   0 14 0.012 0 

Rahotu  0 0 0 0   0 0 0 0 

Ōpunake 0 0 0.001 5.2   0 0 0.021 0 

Patea 0 0 0 0   0 0 0 0 

Waverley  0 0 0 0   0 0 0 0 

Waverley 
Beach 0 0 0 0   0 0 0 0 

Waiinu 
Beach 0 0 0 0   0 0 0 0 

Nukumaru 0 0 0 0   0 0 0 0 
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It is anticipated that direct impacts to regional water supplies during this eruption scenario intensify 

due to the indirect impacts of the volcanic activity on other lifelines and evacuations. External power 

outages are likely an issue for supply schemes without on-site generators as they cannot operate vital 

electrical equipment. Site access is limited during the scenario due to evacuations and road closures 

which presumably make it difficult to complete maintenance and treatment actions throughout 

supplies. It is expected that plants without site access during this scenario are unable to clear repeated 

ashfalls from exposed components or equip the supply with consumables such as treatment 

chemicals, diesel generators, diesel, and spare components.  Figure 3.9 records the indirect impacts 

on water supplies in Taranaki during the eruption scenario. Lifeline outages are directly related to 

volcanic activity and are prolonged due to network traffic and repeated evacuations. Water supplies 

without power, site access, or an onsite generator are most likely unable to operate electrical 

equipment during hazard events. 

Figure 3.8: Maps showing the spatial distribution and intensity of ashfall and lahars during four eruption phases of the L1 
scenario. A timeline of the eruption scenario is also included at the bottom of the figure for context.  
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3.3.3 Impacts and LOS by water supply scheme 

The previous section outlined the general impacts on water supplies in Taranaki during the L1 eruption 

scenario. This section will present the impacts and associated loss-of-services to individual water 

supplies in each district. This will allow for each district council to distinguish key vulnerabilities within 

their water supply schemes. Figure 3.10 illustrates the expected loss-of-service level at each water 

supply scheme throughout the eruption scenario. This figure will be referred to throughout this 

section.  

 

 

Figure 3.9: A timeline of disruptions to site access (due to road closures and evacuations) and power 
supply during the L1 eruption scenario. Supplies without an onsite generator are labelled in bold. The 
eruption phase, hazard events, and days elapsed are indicated along the top of the timeline. 
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Figure 3.10: Taranaki water supply LOS during the L1 eruption scenario. A: Maps of LOS levels throughout water supplies in Taranaki in each eruption phase. B: The key for the 
maps and timeline. C: A LOS level timeline for Taranaki water supplies. 
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3.3.3.1 New Plymouth District  

The major issue for water supply schemes in the New Plymouth District (Inglewood, New Plymouth, 

Ōkato, and Ōakura) during the first major eruption on day 40 is managing water demand, power 

outages, and site access restrictions. Inglewood WTP and Ōkato WTP were evacuated before the 

eruption and had to rely on SCADA systems to operate the supplies remotely. Power outages on day 

40 likely mean that the Inglewood WTP is without power (no on-site generator) and unable to be 

controlled remotely. Presumably, this results in an initial water quantity issue as the supply has to rely 

on stored water to supply customers. It is anticipated that water demand has to be managed at the 

Ōakura and New Plymouth supplies due to the regional migration and panic. On day 41 power is 

restored to Ōkato, however, the Inglewood WTP is still without power and likely requires water 

quantity restrictions and boil water notices due to the 5 mm of direct ashfall (Table 3.2). Repeated 

ashfalls during phase 2p are likely to prolong impacts. 

Lahars on day 50 of the eruption scenario inundate the Inglewood intake, WTP, distribution pipelines, 

and township, where a high level of damage is assumed. It is likely that due to severe damage to major 

assets and the large reduction in demand due to evacuations and property damage, the Inglewood 

scheme is unable to operate. Also, due to the high lahar risk and immense restoration work required 

to rehabilitate the Inglewood WTP, it is assumed that the NPDC shuts off this scheme and uses other 

supplies to provide the few remaining customers with water. During this eruption phase, lahars also 

occur in the upper catchment of the Waiwhakaiho River which services the New Plymouth WTP. It is 

assumed that due to the large volume of the catchment and the Lake Mangamahoe reservoir where 

the supply draws its water from, operations at New Plymouth continue as they would in a storm flow 

event. Power outages following the lahars last for two weeks in the district and likely mean that water 

treatment plants are using backup diesel generators. The Ōkato WTP remains evacuated during this 

time, however, as the customer catchment remains largely inhabited it is assumed that emergency 

managers allow temporary site access to restock diesel supply when required. Backup generators and 

stable site access at Ōakura and New Plymouth WTP likely mean that these supplies are able to 

continue production during outages.  

The major eruption on day 154 (eruption phase 5d) deposits 780 mm on the already damaged 

Inglewood supply and 13 mm of ash on the New Plymouth WTP (Table 3.2). It is anticipated that direct 

ashfall to the open-air filters in New Plymouth create turbidity and maintenance issues for the plant 

and mean that production has to be greatly reduced while filters and clarifiers are cleaned (Figure 

3.11). Also, additional stress is likely placed on the supply as customers clean up ashfall. This is a critical 

stage of the scenario for New Plymouth. At this stage in the scenario, the Inglewood supply scheme 

has already been severely damaged and presumably, restoration efforts have been futile due to 

ongoing lahar activity in the catchment. Hence, it is assumed that ashfall impacts during this phase 

prolong service outages for this scheme. 

Minor eruptions continue following this eruption phase (6p), but due to a low deposition of ash in the 

district, it is assumed that these minor eruptions are manageable with increased maintenance and 

treatment for affected supplies. However, lahars on day 182 inundate areas of the Inglewood, Ōkato 

and New Plymouth supply schemes. A major lahar in the Hangatahua River/Stony River reaches the 

Ōkato intake, WTP, and inundates much of the township. It is anticipated that this lahar forces the 

NPDC to use an alternative source to supply remaining customers in the Ōkato area. During this phase, 

a significant lahar travels down the Waiwhakaiho River catchment and through major industrial areas 

in New Plymouth (Figure 3.8). It is expected that this lahar causes automatic turbidity shutdowns at 
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the New Plymouth intake, destroys sections of exposed pipeline, and causes damage to critical 

customers in the industrial area adjacent to the river. A major impact to this scheme is the damage to 

the river transfer tunnel which refills the Lake Mangamahoe reservoir. Without water from the 

Waiwhakaiho River, the reservoir only has enough raw water for a month’s supply, however, water in 

the lake is likely very turbid following this event and not suitable for treatment. In this scenario 

establishing an alternative water source for the New Plymouth WTP is a major priority for the disaster 

response. 

It is anticipated that the groundwater-sourced Ōakura water supply remains fully operational 

throughout the eruption and is able to assist in meeting demand elsewhere and filling up emergency 

supplies. Additionally, the New Plymouth Port and Airport could be used as supply terminals for 

bottled water and tankers.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.3.2 Stratford District  

The first major eruption on day 40 deposits a considerable amount of ash onto the SDC-operated 

schemes (Midhurst, Stratford, and Toko). It is likely that the 600 mm of ash deposited on the Midhurst 

WTP collapses the roof and infills open-air tanks, filters, and clarifiers. It is assumed that the cost of 

restoration efforts under extreme volcanic uncertainty means that the Midhurst supply is abandoned. 

The Stratford WTP receives 115 mm during this major eruption which likely blocks intake structures 

and increases turbidity in the incoming raw water. Intake shutdown at the Stratford WTP is a manual 

process and is decided on by the water supply manager due to the visual appearance of raw water 

and the weather forecast. The supply is evacuated during this phase so it is unlikely that the intake 

Figure 3.11: The open-air clarifiers and sand filters at the New Plymouth 
WTP. During phase 5d the WTP receives 13 mm of ash which is sufficient 
enough to require greatly increased maintenance and treatment including 
cleaning of the filters and increased treatment to meet to elevated turbidity 
caused by direct ashfall. 
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can be closed and ash overwhelms the system. This meant that the stored supply has to be used with 

strict water conservation measures to supply few remaining customers.  

On day 50 major lahars inundate the Midhurst and Stratford intakes, WTPs, and customer catchments. 

It is predicted that these lahars severely damage these assets and force the SDC to stop operations at 

these localities. Also, lahars are assumed to damage and destroy sections of both townships and 

completely modify the provision of drinking water in the Stratford District. Toko remains largely 

unaffected and may be used as an emergency supply for displaced residents during this scenario.  

 

3.3.3.3 South Taranaki District  

Water supplies in the South Taranaki District are exposed to lahars and minor ashfalls throughout the 

eruption scenario which likely reduces the capacity of schemes to supply customers with safe drinking 

water. The first major eruption on day 40 likely results in disruptions to water quality and quantity due 

to power outages and ashfall in the upper catchments of northern supplies (Eltham, Inaha, Waimate 

West, and Pope). It is assumed that only the major water supply schemes (Hāwera and Waimate West) 

have on-site backup generators, and therefore power outages and evacuations on day 40 mean that 

the Inaha, Pope, Rahotu, and Ōpunake supplies are without power and face water quantity issues. 

Power is restored to these areas on the following day and the affected supplies can continue to 

operate. Several minor eruptions follow this eruption and deposit 1-12 mm of ash over the central 

and western supplies. It is anticipated that these repeated ashfalls are manageable with increased 

cleaning, treatment, and boil water notices in some instances. 

Lahars on days 50 and 182 occur in several catchments servicing the South Taranaki water supplies 

and contribute to a reduction in service. The first wave of lahars likely destroy the intake and WTP of 

the Eltham water supply, and severely damage the highly-vulnerable intake structures at Inaha, 

Hāwera, Waimate West (Figure 3.12), and Pope Rural. Medium-long term turbidity issues are likely to 

occur at all of these sites and will drastically decrease water production and quality. It is anticipated 

that stored water reserves and alternative supplies have to be used to provide customers with safe 

drinking water due to prolonged and repeated turbidity shutdowns. Rahotu and Ōpunake water 

supplies are not directly impacted by the first lahars but are limited due to power outages and 

evacuations which will rapidly drain reservoirs due to the combination of reduced production and 

increased demand. Power is restored to all supplies on day 68 where it is assumed that the Rahotu 

and Ōpunake supplies can resume operation. Lahars on day 182 travel down previously impacted river 

catchments, however, flows are also recorded in the Ōpunake catchment. These flows probably 

caused turbidity-triggered shutdown of intakes, and long-term increased wear on exposed equipment.  
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It is presumed that the south-eastern water supplies (Patea, Waverley, Waverley Beach, Waiinu 

Beach, and Nukumaru) experience no outages due to no direct or indirect impacts during the eruption 

scenario. The main issue here will likely be managing water demand as people migrate around the 

region due to evacuations and volcanic activity. The supplies may also be used to relieve the stress on 

the central and western supplies which are heavily impacted during this eruption scenario.  

 

3.3.4 Impact Summary  

The impacts on water supplies from volcanic hazards during this eruption were recorded using fault 

trees and vulnerability models outlined in the literature. Figure 3.13 displays the most common fault 

tree root failures/causes during the L1 scenario leading to a change in LOS. The significance of each 

root cause on LOS is also indicated and was determined using a hierarchical approach to root causes 

and failure branches in the fault tree.  

During the scenario, loss-of-service level for water supply schemes is often influenced by the loss of 

power root failure. This occurs at supplies experiencing external power outages without onsite backup 

power generation or road access to truck one in. Without power, water supply schemes are unable to 

be controlled remotely due to coinciding outages on the telecommunications network and are not 

able to treat water effectively. Lahars are largely responsible for the high number of intake damage, 

and high turbidity events and compromise the production of water due to automatic and pre-emptive 

shutdown of intakes. Direct ashfall onto open-air filtration processes causes blockages throughout 

networks and also increases turbidity. Roof collapse/significant structural damage and stored supply 

exhaustion are two root failures that always trigger a complete loss-of-service Significant structural 

damage occurs as a result of extensive lahars over supply schemes or significant ash deposition (roof 

collapse). While stored water supplies are exhausted when water is unable to be produced by the WTP 

for an extended period.  

Figure 3.12: Left: One of the intake structures at the Waimate West WTP. Lahars during the L1 scenario are 
assumed to severely damage similar structures throughout the district. Right: A filter bag designed to remove 
organic matter such as pine needles at the same intake. Lahars are likely to remove any initial filtration measures 
such as this. From Wilson et al. (2009).  
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3.4 Reflection on impact assessment methods  

This section will review the methods used during the impact assessment in this chapter. Publicly 

available data and discussion with infrastructure managers during site visits and workshops allowed 

for a reasonably robust inventory of Taranaki water supply schemes and their key vulnerabilities to 

volcanic hazards. This allowed for detailed vulnerability analysis of each scheme which is something 

that has not been done on the regional scale in Taranaki before. The maps and system diagrams are 

useful for future eruption scenario testing, disaster responses, and decision making. The detail and 

accuracy of the data could be developed with input from regional water supply engineers and would 

provide a more complete data set to be used in further impact assessments.  

Weir et al. (2021) carried out a similar impact assessment for water supply schemes in Taranaki but 

was limited to using threshold-based impact metrics (Wilson et al., 2014). This thesis recognised that 

impacts to water supply systems are more accurately quantified using vulnerability models that 

incorporate system design. Wild et al. (2016) used a fault tree to display the vulnerability of 

agricultural infrastructure which successfully conveyed systemic vulnerability. Deligne et al. (2015) 

used LOS levels for water supplies to determine water supply outages during a potential future 

eruption of the Auckland Volcanic Field by overlaying hazard footprints on asset maps and describing 

likely impacts. The impact assessment in this chapter followed similar methodologies to these 

Figure 3.13: The most common root failures/causes for a reduced LOS level for all water supply schemes in Taranaki during 
the L1 eruption scenario.  
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examples to provide an innovative and informative impact scenario that can be used by water 

engineers and emergency managers to plan and prepare for large-scale eruptions in Taranaki. The 

methods used can also be applied to other volcanic regions such as the central North Island.  

 

3.5 Chapter Summary  

This chapter developed and completed a volcanic hazard impact assessment for regional water 

supply schemes in Taranaki. A deterministic eruption scenario, exposure inventory, vulnerability 

models, and an impact metric (LOS level) were used to display relative impacts to water supply 

schemes in the three districts in the region. It was found that water supply schemes in Taranaki are 

highly exposed and vulnerable to volcanic hazards from Taranaki Maunga. This chapter has also 

illustrated that ashfall and lahars from a future eruptive period of Taranaki Maunga have the 

potential to severely disrupt water supply operations. The major findings presented in this chapter 

will be discussed in detail in the following chapter. This will include the assumptions made during the 

impact assessment and will summarise the entirety of this study with commentary on the limitations 

and implications of this work.  
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4 Discussion  
 

4.1 Introduction  

This chapter will discuss the key findings of the impact assessment and outline the assumptions made 

and potential areas of future work which may broaden the applicability of this approach. Section 4.2 

discusses the results of the impact assessment and potential mitigation and resilience strategies 

satisfying the risk treatment stage of the risk management framework (Figure 1.2). This section will 

also use examples from the literature to justify and ground-truth the conclusions made. Section 4.3 

provides a summary of the limitations of the impact assessment and highlights areas of future work. 

Section 4.4 serves as a thesis summary and discusses the findings, limitations, and contributions of 

each chapter.  

 

4.2 Discussion of results  

The L1 eruption scenario represents a significant national disaster and provides an insight into how 

water supply schemes are likely to cope with large-scale and prolonged volcanic activity. Section 

3.3.1identified that Taranaki water supply schemes are highly vulnerable to volcanic eruptions due to 

predominant surface water sources, low stored water, heavy reliance on the power network, open-

air componentry, and limited backup water sources. Sections 3.3.2 and 3.3.3 tested this hypothesis 

using a large-scale eruption scenario to analyse the interaction between systemic vulnerabilities and 

loss-of-services for schemes. This section will discuss the implications of the results presented in the 

previous chapter and how they can be used to advise mitigation methods.  

 

4.2.1 The interactions between water supply impacts and LOS 

This section will summarise the anticipated impacts to schemes during the eruption scenario and the 

consequences for scheme LOS. Based on the information provided in Sections 3.3.2 and 3.3.3, the 

most problematic impacts during this type of eruption event are:  

- The abandonment of the Inglewood, Midhurst, Stratford, Eltham, and Ōkato water supply 

schemes due to significant structural damage to intakes, WTPs, and pipes from large lahars.  

- Severe damage to intakes and long-term turbidity issues in the Inaha, Hāwera, Waimate West, 

Pope, and Ōpunake supply schemes. 

- Lahar damage to the Waiwhakaiho River transfer tunnel which diverts water to Lake 

Mangamahoe – the water source for the New Plymouth scheme. 

- Power outages for several water supplies including; Inglewood, Midhurst, Stratford, Toko, 

Eltham, Inaha, Pope, Rahotu, and Ōpunake.  

- Roof collapse of the Midhurst and Inglewood WTPs due to 600 mm of direct ashfall. 

- Blockage of the open-air filters and clarifiers at the New Plymouth WTP due to direct ashfall.  

- Evacuations and road closures prevent maintenance to supply schemes impacted by lahars 

and ashfall.   

Coupled indirect and direct impacts during the eruption scenario are predicted to lead to a 

considerable loss-of-service for several water supplies as outlined in Figure 3.10. Generally, the most 
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affected water supplies are those impacted by lahars during eruption phases 2p and 6p as they likely 

sustain considerable damage to intake structures, pumps, pipelines, and WTPs due to extreme 

dynamic pressure and lateral loading. Major lahars travel down the southeast and northeast flanks of 

the volcano during the scenario and are anticipated to severely damage assets of the Inglewood, 

Midhurst, Stratford, Eltham, and Ōkato water supply schemes resulting in complete loss-of-service for 

the remainder of the scenario. Similarly, lahars destroyed intakes, abstraction pumps, and pipelines 

in St. Vincent during the 2021 La Soufrière eruption and resulted in prolonged outages over several 

months to affected schemes (ReliefWeb, 2021). Lahars in the upper catchments of the Inaha, Hāwera, 

Waimate West, Pope, and Ōpunake supply schemes, are likely to remobilise ash deposits resulting in 

high-turbidity flows, intake damage, and compromised water quantity and quality. This triggers an 

instant LOS for those supplies and means that alternate methods (e.g. stored water or tankers) have 

to be employed to service remaining customers. Probable lahar damage also occurs to the 

Waiwhakaiho River transfer tunnel which supplies the reservoir for the New Plymouth water supply 

scheme. This is a major regional water supply asset and impact-reducing methods for potential lahars 

needs to be investigated. The lahars presented in this eruption scenario are largely 2-dimensional and 

hence, the impacts on water supply systems are highly uncertain. Section 4.3 discusses this limitation 

in detail.  

Power outages due to volcanic activity are another major contributor to loss-of-service for many 

supplies (Figure 3.13). It is assumed that affected supplies without on-site backup power generation 

or site access to supply diesel for generators are not able to sustain potable water production and 

have to rely on stored supply during outages (Figure 3.9). In some cases, reservoirs are exhausted 

meaning no water was available to customers. Outages are most common immediately following 

major eruptions or lahars and affect all water supplies aside from the south-eastern groundwater 

supplies in South Taranaki. Power outages are likely to be a particular problem for rural water supplies 

due to isolation and generator availability.  

Groundwater supplies during this eruption scenario are largely resilient to the direct impacts of 

volcanic hazards and are able to continue operation for much of the scenario. However, power 

outages are likely to disrupt bore pumps following major eruptions and require a backup generator to 

be distributed to one locality (Toko). It is assumed that this was only a minor issue however as a 

generator could be trucked into Toko. Similarly, power outages occurred at several water supplies in 

Villa la Angostura and interrupted production during the 2011 Puyehue-Cordón Caulle eruption, 

where generators had to be brought in to maintain pumping (Craig et al., 2016). This example affirms 

that water supplies without onsite backup generators are likely to experience reduced water 

production during an eruption.  

Roof collapse occurs at the Midhurst WTP and Inglewood WTP which receives 600 mm and 780 mm 

of direct ashfall during phase 1d respectively (Table 3.3). This is based on the estimate provided in 

Hayes et al. (2020) which outlines that thick ash deposits (> 100 mm) may collapse roofs. However, 

this threshold is highly dependent on ash loading and structural vulnerability. Recent building 

vulnerability research (e.g. Williams et al., 2020) has related building impacts such as roof collapse to 

ash loading and structure types. Ash loading is the weight of the deposit and is a function of the deposit 

thickness and ash density usually measured in kg m-2 or kPa. Ash loading is a more accurate metric 

when estimating roof collapse, however, it is difficult to quantify in a hypothetical eruption as it is 

dependent on factors such as ash type and saturation. Generally, roof collapse is more likely with 

higher ash loads and weaker structures and has been recorded during recent eruptions such as the 

2014 Kelud eruption where 27% of buildings receiving 1-100 mm of ash experienced severe roof or 

building collapse (Williams et al., 2020). Hence, it would require considerable building and ashfall data 
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to accurately estimate building collapse during the L1 eruption scenario. However, the ashfall deposits 

on the WTPs discussed here are significant. There are few examples of buildings receiving this amount 

of ash and it is probable that roof collapse will occur at these localities. This impact highlights a 

potential root cause in the failure of water supply systems in Taranaki during a future large-scale 

eruption and is a particular problem for supplies proximal to the vent.  

Water treatment plants receiving high levels of direct ashfall are subjected to drastic reductions in 

water quantity and quality due to damaged componentry and treatment issues. Following major 

eruptions, it is anticipated that intake structures and open-air filters in several supplies require either 

complete replacement or increased cleaning which compromises the production of potable water. 

The open-air filters at the New Plymouth WTP are a major vulnerability and are likely to be blocked 

during eruption phase 5d as the plant receives 13 mm of direct ashfall (Table 3.3) This has been a 

common occurrence in many recent international eruptions (Stewart et al., 2006; Craig et al., 2016; 

Hayes et al., 2019; ReliefWeb, 2021). For example, open-air sand filters were blocked at the Bariloche 

WTP during the 2011 Puyehue-Cordón Caulle eruption and greatly increased maintenance was 

required to maintain the pumping equipment and sand filter beds (Craig et al., 2016). Open-air sand 

filters were also clogged at the San Martin WTP in Quilquihue during this eruption which received 20 

mm of fine-grained ash. Operations were able to continue at these localities but the supplies were 

greatly stressed which is similar to what we can expect at the New Plymouth WTP during a large-scale 

eruption of Taranaki Maunga.  

During the L1 scenario often WTPs receiving heavy ashfalls or located in lahar-prone areas are also 

evacuated or access is restricted meaning that maintenance actions can not occur. Without regular 

maintenance, impacts to water assets likely worsened due to repeated ashfalls and lahars. Supplies 

receiving low levels of ash (<20 mm) and with no restrictions to site access are likely able to continue 

operation with increased cleaning and treatment, and with clear boil water messages.  

During the L1 eruption scenario, 10 water supply schemes experienced LOS level 3 and are completely 

without service. This presents a major public health risk for communities that remain inhabited during 

water supply outages and will affect regional water supply demand. During phase 1d the Midhurst 

water supply is without service, however, the customer catchment for this supply is evacuated and 

water supply is not needed (Figure 3.10). The 200 people evacuated during this phase are unlikely to 

have major implications for regional water supply. Considerable water supply outages occur in phase 

2p and the evacuation of people from the low-lying areas including major towns Inglewood and 

Stratford increases water demand in other centres. During this phase the Eltham, Inaha, Waimate 

West, and Pope supply schemes are completely without service, however, the 5,355 people in their 

combined customer catchments are not under an evacuation order and require emergency water 

supply. Evacuations end during phase 4p in the scenario (day 72) but the Inglewood, Midhurst, 

Stratford, Eltham, Inaha, and Pope supply schemes are still without service and require assistance 

from other supplies to serve approximately 13,431 people which will drastically increase demand on 

surrounding schemes and emergency supplies. Significant lahars cause widespread water supply 

outages and evacuations during phase 6p of the scenario and will exacerbate already stressed 

operating schemes and emergency supplies.   
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4.2.2 Potential mitigation strategies for Taranaki water supply schemes 

There is a substantial volcanic risk for water supplies in Taranaki that needs to be mitigated with 

effective risk treatments. This section will discuss potential risk treatment methods supported by the 

findings in Sections 3.3.2 and 3.3.3. This is an important step in the risk assessment framework and 

can be used to support the decision-making of water supply operators in Taranaki.  

 

Groundwater sources 

Surface water-fed water supply schemes are known to be highly vulnerable to volcanic hazard impacts, 

and as expected, are adversely affected during this scenario highlighting a potential resilience 

pathway. Intake structures on streams and rivers are continually blocked and abraded by ash and 

volcanic debris. Lahars destroy intake structures at several localities and cause extreme levels of 

turbidity in incoming raw water. Ash-laden water can infiltrate surface water systems through intakes 

and cause impacts throughout the treatment process unless there are intake shutdowns or 

intermediate removal measures such as settling ponds. The Lake Mangamahoe reservoir is 

comparatively resilient as the lake provides a natural buffer from contaminants and intake structures 

are submerged. Similar impacts have occurred to surface water-fed supplies during historical 

eruptions such as the 2012 Te Maari eruption (Leonard et al., 2014).  

In contrast, schemes with a groundwater source are seldom affected during the scenario as water is 

sourced from underground thus is not affected by surface hazards such as ashfall and lahars. Also, 

water sourced from aquifers typically requires little treatment and therefore, does not require large 

vulnerable filtration systems such as open-air filters and settling tanks. This means that groundwater 

systems can operate almost entirely autonomously and do not require the maintenance and 

treatment actions associated with a surface water scheme. The only impact on groundwater supplies 

during the eruption scenario was power outages which affect the bore pumps and distribution 

systems.  

The difference in vulnerability between surface water and groundwater schemes has been illustrated 

in recent volcanic eruptions such as the 2011 Puyehue-Cordón Caulle eruption. Jacobacci WTP is a 

completely groundwater-fed system and received a similar amount of ashfall (~50 mm) during the 

eruption to the heavily impacted surface water-fed Bariloche WTP but recorded no impacts (Craig et 

al., 2016). This was also the case for groundwater supplies during the L1 eruption scenario. For 

example, the Toko WTP receives 54 mm of ash and records minimal impacts compared to larger and 

much more resourced surface water schemes such as New Plymouth which only receives a total of 14 

mm (Table 3.3). However, it must be noted that Taranaki groundwater-fed systems are for the most 

part distant from the areas of high volcanic hazard. For groundwater assets (such as pump sheds and 

well heads) in lahar flow paths or areas of intense ashfall we can expect similar structural damage to 

that of surface water supplies.  

Converting water supply schemes in Taranaki to groundwater systems would be the most effective 

method for increasing the resilience of regional water supply. This would be a considerable 

undertaking and require substantial funding from district councils. The Taranaki region has five 

principal groundwater systems where the size and capacity of the region’s aquifers are complex (TRC, 

2015). Aquifers on the volcanic ring plain are replenished quickly by rainfall which can be acidified by 

plume gases and may contaminate aquifers during an eruption. Taranaki Regional Council (2015) 

indicated that monitoring of regional groundwater systems indicates good quality water but a low 

yield potential compared to other regions. This may suggest that bores could be used as backups 
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during disasters such as volcanic eruptions and storms rather than as complete replacements for 

surface water systems in the region.  

Additionally, diversifying water sources across the region would add resilience to regional water 

supply as water supply schemes could operate using the least affected water source during an 

eruption. The NPDC has outlined plans to establish new water sources throughout the district to 

account for population growth and add resilience during events such as draughts (NPDC, 2021). This 

would also increase the resilience of these systems to volcanic eruptions. Extensive engineering and 

hydrological work is needed to investigate the feasibility of this mitigation method. 

 

Increased treated water storage 

High water usage and disruptions to water production are common occurrences during an eruption 

and will rapidly drain reservoirs (Stewart et al., 2009). Water supplies with a greater water storage 

capacity are more resilient to water production disruptions such as turbidity shutdowns and power 

outages. This was exemplified at the Rangipo Prison WTP during the 2012 Te Maari eruption. This 

water supply had 6-7 days of stored supply which allowed for continued service while water 

production was stopped until testing of raw water and maintenance actions were completed (Leonard 

et al., 2014).   

In contrast, the majority of Taranaki water supplies only have 2-3 days of water storage which is a 

major issue during the L1 eruption scenario. Several water supply schemes have to rely on stored 

treated water due to intake shutdowns and power outages during the scenario which eventually leads 

to LOS level 3 (no water available). This is a particular problem for South Taranaki supplies as they 

experience long-term turbidity issues due to repeated lahars in river catchments. The STDC have plans 

to improve low water storage stating in its long-term plan (2021-2031) to increase water storage at 

each reservoir to a minimum of one days’ peak demand volume (STDC, 2021). This plan also states 

that future design considerations will include climate change and mitigate the effects of natural 

disasters. Similar resilience investments were made following the Puyehue-Cordón Caulle eruption 

including increasing water storage at the San Martin WTP (Craig et al., 2016). While investing in 

increasing water storage is a worthwhile resilience strategy, Taranaki water supply operators need to 

be preparing for eruptions where production can be greatly reduced over several weeks. 

 

Management of demand  

The effective management of water demand during a volcanic eruption is essential to reducing the 

risk of water shortages (Stewart et al., 2009b). Water demand during the L1 scenario is tracked due to 

evacuations of customer catchments and estimated building loss, however, there are several other 

variables contributing to overall water demand such as self-evacuations, customer migration, 

emergency response, and the management and communication of demand (Stewart et al., 2009b). 

Hence, it is difficult to quantify water demand, however, it is assumed that all water supply schemes 

during the eruption scenario will initially experience a demand increase and those receiving ash over 

their customer catchment will experience a significant demand increase due to ash clean up. This was 

highlighted as a major impact of historical eruptions on water supplies in Section2.3.1.1. While the 

findings from the eruption scenario do not explicitly highlight increased demand as a major impact in 

Taranaki, it is very likely that this will be a problem in a future eruption and will need effective 

management and communication with the public.   
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Contingency planning for volcanic eruptions  

The Rangipo Prison WTP case study also highlighted the vulnerability of water supplies without the 

consideration of ashfall and lahars in management plans (Leonard et al., 2014). The water supply 

operator in this case study was luckily able to operate the supply on previous experience with ashfall. 

This was also the case at the San Martin WTP which received ashfall during the 2011 Puyehue-Cordón 

Caulle and was able to apply this experience during the 2015 Calbuco eruption (Craig et al., 2016).  

Previous volcanic eruption experience or planning was not a variable explored in the impact 

assessment, however, there is a need for specific ashfall and lahar plans at each water supply scheme 

in Taranaki. This could provide water supply managers with quick and effective advice for the 

management of volcanic hazards and reduce perceived impacts on schemes.  

 

Backup power generators  

Loss of power is the most common root failure for water supply systems during the L1 eruption 

scenario (Figure 3.13). During external power outages, WTPs that do not have an on-site generator or 

site access are unable to be controlled remotely (due to coinciding impacts on the telecommunication 

network) and cannot operate electrical equipment such as pumps and monitoring devices. Water 

supplies such as Inglewood, Midhurst, Stratford, Toko, and several South Taranaki supplies, 

experience water production issues due to power outages following major eruptions and lahars 

throughout the scenario (Figure 3.9). Conversely, water supplies that have an on-site generator before 

the eruption are able to continue operating as normal (provided that diesel supply could be 

replenished when required). It is assumed that for water supplies without onsite power generators 

but with ample site access such as Toko, a generator was able to be trucked into the site. This was the 

case during notable historical eruptions such as the 2011 Puyehue-Cordón Caulle eruption where 

generators were trucked in to maintain pumping at the Villa la Angostura WTP (Craig et al., 2016). To 

reduce the risk of water supply outages, district councils in Taranaki could invest in on-site generators 

at all WTPs.  

 

Automatic turbidity shutdowns  

Automatic turbidity shutdowns on stream/river intakes can limit ash ingress and subsequent issues in 

the treatment process however will halt the production of water at a WTP as displayed during recent 

eruptions. For example, the intake structure at the Rangipo Prison was automatically shut down due 

to high turbidity during the Te Maari eruption and as a consequence, downstream assets such as the 

filtration systems were protected (Leonard et al., 2014). This meant that the supply had to use its 

stored water to supply customers. During the L1 eruption scenario, it is assumed that only the largest 

WTPs (New Plymouth and Hāwera) monitor the turbidity of water at the intake and are able to shut 

down to avoid further damage during ashfall and lahar events and supply customers through stored 

water. However, for the smaller WTPs, it is assumed that intake shutdowns are a manual process and 

require suitable site access and staff. These WTPs are usually evacuated during ashfalls and lahars 

which means that pre-emptive shutdowns would have had to be employed to limit ash ingress. It is 

difficult to determine whether pre-emptive shutdowns would have occurred in these situations, 

however, without automatic turbidity shutdowns or the ability to carry out manual shutdowns, WTPs 

can become overrun with ash-laden water. Retrofitting river and stream intakes in Taranaki with 

automatic turbidity shutdown systems would protect WTPs from ash impacts such as abrasion and 

clogging. However, increasing water storage to cope with reduced water production would have to be 
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considered. Another potential mitigation strategy to address turbidity-related shutdowns could be to 

have multiple intakes on multiple streams. This would mean that during lahars water supply managers 

could keep unaffected intakes open and close those recording high turbidity. 

 

Enclosed treatment processes  

The majority of surface water-fed supplies in Taranaki have open-air filters and clarifiers which are 

likely to be blocked during future eruptions. This was highlighted during the L1 eruption scenario 

where water quantity is compromised at several plants as filters and clarifiers have to be cleaned. 

Plants with covered treatment processes such as the Hāwera WTP are much more resilient to direct 

ashfall during the scenario. Enclosed filtration methods such as membrane filtration or pressure sand 

filtration or roof structures for existing open-air componentry could be considered to increase the 

resilience of water supplies in Taranaki. Additionally, increasing the number of filters at treatment 

plants and having filters operating in parallel alleviates the stress placed on a WTP during an eruption 

as production can continue during maintenance. This was illustrated at the Rangipo Prison WTP where 

two pressure sand filters in parallel allowed the plant to close one at a time for maintenance during 

the Te Maari eruption (Leonard et al., 2014). This mitigation method was applied at the San Martin 

WTP where five additional sand filters were constructed following the Puyehue-Cordón Caulle 

eruption.  

 

Gravity-assisted reticulation  

Many of the water supply schemes in Taranaki utilise gravity-assisted reticulation to distribute water 

from the intake to the WTP which meant that the reticulation network is largely resilient during the 

L1 eruption scenario. However, there are failures in the network due to abstraction pumps and aerial 

pipeline crossings in several of the schemes. In particular, abstraction pumps at the intakes of the 

Midhurst and Hāwera water supply schemes are abraded and clogged with ash and volcanic debris. 

Additionally, aerial pipeline crossings are frequently damaged by lahars during the L1 eruption 

scenario and are a point of vulnerability within the network scheme. Alternate methods should be 

investigated for the distribution of water across river channels in Taranaki. Also, future investments 

in water supply resilience should reflect the vulnerability of water pumps. Table 4.1 summarises the 

discussed long-term risk treatments.   
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Table 4.1: A summary of the suggested volcanic hazard risk treatments for Taranaki water supplies 

Impact from L1 eruption 
scenario 

Suggested long-term risk treatments 

Power outages  - Onsite diesel generators 
- Increase diesel storage   

The following were 
highlighted to increase 
resilience to ALL impacts: 

- Auxiliary 
groundwater 
bores 

- Increased water 
storage  

- Management of 
demand 

- Contingency 
planning for 
volcanic eruptions  

Physical damage from 
lahars 

- Assets away from river 
channels  

Blockage of open-air 
filters/clarifiers 

- Membrane filtration or 
pressure sand filtration 

- Roofs over existing open-air 
filters 

- Increase filter number  
- Filters in parallel  

High turbidity events - Diversification of water 
sources  

Reticulation failure  - Gravity-fed systems  
- Limit aerial pipeline crossings  

 

4.3 Limitations and future work 

The purpose of the impact assessment undertaken in the previous chapter was to identify potential 

points of vulnerability within the regional water supply network in Taranaki. To reflect this, several 

assumptions were made in the methods and results used in the L1 eruption scenario impact 

assessment. This section will outline these assumptions and recommend areas of future work to 

reduce the uncertainty of these findings. Table 4.2 provides a summary of the main assumptions and 

their implications. Lahars were a huge uncertainty in this thesis due to the use of a simplistic 2-

dimensional lahar model in the impact assessment. The lahar impacts recorded in this assessment 

may not apply to smaller eruption scenarios with less extensive lahars. Also, there are not many 

examples from historical eruptions of lahars completely inundating water supply systems and it 

remains largely unclear how lahars of varying magnitudes would impact WTPs. Impacts and 

assumptions were guided by expert elicitation and metrics such as lahar volume and consistency 

(Table 3.3). This was sufficient for the purpose of this impact assessment. However, to reduce the 

uncertainty of impacts, future assessments should use a sophisticated lahar model coupled with 

detailed structural vulnerability models based on engineering research.  

Ashfall impacts during the scenario were informed by historical eruption impact events with similar 

hazard intensities to the L1 eruption scenario and water supply systems comparable to Taranaki water 

supply schemes. While this suited the purpose of this impact assessment, there is large uncertainty 

with the recorded impacts due to differences in ash characteristics from volcanic sources and the 

diverse designs of water supply systems. Ash from a future Taranaki Maunga eruption may differ from 

the ash types that have historically impacted water supply systems which could affect the impact 

severity presented in this study. For example, ash settling rates are important for determining impacts 

to intake structures and will depend on certain ash properties. It is recommended that future impact 

assessments for Taranaki Maunga outline potential ash types and likely impacts on water supplies. 

Structural differences may also exist between Taranaki water supply assets and historically impacted 

supplies which could further influence the perceived impacts on assets.   To address this uncertainty, 

it is recommended that a detailed engineering assessment is completed which analyses the impacts 

of certain types and thicknesses of ash on a range of water supply assets. For example, certain 

suspended particle loads in raw water resulting from ashfall could be tested with a range of intake 
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types and used to develop fragility functions. This work could identify the most resilient intake 

structures and be applied to other key assets within a water supply system such as pumps and filters. 

It would also guide future impact assessments with more robust hazard and impact thresholds.   

Data for the exposure and vulnerability assessment of Taranaki water supply schemes was collected 

during informal conversations with water supply managers and from publicly available data. 

Information about redundancy measures (e.g. back-up power generation) was limited and data quality 

varied between the three districts. Also, non-municipal supply schemes such as private supplies were 

not considered. Future work could develop a more complete exposure dataset of Taranaki water 

supply and would contribute to better estimating regional water supply impacts during a future 

eruption.  

Additionally, the interaction between volcanic hazards and the turbidity of surface waters was not 

investigated. Crude time estimates were used to quantify intake closures due to high turbidity events 

and associated loss-of-services. There is a need for research that explores the effect of volcanic 

hazards on the turbidity of surface waters. It would be useful for research to relate ashfall and lahar 

intensities to long-term turbidity levels in rivers and streams. This would inform more accurate 

estimations of raw water turbidity for eruption scenarios.  Also, future research could examine the 

consequences of operating certain water supply systems during periods of elevated turbidity to inform 

effective turbidity shutdown during volcanic eruptions and ultimately protect critical assets.  

Indirect impacts such as outages to power and transportation were incorporated in the L1 eruption 

scenario, however, assumptions were made to anticipate the impacts to individual supplies. Outages 

to the telecommunication network were assumed to occur as a result of power outages during the 

scenario. Also, there is uncertainty in the ability of water supply employees to access water supply 

assets for maintenance/treatment actions during an emergency. To reduce the uncertainty of these 

impacts there needs to be integration of relevant emergency management plans within eruption 

scenarios. This could also be applied to more accurately predict water supply demand in a future 

eruption.   
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Table 4.2: A summary of the assumptions/limitations made in the impact assessment and areas of future work. 

  Assumption/Limitation  Future Work  

Hazard  Lahars Basic largely 2D lahar model assuming  
- Total level of damage to water supply assets exposed to 

high volume/blocky lahars and 50-100 days of elevated 
turbidity – untreatable.  

- Restoration not attempted during scenario to severely 
damaged supplies with prolonged lahar risk. 

- Small/less blocky lahars treated as storm flow events 
with 14 days of elevated turbidity – manageable with 
increased treatment/maintenance.  

- Larger supply schemes greater capacity to absorb 
impacts.  

- Application of a more sophisticated 
lahar model to assess WS impacts.  

- Consideration of prolonged lahar 
activity on turbidity, physical 
impacts, and indirect impacts. 

- Engineering assessment of lahar 
impacts to assets. 

- Consideration of other 
hazards/catchment debris in lahar 
severity.   

Ashfall - Ashfall impacts to Taranaki water supplies will be 
similar to case studies of comparable water supply 
systems exposed to similar ashfall deposits. 

-  

- Engineering assessment of ash 
impacts to water supply 
componentry.  

- Inclusion of ash properties in future 
volcanic impact assessments for 
Taranaki Maunga 

 

Exposure 
and 
vulnerability 

Redundancy measures 
at site  

- Water supply data was limited for South Taranaki [ST]. 
Assumptions: main ST WTPs (Hāwera and Waimate 
West) have onsite generator, while remaining ST WTPs 
do not. Also, all ST supplies have 2-3 days of normal 
usage water storage. 

- A more developed exposure dataset 
informed by direct engagement with 
water supply operators.  

Non-municipal supply  - Water supply schemes outside of the municipal 
schemes were not considered.  

- Inclusion of non-municipal supply 
schemes in future analyses.  

Turbidity shutdowns  - WS managers shutdown intakes during periods of heavy 
ashfall or rainfall during eruption scenario the protect 
assets.  

- Experimental work investigating the 
interaction between volcanic 
hazards and turbidity.   
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Indirect 
impacts  

No site access  - Evacuations or road closures mean no staff access and 
maintenance/treatment actions cannot be completed. 
However, access granted in special circumstances 

- Application of scenario-based 
emergency management plans to 
Taranaki water supplies. 

Staff  - Sufficient staff to operate ‘online’ schemes during 
scenario  

Demand - Eruptive period results in a regional water demand 
increase 

- Evacuations/building damage results in decreased 
demand to affected schemes 

Power outages  - Cause telecommunication outages  
- Assumed that backup generator trucked into supplies 

without one prior to event and with stable site access.  
- Continued diesel supply to site if site access stable 
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4.4 Research Summary  

 

4.4.1 Key Outcomes and Research Contributions  

Taranaki was highlighted as a region of substantial volcanic risk and highly vulnerable water supply 

systems. Previous work had not explored the complex reasons for the high systemic vulnerability of 

water supply systems (e.g. Wilson et al., 2014) and research was needed that defined water supply 

vulnerability in Taranaki and informed risk mitigation options. This was the aim of this thesis and 

involved developing a new vulnerability model for water supply systems which was centred around 

system design (Chapter 2) and applying it to the Taranaki context (Chapter 3). Recommendations were 

then made on potential risk mitigation strategies earlier in this chapter.  Four objectives were outlined 

at the outset of this thesis and roughly align with the chapters. These are:  

I. Review the historical eruption impact events to water supplies and pertinent literature 

(Chapter 2). 

II. Develop a volcanic hazard vulnerability model for water supply systems (Chapter 2). 

III. Apply the model to regional water supplies in the Taranaki region and complete an impact 

assessment using existing eruption scenarios (Chapter 3).  

IV. Provide recommendations for increasing the resilience of regional water supplies in Taranaki 

(Chapter 4). 

 

This section will summarise the research undertaken in this thesis including an overview of each 

chapter (Sections 4.4.1.1 - 4.4.1.3), some conclusions (Section 4.4.2), and limitations/areas of future 

work (Section 4.4.3).  

 

4.4.1.1 Chapter 2: Development of a water supply volcanic hazard vulnerability model 

This chapter aimed to develop a volcanic hazard vulnerability model for water supplies that accounted 

for the central role that system design has in altering the overall impact on drinking water. This chapter 

completed objectives i and ii and used a typical approach to developing a vulnerability model by 

reviewing pertinent literature including historical eruption impacts on water supplies. This included 

detailed case studies selected as they provided examples of specific vulnerabilities but also 

represented supplies similar to those in Taranaki. The fault tree presented in Section 2.4 was a major 

output of this chapter and can be used for a range of systems in a range of volcanic settings.   

 

4.4.1.2 Chapter 3: Assessing volcanic hazard impacts on Taranaki water supply schemes to evaluate 

loss-of-services 

The purpose of chapter 3 was to identify vulnerable water supply systems in Taranaki using the 

developed fault tree completing objective iii. This chapter compiled an exposure inventory of Taranaki 

water supplies and outlined potential vulnerabilities using system diagrams and amended fault trees 

(Section3.3.1. It was found that Taranaki water supplies had several features identified in the case 

studies as highly vulnerable to volcanic hazards. To test this hypothesis impacts to water supplies were 

tracked during a deterministic eruption scenario where fault trees were applied to each scheme at 
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each day within the scenario (Sections 3.3.2 to 3.3.4). This eruption scenario represents a worst-case 

eruption event for Taranaki and resulted in severe water supply impacts and loss-of-services.   

 

4.4.1.3 Chapter 4: Discussion  

This chapter discussed the results of the impact assessment and outlined potential risk mitigation 

strategies for Taranaki water supply systems. This achieved objective iv and is intended to be used by 

water supply managers as guidance for resilience investments for water supply schemes. The results 

of the impact assessment and key findings from historical eruption events were used to discuss the 

effectiveness of various mitigation methods including; auxiliary groundwater bores, increased water 

storage, and onsite backup generators.  

 

4.4.2 Conclusions  

The research undertaken in this thesis contributes to understanding the effects of volcanic eruptions 

on critical infrastructure and helps to advance volcanic hazard impact assessments. It developed a 

unique vulnerability model for water supply systems that can be applied to a range of scenarios. It is 

hoped that this model can be used by emergency managers, water supply engineers, and planners to 

identify vulnerabilities to volcanic hazards and consider resilient solutions. The Taranaki impact 

assessment could be used as a guide to employ this vulnerability model in future assessments and also 

informs the relevant people in Taranaki of the major regional water supply vulnerabilities.  

 

4.4.3 Limitations and Recommendations for Future Work  

Chapter 2 reviewed the historical water supply impact events and successfully developed a 

vulnerability model, however, there are several limitations in the method of this chapter. Firstly, the 

detail and quantity of impact event data is limited particularly for heavy ashfall and lahar impacts. This 

is largely due to the small number of water supply impact events and the lack of detail in some earlier 

impact summaries. While the presented case studies contained detailed eruption impacts on water 

supplies, impacts during other historical eruptions were recorded in limited detail. Comprehensive 

reviews of eruption impacts in future events would contribute to reducing impact uncertainty. This 

has certainly been the case for eruptions in the last 20 years and will vastly improve the quality of 

future impact assessments.  

The role of water supply system design in determining volcanic hazard vulnerability has been a major 

theme of this thesis and was the main driver for the development of the fault tree. The case studies 

presented in this thesis were selected as they display potential impacts to a range of water supply 

systems, however, it must be noted that systems vary greatly in system design which will influence 

impacts. Therefore, impacts recorded by the fault tree may not be representative of the likely impacts 

to certain supply systems that have unique methods for producing water. Also, other volcanic hazard 

impacts such as pyroclastic flows and lava flows were not considered in the fault tree and could be a 

problem for water supply systems in future eruptions. Future research could develop a more 

exhaustive vulnerability model that encapsulates unique systems and other volcanic hazards.    

The impacts to Taranaki water supply during the selected eruption scenario should be approached as 

an example of what could happen in a future large-scale eruption of Taranaki Maunga. There are 

several assumptions and limitations in this assessment that should not be overlooked when 
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considering impacts to water supplies. Detailed limitations, assumptions, and recommendations for 

future work for the impact assessment are provided in Table 4.2. The impact assessment undertaken 

in this thesis could be applied to other volcanic settings with similarly vulnerable water supply systems 

such as the North Island Volcanic Plateau, New Zealand. Water supplies in this area are exceptionally 

vulnerable to an eruption due to predominant surface water sources and nearby stratovolcanoes in 

the Tongariro National Park. The 2012 Te Maari case study was a relatively small eruption from the 

Tongariro volcano within the National Park and impacts to local water supplies were limited. However, 

the active volcanoes (Ngauruhoe, Ruapehu, and Tongariro) in this area are capable of producing large-

scale eruptions similar to the L1 eruption from Taranaki and there is considerable risk for water supply 

systems.
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