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Abstract

Nearly 10% of the world’s population lives within 100 km of a volcano that has been active in 

the Holocene; living so close to a volcano means potentially being aff ected by volcanic hazards 

such as ashfall, pyroclastic density currents, volcanic ballistics, and lava fl ows. Numerous 

studies have examined the likely extent and impacts of ashfall, pyroclastic density currents, and 

ballistics. In contrast, very little detailed research has investigated lava fl ow hazards or impacts. 

Lava fl ows are commonly considered to fully destroy any structure with which they come in 

contact, i.e. cause binary damage. Anecdotes from modern eruptions suggest, however, that 

lava fl ows may cause a spectrum of damage and that there may be options for mitigation. An 

impact assessment framework is used in this study to determine the impact of lava fl ows on the 

built environment. First, a collation of modern eff usive eruptions that have threatened and/or 

inundated inhabited areas and their supporting networks is created. These events are analysed 

for research gaps and lessons learned using a deductive thematic analysis based on eleven 

data types that could aid in lava fl ow hazard and risk studies. Second, interviews and focus 

groups with scientists, emergency managers, their industry partners, and community members 

help fi ll the research gaps identifi ed for four of the studied eruptions. These discussions have 

also revealed that research stakeholders are especially interested in how buried infrastructure 

would fare under a lava fl ow.  To address this, a series of laboratory molten rock fl ows were 

created. The temperature profi les under the molten rock were recorded as the rock cooled 

and serve as the basis of a computational heat transfer model. To verify the constrained heat 

transfer model, magnetic properties of soil samples from under the June 27th Lava Flow (2014-

2015; Hawaii, USA) were analysed to determine the peak temperatures to which they were 

heated while the fl ow was active. The heat transfer model recreated the peak temperature 

profi le without requiring any alterations. To apply the resulting hazard model in an impact 

assessment, Birkenhead scenario of the Determining Volcanic Risk in Auckland (DEVORA) 

scenarios was selected as an Auckland Volcanic Field (AVF; New Zealand) case study. Lava 

fl ow simulation modelling was required to determine the elements of the built environment 

that would be exposed to the lava fl ow. As of January 2020, there are 31 lava fl ow simulation 

models, each with diff erent strengths and weaknesses. A selection framework was created 
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to aid in determining which model(s) are best suited to diff erent purposes. It takes required 

outputs, available inputs, and stakeholder requirements into account. In the DEVORA case 

study, the selection framework indicated that MOLASSES would be the most appropriate model 

for the AVF buried infrastructure impact assessment. The lava fl ow simulation modelling was 

undertaken twice, once on a digital elevation model and once on a digital surface model. The 

results were compared using a modifi ed Jaccard coeffi  cient and serve as a reminder that the 

built environment can have a substantial impact on where lava fl ows advance. The overlap 

of 40% between the two areal footprints indicated that the digital surface model results more 

accurately refl ect the AVF situation than the digital elevation model results. Then, the thermal 

vulnerability of buried infrastructure was gathered from conversations with stakeholders at 

utility companies in Auckland and Hawaii. A deterministic method to assess the lava fl ow 

thermal impacts to buried infrastructure utilising simulation modelling, thermo-rheological 

modelling, and heat transfer modelling is introduced and applied to the Birkenhead scenario. 

The heat transfer modelling revealed that the electric transmission cable running on the eastern 

side of Birkenhead will likely be operable for more than a week after the ground above is fi rst 

inundated. Several mitigation measures are suggested to prolong the operability of the electric 

cable. One month after the lava has been emplaced, the substrate surrounding the cable is too 

warm to continue operations. Due to the highly elevated temperatures to which the cable is 

exposed, the cable will likely need to be replaced after the lava cools. While the damage in this 

case study is likely complete, it does not follow the assumed binary damage paradigm as the 

damage is progressive and is not necessarily always complete in every eruption. This suggests 

that, similar to other volcanic hazards, lava fl ows can cause a spectrum of damage and that 

mitigation is possible.
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1.1   Background

As the world’s population increases, more people are living close to volcanoes; indeed, it is 

estimated that over 10% of the world’s population lives within 100 km of an active volcano 

(Lenhardt and Oppenheimer 2014; UNISDR 2015). The increasing encroachment of populations 

into areas exposed to volcanic hazards such as lahars, pyroclastic density currents (PDCs), 

tephra, and lava fl ows is leading to an increase in volcanic risk and the potential for higher 

social consequences and economic impacts during future eruptions (UNISDR 2015). Today’s 

society is more densely concentrated and less mobile than past societies (Chester et al. 2001), 

and the built environment holds great economic value. This paradigm of limited mobility of 

costly assets has motivated increased research on mitigating potential impacts from volcanic 

eruptions. 

Considerable work has been carried out on hazard mapping and modelling, impact assessment, 

and mitigation options for life-threatening (e.g. PDCs, lahars) and widespread (e.g. tephra) 

hazards. Tephra hazards in particular have been well studied, with many studies modelling 

tephra plumes and deposition (e.g. Bursik 1998; Lacasse 2001; Bonadonna 2006; Stohl et al. 

2011). There have also been numerous studies on the impacts of tephra on infrastructure (e.g. 

Wilson et al. 2012, 2014), agriculture (e.g. Sword-Daniels et al. 2011; Craig et al. 2016; Wild et 

al. 2019), and human health (e.g. Horwell and Baxter 2006; Mueller et al. 2018; Steinle et al. 

2018). A couple of studies have investigated the clean-up required following a tephra fall (e.g. 

Johnston et al. 2001; Hayes et al. 2015, 2017). Arguably, less focus has been placed on lava fl ow 

hazards as they do not occur as frequently and are less life-threatening than other volcanic fl ow 

hazards. However, eruptions of Eldfell (Iceland) in 1973, Nyiragongo (Democratic Republic 

of Congo) in 1977 and 2002, Kīlauea Volcano (USA) in 1983-2018 and 2018, and numerous 

events at Mt. Etna (Italy) illustrate that when lava fl ows occur in urban environments, they 

can be extremely disruptive and damaging, and that mitigating lava fl ow risk is complex (e.g. 

Tazieff  1977, 1985; Williams and Moore 1983; McPhee 1989; Barberi et al. 1993, 2003; Allard 

et al. 2003; Poland et al. 2015; Neal et al. 2019). The 2018 eruption at Kīlauea Volcano led to 

numerous and, in some cases very fast, lava fl ows encroaching on roads, residential areas, and 
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key infrastructure (e.g. Puna Geothermal Ventures (PGV) and the Department of Water Supply’s 

(DWS’s) network). This eruption also serves as a reminder that lava fl ows can cause signifi cant 

secondary hazards, such as methane explosions triggered by the heating of vegetated ground 

and signifi cant laze  (i.e. gaseous products formed when lava fl ows interact with seawater) 

plumes due to lava interacting with water including groundwater and the ocean (e.g. Anderson 

et al. 2018; Callis and Brestovansky 2018; Hawaii News Now 2018; Kelleher 2018). 

Although lava fl ows can be produced by volcanoes of any composition, they are most common 

at basaltic to intermediate composition volcanoes, where they frequently represent the main 

hazard of concern (e.g. Duncan et al. 1996; Chester et al. 2001, 2012; Allard et al. 2003). There 

are 28 urban centres located within 10 km of a basaltic or intermediate composition volcano that 

has erupted in the last 70 years (Fig. 1.1) and that is known to produce lava fl ows. In addition to 

these recently active volcanoes, there are several other volcanoes located under or near urban 

environments that have not erupted in recent history yet are still considered potentially active. 

One such example is the Auckland Volcanic Field (AVF), where a population of 1.5 million 

people (Stats NZ 2013) lives on top of a potentially active Pleistocene and Holocene volcanic 

fi eld.

 

Given societal encroachment into volcanic regions increasing the potential for lava fl ows to 

threaten urban environments and their supporting infrastructure, there is a need to better 

understand lava fl ow hazards, impacts, and mitigation options. Although considerable work has 

been carried out on developing and testing lava fl ow hazard models (e.g. Costa and Macedonio 

2005; Bonne et al. 2008; Cappello et al. 2016a; Dietterich et al. 2017; Chevrel et al. 2018), little 

research has been conducted on assessing specifi c impacts of lava fl ows. This may be primarily 

due to lava fl ows being treated largely as a binary hazard, namely one in which damage is 

considered either non-existent or complete depending on the absence or presence of the hazard, 

respectively (e.g Duncan et al. 1996; Jenkins et al. 2014; Wilson et al. 2014; Williams 2016), and 

thus little mitigation, other than evacuation of people and assets, is deemed realistic. However, 

experience from historical eruptions suggests lava fl ows damage is not always be binary, i.e. 

there might be diff erent degrees of damage depending on diff erent characteristics of the fl ow 

(e.g. distance from source, thickness, temperature, speed) and that some mitigation may be 

possible. For example, during the 1973 Eldfell eruption on the island of Heimæy (Iceland), 
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Figure 1.1: Schematic diagram depicting the relative distance and direction of urban centres from 
basaltic to intermediate volcanic vents that have erupted since 1950, and that are geologically known to 
produce eff usive basaltic eruptions. Numbers refer to the urban centres, with the corresponding volcano 
in parentheses. Note that while urban centres are depicted in this fi gure, the built environment associated 
with each urban centre extends beyond the city limits. Auckland, New Zealand would fall in the centre of 
this diagram (but is not plotted as there has not been an eruption since 1950; the last eruption was 550 
cal y BP (Leonard et al. 2017)). Figure based on data from the Smithsonian Institute’s Global Volcanism 
Program and Google Earth.

1: Biscoitos (Terceira, Portugal)
2: Putus (Tengger Caldera, Indonesia)
3: El Pueblo (La Palme, Spain)
4: Cibodas (Gede, Indonesia)
5: Kota Ende (Iya, Indonesia)
6: Puerto de Naos (La Palme, Spain)
7: Bieng (Manam, Papua New Guinea)
8: Kayabe (Komagatake, Japan)
9: Miyake (Miyakejima, Japan)
10: Vestmannaey (Eldfell, Iceland)
11: Volcano (Kilauea, USA)
12: Santo Domingo (Mayon, Philippines)
13: Bulusan (Bulusan, Philippines)
14: Tomohon (Lokon, Indonesia)
15: Tulungredjo (Kelut, Indonesia)
16: Buea (Cameroon, Cameroon)
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fi rst responders reported some success in cooling and diverting lava fl ows to limit damage to 

the built environment (Williams and Moore 1983; McPhee 1989). More recently, a lava fl ow 

partially inundated a transfer station on the outskirts of Pāhoa (Hawaii, USA) in 2014-2015, but 

enough of the station remained undamaged to allow local government authorities to reuse the 

facility after some lava was partially removed (Poland et al. 2015).
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My dissertation aims to understand how populations can best mitigate lava fl ow impacts to 

their buried infrastructure. I use four primary research threads to address this aim: 

1) I examine international case studies of lava fl ow inundations for preparedness, 

response, and recovery actions. I supplement the case studies with New Zealander and 

American stakeholder discussions, which identifi ed quantifying impacts on buried 

infrastructure as a key research gap. 

2) After, I use experimental and computational approaches to model heat transfer 

from lava fl ows into the ground to characterise and quantify the thermal hazard posed to 

buried infrastructure. 

3) Then, I develop an outputs-focused framework to identify the lava fl ow models  

which best address a specifi c problem, and demonstrate the application of this framework 

with three AVF case studies. 

4) Finally, I present a methodology to combine the thermal and fl ow modelling I 

undertook (research threads 2 and 3) and suggest a series of mitigation measures based 

on the international case studies (research thread 1) and discussions with engineers at 

utility companies. 

The Auckland Volcanic Field (AVF) is used as a case study throughout this work. The theoretical 

framework and methodologies used in this dissertation are described in the following sections.

1.2   Impact assessment framework 

Volcanic hazards can be broken down into phenomenon-specifi c processes including tephra, 

PDC, and lava fl ow (Magill and Blong 2005). Natural hazards are naturally occurring  processes 

that interact with an element of the human world (Table 1.1; Fig. 1.2). Impacts result from the 

intersection of a hazard, the exposure to that hazard, and the element’s vulnerability to that 

hazard (Table 1.1; Magill and Blong 2005; UNISDR 2009).  For example, fresh tephra (hazard) 

is a hazard to electric networks due to its ability to coat electric insulators (exposed asset). 

When coated, insulators are vulnerable to short-circuiting and causing fl ashovers (impact), 

which can disrupt electricity service (Wardman et al. 2012). In this example, several hazard 

intensity metrics (HIMs; Table 1.1) such as the tephra’s conductive capacity and the thickness 

of the tephra layer can be used to forecast the severity of impact. This demonstrates how a 
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How exposed assets are aff ected by a hazard depends on their vulnerability. A vulnerability 

model quantifi es the impact of a specifi c hazard on an asset by relating a HIM to a damage level. 

Vulnerability models are commonly based on data from numerical models, the fi eld, anecdotes 

(including damage descriptions and expert judement), and/or laboratory modelling. The three 

standard vulnerability frameworks (vulnerability indicator, damage matrix, and vulnerability/

fragility functions) have diff erent data requirements and suitable applications. The most robust 

models use all types of data although the latter three types of data (i.e. fi eld data, anecdotes, and 

laboratory modelling) are more reliable. Impact assessments can be undertaken after a system 

of interest’s vulnerability and exposure to a specifi ed hazard are established. 

Lava fl ows are one of the primary hazards at eff usive volcanoes. Although lava fl ows generally 

do not pose a threat to life safety (Kilburn 2015; Brown et al. 2017), the emplacement of lava, 

the pressure exerted by a lava fl ow, and the high temperature associated with lava fl ows can 

threaten immobile objects (Chester et al. 2001) and ignite fi res. This dissertation focuses on 

interactions between lava fl ows and the built environment.

1.3   Lava fl ows

Lava fl ows are gravity-driven, mass fl ows of molten igneous rock created during eruptions 

single hazard can be described by multiple HIMs; lava fl ows are also associated with multiple 

HIMs. Not only can their temperature be correlated to damage, but the pressure exerted by 

a lava fl ow is also a  HIM. When the hazard is not posing a threat to an exposed asset, these 

characteristics simply describe the process.

Term Defi nition Reference

Exposure People, property, systems, or other elements present in hazard 
zones that are thereby subject to potential losses UNISDR (2009)

Hazard Intensity The magnitude of a hazard at a particular site Wilson et al. (2014)

Hazard Intensity Metric 
(HIM)

Measures of the characteristics that can be used to describe the 
hazardous nature of the process

Jenkins et al. (2014); 
Wilson et al. (2014)

Impact Function of the hazard and vulnerability on the exposed asset Wilson et al. (2014)

Natural Hazard
Natural process or phenomenon that may cause loss of life, injury, 
or other health impacts, property damage, loss of livelihoods and 

services, social and economic disruption, or environmental damage
UNISDR (2009)

Vulnerability The characteristics and circumstances of a community, system, or 
asset that make it susceptible to the damage eff ects of a hazard UNISDR (2009)

Vulnerability Model A relationship correlating the hazard intensity metric to an expected 
damage state Williams (2016)

Table 1.1: Defi nitions of terms used in an impact assessment framework and this dissertation.
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through eff usion from a volcanic vent or fi ssure or the coalescing of volcanic bombs (forming 

clastogenic lava fl ows; Sumner 1998). Once formed, lava fl ows generally move downslope, 

although fl ows occasionally overtop barriers (Calvari et al. 1994; Tarquini and Favalli 2011). 

When multiple fl ows are eff used, fl ow fi elds are created and can consist of bifurcated fl ows,  

fl ows with diff erent areal extents, or overlapping fl ows (Kilburn 2015). Some channalised lava 

fl ows reportedly have moved up to 100 km/hr (Tazieff  1977), but most lava fl ow fronts advance 

at speeds of 3-5 km/hr (Kilburn 2015; Harris et al. 2017a). 

Figure 1.2:  Diagram illustrating how a hazard, elements exposed to the hazard, and the elements’ 
vulnerability to the hazard all contribute to the impact, which can be described in an impact assess-
ment. A hazard is a process of the natural world while the exposed elements are part of the human 
world. Elements’ vulnerabilities to the hazard determine how the element is impacted.

Natural
 hazard

Exposure

   Vulnerability

     Impact

Natural
 process

Although lava fl ows can occur at silicic volcanoes, other hazards are typically more common; 

whereas, lava fl ows are frequent occurrences at basaltic volcanoes. Thus, this dissertation is 

concerned with basaltic lava fl ows, which are the least viscous type of lava fl ow, and therefore, 

tend to cover the largest areas as compared to lava fl ows of other compositions. This means 

that urban centres located in regions of basaltic volcanism are more likely to be aff ected by lava 

fl ows than those located in regions with more silicic volcanoes.

Many properties are used to describe lava fl ows; some of the most common ways are included 

in Table 1.2. Most of the described parameters can be quantifi ed, which is important when 

populating specifi c types of vulnerability frameworks to enable impact and risk assessments. 

Other parameters (i.e. type) are qualitative but still infl uence how damaging a lava fl ow can be.
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Parameter Brief Description Unit

Areal Extent Measurement of the spatial extent of the lava fl ow (Hayes et al. 2018) m2

Length When the areal extent of a lava fl ow is not given, frequently the lava fl ow’s length 
(measurement describing the run out of the lava fl ow) and width (measurement 

describing the horizontal component of the lava fl ow) are provided (Kereszturi et al. 
2012)

m

Width m

Thickness Measurement describing the vertical component of the lava fl ow (Kereszturi et al. 2012) m

Density Measurement of the mass and volume of the lava fl ow (Kilburn 2015) kg/m3

Vesicle content Measurement of the amount of gas trapped in the lava fl ow upon solidifi cation (Harris 
and Rowland 2015b) % vesicles

Crystallinity Measure of the percent of crystals (by volume) in a lava fl ow (Harris and Rowland 
2015b) % crystals

Composition
Measurement of the chemical composition of the lava fl ow, e.g. silica content used 

to classify lava fl ows; low silica content lava fl ows are referred to as basaltic (Kilburn 
2015)

e.g., % SiO2

Eff usion rate Measurement describing how quickly lava is being discharged by the vent (Harris et al. 
2007a) m3/s

Velocity The rate at which lava fl ows or lava in a channel moves (Robert et al. 2014) m/s

Eruption 
temperature Measurement of the temperature of the lava fl ow at the vent (Kilburn 2015) °C or K

Temperature 
(down fl ow)

Measurement of the temperature of the lava fl ow at a provided distance from the vent 
(the distance can vary; Hon et al. 1994) °C at [distance]

Viscosity Measurement describing the strain stress vs the shear rate; can be related to 
composition and temperature (Harris 2013; Kilburn 2015) Pa*s

Yield strength Measurement of the stress required for the lava fl ow to begin moving (Harris 2013) Pa

Duration Measurement of how long the lava fl ow moves (Cashman and Kauahikaua 1997) hours to years

Morphotype Morphological description of the basal surfaces and overall structure of the lava fl ow 
(Murcia et al. 2014; Kilburn 2015; Harris et al. 2017a) --

Cooling rate Temperature changes of the lava over time (Hon et al. 1994) °C/[unit time]

1.3.1  Lava fl ow impacts

Common primary lava fl ow impacts include bulldozing, burying and/or igniting structures 

(Harris 2015). The mode of impact depends on the structure’s vulnerabilities to the lava fl ow 

morphotype (Section 1.3.2). For example, a structure made of materials with a low ignition point, 

such as treated wood, is more likely to ignite than be bulldozed due to the structure’s exposure 

to the high temperature of the lava fl ow. In addition to impacting structures, lava fl ows can also 

aff ect land. The inundation of a landscape can alter not only the existing topography but can 

also disturb ecosystems (Baker et al. 2015). Lava fl ows can also cause secondary impacts by 

starting fi res, causing explosions, and changing the fertility and cohesiveness of the substrate 

they inundate. Although lava fl ows can cause signifi cant destruction, some impacts of lava fl ows 

can be positive. Lava fl ows can create land and connect islands (e.g. 1914 Sakurajima lava fl ows; 

Koto 1916).  Additionally, a community in Iceland used a cooling lava fl ow to heat their water 

for over ten years (Williams and Moore 1983). Thus, although lava fl ow impacts are frequently 

viewed negatively they can have positive outcomes.

Table 1.2: Common parameters of lava fl ows and recent references that have used the parameter. 
Many of these parameters are collected after an eruption ends.
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1.3.2  Types of basaltic lava fl ows

There are two primary types of basaltic lava fl ows: ‘a’ā and pāhoehoe (Fig. 1.3). They are 

distinguishable in the fi eld based on their overall appearance. ‘A’ā is often described as rubbly 

while pāhoehoe exhibits a ropy morphology (e.g. Macdonald 1953; Murcia et al. 2014; Harris et 

al. 2017a). Another major diff erence between ‘a’ā and pāhoehoe lava fl ows is their viscosity. ‘A’ā 

lava fl ows tend to be more viscous than pāhoehoe fl ows (Barberi et al. 1993), which has several 

emplacement implications. Due to the relatively cohesive (i.e., massive) nature of pāhoehoe 

crusts and to pāhoehoe fl ows’ lower viscosities, pāhoehoe lava fl ows stop advancing as their 

cores’ viscosities increase. This is due to an inability for the force exerted by the fl ow’s core to 

exceed the crusts’ yield strength. The fractured nature of ‘a’ā lava fl ows’ crusts mean ‘a’ā lava 

fl ows can continue advancing with higher core viscosities. Rather than continuing to advance 

and thicken as they do so, pāhoehoe fl ows tend to widen and infl ate after advancement ends, 

whereas, ‘a’ā fl ows tend to thicken as they advance (Kilburn 2015). The speeds at which fl ows 

advance are also related to the morphology of the fl ow; ‘a’ā fl ows tend to advance more quickly 

than pāhoehoe fl ows (Kilburn 2015). Despite these diff erences, both endmember morphologies 

can have the same chemical composition. Indeed, it is generally regarded that petrological and 

geochemical characteristics of the core of a lava fl ow cannot be used to distinguish between 

the two lava fl ow endmembers (Katz and Cashman 2003; Harris et al. 2017a), despite their 

rheological diff erences. Rather, the two types are commonly diff erentiated based on fi eld 

studies that examine the morphology of the fl ow’s upper crust. Pāhoehoe lava fl ows are smooth 

while ‘a’ā fl ows are composed of spiny balls referred to as clinkers (Fig. 1.3). Due to the diff erent 

crustal types and viscosities, the fl ows advance diff erently with the rate of the lava fl ow’s crustal 

growth infl uencing the lava fl ow’s type (Murcia et al. 2014). As the endmembers demonstrate 

diff erent rheologies and emplacement mechanisms (Murcia et al. 2014), the two endmember 

types of lava fl ows advance profoundly diff erently, infl uencing the hazard posed. 

Despite these diff erences, most other properties are shared between both basaltic endmembers, 

and it is not uncommon to fi nd pāhoehoe fl ows that transition distally into ‘a’ā fl ows (Rowland 

and Walker 1990; Cashman et al. 1999; Robert et al. 2014). Lava fl ow eruptive temperatures are 

strongly dependent on magma geochemistry. Although eruptive temperature is not indicative 

of resulting morphology, the cooling rate of the lava fl ow is dependent on morphology, with 
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Figure 1.3: Image of Hilina Pali on the southern fl ank of Kīlauea Volcano (USA) covered in lava 
fl ows. The lava fl ows in the upper and middle centre of the image are darker in colour and exhibit an 
‘a’ā morphology. The lava fl ows underneath the ‘a’ā fl ows and at the bottom of the image are silvery 
pāhoehoe. Image taken from Chain of Craters Road; for scale, the pali (cliff ) is approximately 1 km 
away and 150 m high.

‘a’ā morphology

pāhoehoe morphology

1.3.3  Case studies of recent lava fl ows

Lava fl ow inundations are uncommon, but lava fl ows have both threatened and inundated 

populated areas over the course of history (Kilburn 2015). These instances provide important 

information about how societies respond to and recover from lava fl ow crises. In Table 1.3, I 

collate a list of lava fl ows that have threatened and/or inundated populated areas since 1950. 

Over the past 70 years, there has been a rapid increase in the rate of urbanisation (Chester et 

al. 2001). Additionally, the amount of distributed infrastructure has dramatically increased 

within the same timeframe (Tarr 1984). These trends indicate a signifi cant number of building 

projects being undertaken globally, especially in the second half of the 1940s and early 1950s 

lava fl ows with faster cooling rates and/or with lower lava fl ow temperatures tending to exhibit 

an ‘a’ā morphotype. The relative cohesiveness (i.e. the massive nature) of a pāhoehoe lava fl ow’s

crust does not allow for signifi cant heat to be radiated and convected away as quickly as an 

‘a’ā lava fl ow’s crust does (Harris 2013; Robert et al. 2014). Thus, a lava fl ow’s morphology 

infl uences lava fl ow cooling rates, and in turn, distal lava fl ow temperatures.



12

Figure 1.4:  ‘A’ā lava fl ow surrounding tourist facilities located at 2100 m on Etna’s southern fl ank 
during the 2002 eruption. This image, taken by Giovanni Guardo, was originally a postcard.

1.4  The Auckland Volcanic Field

1.4.1  Geology of the AVF

The AVF is a monogenetic, basaltic volcanic fi eld composed of at least 53 eruptive centres (Fig. 

1.5) that has erupted at least 1.7 km3 of dense rock equivalent (DRE) eruptive products in the 

past 190 kyr over an area of approximately 350 km2 (Kereszturi et al. 2013; Bebbington 2015; 

Leonard et al. 2017). Most past AVF eruptions began with a phreatomagmatic stage (Nemeth 

in areas recovering from World War II. Many of these buildings and developments are still in 

place today. Thus, lava fl ow inundations since 1950 are the most applicable to today’s cities, 

and lessons from these events will continue to be useful as urban areas, such as Auckland, plan 

for future volcanic crises.

Although not all of these lava fl ow crises created physical damage, accounts of many of these 

eruptions detail long-term societal impacts. These crises and their associated mitigation actions 

serve as important events for other areas that may not yet have experienced a lava fl ow crisis 

but could in the future. One such location is the city of Auckland, New Zealand, built on top of 

the AVF.
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et al. 2012; Kereszturi et al. 2013, 2014b; Bebbington 2015). As water supplies dwindled during 

the phreatomagmatic stage, the principal eruption style typically transitioned to a magmatic 

Hawaiian or Strombolian stage, both of which were dominated by scoria cone formation with 

the possibility of lava fl ows (e.g. Walker 1973a; Kereszturi et al. 2014; Taddeucci et al. 2015). 

The phreatomagmatic stage frequently aff ected larger areas than the purely magmatic stage 

due to the volcanism style, which involves explosive magma-water interactions (Nemeth et al. 

2012).

During its 200,000-year lifetime, the AVF has undergone two distinct phases of activity based on 

the study of past eruptive deposits. All of the eruptions before 40,000 years ago were relatively 

small (Kereszturi et al. 2013). In the last 40,000 years, AVF eruptions have not only displayed 

a larger range of erupted volumes, but also a larger average volume than the eruptions in the 

earlier phase (Leonard et al. 2017). Approximately 30,000 years ago, there was a cluster of 

eruptions (a “fl are up”) which may indicate the beginning of a new eruption pattern (Hopkins 

et al. 2017; Leonard et al. 2017). The most recent AVF eruption occurred approximately 550 

years cal. BP on Rangitoto (Needham et al. 2011). Erupting over half of the AVF’s total eruptive 

products, Rangitoto’s edifi ce consists mainly of lava fl ows. Despite the relationship between 

eruptive volumes and the two phases of the AVF’s history, past studies have not found spatial-

volumetric or spatial-temporal patterns in the AVF (Bebbington and Cronin 2011; Lindsay et 

al. 2011; Bebbington 2015).

1.4.2  Hazards

There are several primary volcanic hazards associated with AVF eruptions including precursory 

volcanic earthquakes (inferred), tephra, PDCs, ballistics, volcanic gas (vog), edifi ce formation, 

and lava fl ows. Sherburn et al. (2007) explored the possible characteristics of volcanic 

earthquakes that might accompany a future AVF eruption. Numerous studies have examined 

the hazard, exposure, and impacts of tephra in Auckland from a proximal or distal source (e.g. 

Sandiford et al. 2001; Magill and Blong 2005; Houghton et al. 2006; Wilson et al. 2014; Deligne 

et al. 2015, 2017a; Zawalna-Geer et al. 2016; Blake et al. 2017; Hayes et al. 2017; Hopkins et al. 

2017). Brand et al. (2014) and Agustin-Flores et al. (2014, 2015) present preliminary assessments 

of the PDC hazard in an AVF eruption. According to Williams (2016), volcanic ballistics will 

likely aff ect the same area as PDCs. Vog poses a life-safety threat that is being researched in 
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Table 1.3: Example occurrences since 1950 of lava fl ow impacts to towns and/or the built 
environment.  For more information on specifi c eruption, see Chapter 3. Eruption years from sourced 
from the Global Volcanism Program.

Volcano 
(Country)

Year; Towns 
inundated Summary Actions during and since Selected References

Etna (Italy) Various; 
various

Tourist facilities have 
been inundated (Figure 

4). Towns have been 
threatened.

Lava barriers have been built and 
optimised. Water has been used 

to retard the burning of buildings 
(Fig. 1.4). Tourist facilities have 

been rebuilt.

Devries 1981; Barberi et 
al. 1993, 2003; New York 
Times 2001; Bonaccorso 

et al. 2016  

Kīlauea (USA) Various; 
various 

Neighbourhoods 
and towns have been 

threatened and inundated. 

Evacuations were called in 
many inundations. A power pole 
protection measure was devised 

in 2014. Some citizens have 
rebuilt on top of lava fl ows. Most 

areas have been abandoned.

Hawai’i Electric Light 
2014a, 2014b; Ballauer 

and Lofgreen 2015; 
McMullen 2015

MaunaLoa 
(USA)

Various; 
various 

A large ‘a’ā fl ow threatened 
to inundate Hilo.

Barriers have been built around a 
large scientifi c facility to protect 

it during future events.

Lockwood et al. 1985; 
Rhodes and Lockwood 

1995

Eldfell 
(Iceland) 1973; Heimaey

A volcanic centre formed 
in the middle of the night, 
causing an evacuation and 
months-long response to 

cool the lava.

Parts of the lava fl ow that 
inundated the town were 

removed; partially covered 
buildings are now being used 

again.

Thorarinsson et al. 1973; 
Einarsson 1974; Williams 
and Moore 1983; McPhee 

1989

Nyiragongo 
(Democractic 
Republic of 

Congo)

1977, 2002; 
Goma

Large areas of Goma were 
inundated. 

Inundated areas are now 
reinhabited.

Lorch 1994; Allard et 
al. 2003 ; Chirico et al., 

2009; Heiken 2013

Piton de la 
Fournaise 
(France)

Various; 
various

Many towns have been 
inundated. Due to the 

frequency of occurrence, 
locals view evacuation as 

standard.

No mitigation has been 
undertaken; inundated land is no 

longer used.
Staudacher et al. 2016

Fogo (Cape 
Verde)

2014; Portello, 
Bangaeira

Both towns have been 
inundated. No actions to report.

Cappello, et al. 2016a; 
Richter et al. 2016; 
Jenkins et al. 2017

Izu-Oshima 
(Japan) 1986; none

Three basaltic-andesitic, 
clastogenic ‘a’ā lava fl ows 
formed. They threatened 
the airport and volcanic 

observatory although 
neither structure was 

inundated.

No actions to report. Watts 1986; Sumner 
1998

Miyakejima 
(Japan) 1983; Ako

Ako was evacuated before 
the lava fl ows inundated 

the town. The town 
burned.

The inundated land is no longer 
used.

Aramaki et al. 1986 ; 
Cappello et al. 2015 

La Palma 
(Spain) 1971; none

The lava fl ow threatened 
a road although stopped 
advancing 4 m from the 

road’s edge.
No actions reported. Fuster-Casas 1971

Mayon 
(Philippines)

1984, 2018; 
none

Lava fl ows in 1984 sparked 
forest fi res. In 2018, 

the lava fl ows triggered 
evacuations.

The 2018 eruption prompted 
evacuations in January. In April, 

people were allowed to return 
home.

Dalpino 2018; Dobran 
2018; Nace 2018; Relief 

Web 2018 

Mt. Cameroon 
(Cameroon)

1999, 2000; 
none

Lava fl ows threatened 
towns although stopped 
advancing 4 km from the 

outskirts.
No actions reported. Bonne et al. 2008 ; 

Favalli et al. 2012

other parts of the world (Williams and Moore 1983; Hansell and Oppenheimer 2004; Feeley 

and Winer 2009; van Manen 2014; Baxter and Horwell 2015). Each of the volcanic hazards 

discussed above could incur a spectrum of damage during an AVF eruption. Considerably less 

research has been undertaken regarding lava fl ow hazards and impacts in an AVF eruption 

(Kereszturi et al. 2012, 2013, 2014a, 2014b), and my dissertation aims to fi ll this gap.
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Figure 1.5: Map showing Auckland with the volcanic centres of the AVF. The oval shows the possible 
boundary of the AVF based on the known eruptive centres. Inset shows the North Island of New Zealand 
and indicates Auckland. Figure modifi ed from Kermode (1992), Bebbington (2015), and Runge (2015). 
Data from DEVORA and LINZ. 
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While most of the damage close to the new eruptive centre will be total, most of the distal damage 

will be remediable to an extent. For example, tephra will likely have the largest spatial extent 

and can be cleaned off  exposed assets (Deligne et al. 2015; Hayes et al. 2015), allowing them 

to be used again (Wardman et al. 2012). Lava fl ows, though, are currently treated as a binary 

hazard in many studies (e.g. Deligne et al. 2015, 2017a; Blake et al. 2017) and in the Auckland 

Volcanic Field Contingency Plan, meaning exposed elements of society inundated by lava are 

expected to be completely destroyed (CDEM 2015). Such studies and plans justify the decision 

to treat lava fl ow hazards and impacts as binary by highlighting how little is known about lava 

fl ow impacts. This project uses empirical observations from literature and laboratory modelling 

to determine if lava fl ows can cause a spectrum of damage and if there are viable mitigation 

options that Auckland could deploy during an eruption.

1.4.3  Previous lava fl ows in the AVF

Over half of the volume erupted by the AVF has been in the form of lava fl ows (Kereszturi et 

al. 2013) mostly exhibiting ‘a’ā morphologies (Kereszturi et al. 2012). Kereszturi et al. (2012) 

examine 15 AVF lava fl ows to assess the susceptibility of Auckland to lava fl ows. They conclude 

that the mean lava fl ow in the AVF covers 5.1 km2 (Kereszturi et al. 2012). The 15 lava fl ows 

Kereszturi et al. (2012) studied ranged in thickness from 3.4 m to 43.8 m and in length from 

0.7 km to 6.5 km; the longest currently known lava fl ow is 10.5 km long and erupted from Mt. 

St. John (Kereszturi et al. 2014a). Kereszturi et al. (2012) fi nd that the average AVF lava fl ow is 

2.5 km long, which is shorter than the radius of the evacuation zones proposed by the Auckland 

Volcanic Field Contingency Plan (CDEM 2015). Based on the above lava fl ow dimensions and 

topographic gradients, Kereszturi et al. (2012) determine that southern Auckland is at higher 

risk of being inundated by lava fl ows than northern Auckland due to the subdued topography 

in the south. They also note that the lava fl ows may behave in ways unpredicted by numerical 

models due to the presence of buildings and modifi ed local topography. In a subsequent study, 

Kereszturi et al. (2014a) examine the morphology of AVF lava fl ows. In the AVF, lava fl ows 

often begin by exhibiting pāhoehoe structures close to the vent,with the morphology frequently 

changing to ‘a’ā farther from the vent (Kereszturi et al. 2012); pāhoehoe morphotypes are still 

common in break-out lobes. In some cases, lava tubes are formed. Over 54 lava tubes have 

been discovered in the AVF (Crossley 2014). The geochemistry of AVF lavas and other eruptive 
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products has been extensively studied to develop a petrogenetic model for the AVF (McGee 

2012; McGee et al. 2013). This work revealed that AVF lavas from larger centres tend to be 

subalkaline basalt while those from the smallest centres alkali basalt to nephelinite. McGee et al. 

(2013) also found that AVF products are primarily derived from melting of the asthenospheric 

mantle. 

1.4.4  Impact assessment

The impact of each volcanic hazard can only be assessed once the hazard footprint and the 

system of interest’s vulnerability to that hazard are known. Some hazards are now understood 

well enough that their impacts on Auckland have been examined. Many studies examine 

how tephra in a future AVF eruption could aff ect diff erent systems in Auckland such as the 

telecommunications and transportation systems (e.g. Barnard 2009; Blake et al. 2016). There 

are also studies on how PDCs could aff ect the proximal area around a new eruptive vent (Brand 

et al. 2014; Deligne et al. 2017a). The impacts of volcanic ballistics in the built environment 

are also emerging (Williams 2016). Multi-hazard assessments are also being undertaken 

for scenarios: Deligne et al. (2015, 2017a) examine how a hypothetical eruption in Mangere 

Bridge township would aff ect local and regional infrastructure. They fi rst describe the eruption 

scenario to establish hazards and their characteristics, such as the size and location of the vent, 

the dynamic pressure exerted by pyroclastic surges based on the distance from the vent, and 

the tephra thickness at varying distances from the vent. Deligne et al. (2015, 2017a) then use 

vulnerability curves to conduct an impact assessment on the Auckland electrical, transportation, 

wastewater, storm water, potable water, telecommunications, and fuel systems. Although this 

impact assessment briefl y describes lava fl ow impacts, the authors stressed that the lava fl ow 

footprint is not well established, nor are the lava fl ow impacts well understood compared to 

other hazards. 

Discussions with members of Auckland Council and Auckland Emergency Management during 

the early stages of my study uncovered that there are particular concerns about Auckland’s 

infrastructure  (R. Roberts and E. Hunt pers. comm.). Many of New Zealand’s key infrastructure 

networks, including Transpower’s national transmission network, run through Auckland and 

have little to no redundancy (R. Joyce pers. comm.). Therefore, it is of great importance to know 

about potential lava fl ow impacts to Auckland’s utility networks. Further discussions revealed 
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that many of the key transmission networks are buried (E. Hunt and R. Joyce pers. comm.). 

Hence, a key focus of this project is to explore the impact of lava fl ows to buried infrastructure. 

1.5  Aim and objectives

As historical eruptions from around the world have demonstrated, lava fl ows can cause the 

destruction of the built environment. More research is needed about the potential impacts 

of lava fl ows if mitigation is to be eff ective. The motivation of this dissertation is to create a 

workfl ow to assess the hazard posed by lava fl ows to buried infrastructure to aid in mitigation 

decisions. To achieve this, a better understanding of a) the interaction between lava fl ows and 

the subsurface and b) the suitability of available lava fl ow models for impact assessments is 

needed. The following objectives support this aim:

1. Objective 1: To gather data from global lava fl ow inundation case studies on 

preparing for, responding to, and recovering from lava fl ows. This objective is addressed 

in Chapters 2 and 3, using a literature review of lava fl ows that have threatened and/

or impacted inhabited areas and case studies at Mt. Etna (Italy) and Kīlauea Volcano 

(USA) based on interviews and focus groups I conducted. A gap analysis is undertaken to 

provide background on the motivation of this dissertation and highlight areas for future 

research.

2. Objective 2: To develop a substrate-lava computational heat transfer model 

based on laboratory and fi eld data. This objective is addressed in Chapter 4, in which I 

present a heat transfer model based on laboratory data to determine interactions between 

lava fl ows and the substrate beneath them, a gap identifi ed in Chapters 2 and 3.

3. Objective 3: To develop a process to aid lava fl ow model selection for a given 

project. This objective is addressed in Chapter 5, which examines lava fl ow numerical 

models to identify strengths and weaknesses, and ideal applications. I present a workfl ow 

to aid in selecting numerical models and apply to the AVF.

4. Objective 4:  To develop a method to determine the thermal hazard posed by lava 

fl ows to buried infrastructure. This objective is addressed in Chapter 6 when I introduce 

a workfl ow that interweaves the data from the previous chapters to identify potential lava 

fl ow thermal impacts to buried infrastructure using an Auckland case study.

5. Objective 5: To trial the method described in Objective 4 to Auckland. This 
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objective is addressed in Chapter 6 in the form of a case study to demonstrate the Objective 

4 workfl ow’s utility.

Chapter 7 summarises the results and suggests extensions of this work for future research. 

This work is supported by an electronic appendix that includes all of the data referred to in the 

dissertation. 
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Chapter 2:

Background
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2.1   Introduction

This dissertation uses methods from a variety of fi elds including geology, engineering, and 

social science. Thus, this chapter provides background on the key methods used to provide 

context. The methods are discussed in the order in which they fi rst are used in this thesis.

2.2   Thematic analysis

There are numerous ways to collect data about how communities prepared for, responded to, 

and recovered from volcanic eruptions. I conducted semi-structured interviews and focus groups 

(Tsang et al. 2019; Tsang and Lindsay 2019) in communities that had recently experienced 

a small-volume volcanic eruption. (See Appendix 1 for both reports that summarise this 

data.) The questions primarily focused on what preparation actions participants undertook, 

what developments prompted actions, how participants responded, how participants were 

recovering, and what participants would suggest trying in future eruptions (Tsang et al. 2019; 

Tsang and Lindsay 2019).

Once the data had been collected, there were also multiple methods which could be employed 

to analyse the data. I used thematic analysis (Tsang et al. 2019; Tsang and Lindsay 2019).

Thematic analysis is a method in which data clips relating to a theme are grouped together 

and then analysed (Braun and Clarke 2006). Two types of thematic analysis exist: deductive 

and inductive (Braun and Clarke 2006). Inductive thematic analysis involves listening to and/

or reading the data multiple times to select themes based on what participants said (Braun 

and Clarke 2006). Deductive thematic analysis requires a list of themes to be created before 

analysing the data (Braun and Clarke 2006). Both types of thematic analysis were employed 

in Tsang et al. (2019), Tsang and Lindsay (2019), and Chapter 4. The list of themes for the 

deductive thematic analysis were based on the questions asked (Tsang et al. 2019; Tsang and 

Lindsay 2019). Thematic analysis can be implemented by hand or using a software package. I 

used NVivo, a software package that allows text to be highlighted and added to specifi c codes 

(i.e. themes). 
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The data in the themes “data participants wished they had during the eruption” and “what could 

be improved or tested in future eruptions” were used to guide the focus of my dissertation.

  
2.3   Analogue modelling

Working on or near active lava fl ows can be diffi  cult and dangerous (e.g. Ball et al. 2008; Kilburn 

2015; Rumpf et al. 2018). Analogue modelling is one way to study volcanic processes while also 

limiting the dangers associated with working on active lava fl ows. Analogue modelling is a type 

of experimental approach in which analogue materials are used to recreate the volcanic process 

in an controlled environment (Dietterich et al. 2015; Rumpf et al. 2018); often, analogue set-

ups create the volcanic process on a smaller scale (Dietterich et al. 2015).

In this dissertation, I used analogue modelling to study the heat transfer between lava fl ows 

and their substrates. This experiment work was conducted at the Syracuse University Lava 

Project (“Lava Project”) in upstate New York (USA). The Lava Project is unique in that the 

researchers have repurposed a bronze furnace to melt greenschist facies (i.e. meta-basaltic) 

rocks (e.g. Lev et al. 2012; Dietterich et al. 2015; Rumpf et al. 2018). The volatiles in the meta-

basalt act as a natural fl ux as the rocks begin melting and then are released as the molten rock 

continues to heat (Dietterich et al. 2015). Therefore, when the molten rock is fi nally poured, the 

composition is basaltic. Because the Lava Project molten rock fl ows form massive, unfractured 

crusts when they are poured, the resulting fl ows could be classed as pāhoehoe fl ows. The 

experiments I designed involved pouring molten rock on top of four types of substrates: 

dry soil, wet soil, footpath, and road (Chapter 5).  Steel cylinders were constructed and then 

fi lled with the substrates. The steel cylinders also helped control the “fl ow’s” thickness. Three 

molten rock thicknesses (10 cm, 50 cm, and 100 cm) were used; these thicknesses are similar 

to pāhoehoe lobes as they fi rst advance (Chapter 5). I took temperature measurements every 

20 cm beginning at the molten rock-substate contact using k-type thermocouples (Chapter 5). 

While a thermocouple was inserted at the contact, contact temperatures cannot be collected. 

Thermocouple measurements are taken over a small area; in this case, the area’s diameter was 

a quarter of an inch. It is extraordinarily diffi  cult to place the thermocouple in a way that half 

the sampling area is in contact with the molten rock and half the sampling area is in contact 

with the substrate. In fact, this is not possible for the footpath and road cross-sections even 
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if the sampling area were larger. For a more detailed description of the experimental set-up, 

please see Chapter 5.

While pāhoehoe fl ows can be created in a laboratory setting, my attempts at creating ‘a’ā fl ows 

by adding a layer of heated garden scoria under the meta-basalt did not succeed. The heated 

scoria cooled too much while moving it into place before the molten rock was poured. Being 

able to create ‘a’ā molten rock fl ows could enable a host of new studies.

2.3.1  Connection to computational modelling

Once the temperature time series had been collected, the next step requires being able to 

calculate temperature profi les under any lava/molten rock thickness and for longer time 

scales (Chapter 5). This was accomplished using computational heat transfer modelling. The 

experimental set-up was generated, and the initial conditions and properties governing the 

heat transfer were optimised by hand until the results of the 10-cm-thick molten rock pours 

were recreated (Chapter 5). The time series data from the 50 and 100 cm thicknesses were then 

used to further constrain the optimised model (Chapter 5).

2.4   Paleomagnetism of rocks

Paleomagnetism and magnetic properties of rocks have been used in a variety of volcanic 

studies, including those classifying deposits as pyroclastic density currents or lahars (Lerner et 

al. 2019),  those determining the direction of pyroclastic density current fl ows (Kent et al. 1981), 

and those aimed at evaluating eruptive histories (e.g. Leonard et al. 2017). 

2.4.1   Theory

Rocks can contain magnetic materials, which store information about the formation of the 

rock and/or about more recent heating of the rock. Such information is stored as a remnant 

magnetisation (e.g. Evans and Heller 2003; Butler 2004; Tauxe 2010). Most geological 

applications are interested in ferro-magnetic materials. These materials can record up to a 

maximum magnetisation (e.g. Butler 2004).
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Magnetic materials are generally composed of more than one grain. Adjacent grains in ferro-

magnetic materials strongly aff ect each other. As the magnetic material is heated, the distance 

between each grain increases, which decreases the infl uence of adjacent grains. Heating also 

infl uences the material’s maximum saturation (e.g. Evans and Heller 2003; Butler 2004; Tauxe 

2010). The temperature at which the material’s maximum magnetisation reaches zero is called 

the Curie temperature. Above this temperature, the material is highly susceptible to external 

magnetic fi elds (e.g. Butler 2004).  

Each grain records a magnetic moment. The magnetic moment recorded is infl uenced by a 

variety of factors including the grain’s size, atomic structure, and crystallographic orientation 

(e.g. Evans and Heller 2003; Butler 2004; Tauxe 2010). Thus, as the material is heated, 

diff erent grains will decouple from surrounding grains at diff erent temperatures. Once a grain 

has decoupled, its magnetic moment can move freely and will align with external magnetic 

fi elds. This process is generally reversible. 

2.4.2   Methodology

Since each grain becomes unblocked at a diff erent temperature, a set of magnetic grains can be 

used to determine their heating history. To do so, the magnetic material must be progressively 

demagnetised, and then its magnetic fi eld should be measured. Two primary methods exist to 

demagnetise a material: alternating fi eld and  thermal demagnetisation. This dissertation used 

alternating fi eld demagnetisation.  

In alternating fi eld demagnetisation, the sample is subjected to a sinusoidal alternating magnetic 

fi eld that decreases with time (e.g. Evans and Heller 2003; Butler 2004; Tauxe 2010). This 

allows magnetic grains with an equivalent or weaker magnetic moment to move freely. As the 

applied magnetic fi eld decreases, each grain will take on a new magnetisation. If this is done in 

an environment that does not contain an external magnetic fi eld, then the magnetic moments 

of each grain will not be aligned. Thus, they will cancel each other out when the magnetic fi eld is 

measured. This process is repeated with magnetic fi elds of increasing strength until the original 

magnetic fi eld of the sample has been fully removed.



27

I collected soil samples from a manmade berm that was inundated by the June 27th Lava Flow 

in Pāhoa, Hawaii (Chapter 5). Alternating fi eld demagnetisation was then used to see if the lava 

fl ow had suffi  ciently heated the soil to impart a partial magnetic fi eld (Chapter 5). A control 

sample was taken from an area that was not inundated and compared to samples from under 

the lava fl ow. This suggests that thermal demagnetisation of samples from under lava fl ows can 

re-create peak temperature profi les of the substrate below the lava fl ow as it was active.

2.5  Computational heat transfer modelling

There are many ways to calculate heat transfer ranging from hand calculations to computational 

software packages. In this dissertation, I used the ANSYS Parametric Design Language (APDL) 

package. APDL is a fi nite element analysis (FEA) package which I used to model conduction, 

convection, and radiation (Chapter 5). 

Finite element analysis is a common way to solve many types of applied physics problems 

including heat transfer (e.g. Liu and Quek 2014; Tabatabaian 2014; Moaveni 2015; Pidaparti 

2017; Rao 2018). A solid model of the system of interest is created, and a library of material 

properties is defi ned. The materials can then be assigned to sections or sub-geometries of the 

solid model (e.g. Liu and Quek 2014; Moaveni 2015; Pidaparti 2017; Rao 2018). The element 

type also has to be selected; its importance is explained below. Once these selections have been 

made, the solid model (or individual sub-geometries) can be meshed. Meshing is the process in 

which the software program or engineer further divides the model into smaller elements (e.g. 

Liu and Quek 2014; Moaveni 2015; Pidaparti 2017; Rao 2018). The intersection points (or mesh 

points) are referred to as nodes. The selected element type governs how the nodes interact with 

each other (e.g. Moaveni 2015). Once these selections have been made, initial and boundary 

conditions can be set (e.g. Liu and Quek 2014; Moaveni 2015; Pidaparti 2017; Rao 2018). Once 

the simulation begins, the heat transfer processes being considered calculate all of the degrees 

of freedom at each node, including at sub-boundary (i.e. from one sub-geometry to another)  

nodes (Chapter 5). Both steady state and transition solutions can be found using FEA (e.g. Liu 

and Quek 2014; Tabatabaian 2014; Moaveni 2015; Pidaparti 2017; Rao 2018).

In this dissertation, a one-dimensional, axisymmetric model was used to replicate the Lava 
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Project experimental set-up. The molten rock, substrates, thermal insulation, and steel were 

modelled as individual sub-geometries. The boundaries between all of the sub-geometries 

except between the molten rock and the substrate were “glued” (i.e., the nodes on the boundaries 

between the materials were shared). The boundary between the molten rock and the substrate 

was governed by a contact pair, which means the thermal resistance was set and the heat 

transfer across the boundary was modelled as incomplete. Natural convection was applied on 

the outer boundaries of the solid model, and the steel and molten rock were set to radiate 

heat to the surroundings. The initial temperatures of the molten rock and substrate were set to 

match the measured molten rock and ambient temperatures, respectively. Transient solutions 

were calculated with the simulated durations being set several hours beyond the experimental 

durations to ensure the period of interest was included in the results.

2.5.1   Verifi cation and validation

Once a working model has been run, it is important to verify and validate the work. Verifi cation 

is the process in which the error being introduced by the model is calculated (Norris 2019). 

Validation is the process in which the model results are compared to a known solution to ensure 

the model is correctly simulating the process(es) of interest (Norris 2019). Because APDL is a 

well-established FEA software package, it has been extensively verifi ed both by ANSYS and third 

parties (e.g. ANSYS 2017). Thus, I do not verify APDL in this dissertation. This is the fi rst time 

heat being transferred from lava to the substrate below is modelled in a terrestrial setting in a 

systematic way. Thus, validation of the model is very important, particularly if the results will be 

extrapolated to thicker and longer duration lava fl ows. I used the peak temperature profi le from 

under the June 27th Lava Flow, Hawaii estimated from the alternating fi eld demagnetisation of 

four samples as a validation case of the constrained heat transfer model.

2.6   Simulation hazard modelling

Similar to all of the methods previously described in this chapter, there are a variety of ways 

to conduct simulation hazard modelling. The models themselves can be coded in a variety of 

ways including as cellular automata models, fi nite volume methods, and smoothed particle 

hydrodynamics models. Simulation modelling is a quantitative way of creating probabilistic or 

deterministic hazard footprints. 
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Table 2.1: Summary of the lava fl ow models presented in this chapter. Open access models can be 
downloaded by anyone. Controlled access models require contacting the model author. Limited access 
models can only be run by the model author and/or on a specifi c computer.

Model Reference Access Extended references (where applicable)

Probabilistic

ELFM Damiani et al. (2006) controlled

LAZSLO Bonne et al. (2008) controlled

DOWNFLOW Tarquini & Favalli (2016) controlled 1

Q-LavHA Mossoux et al. (2016) open

MrLavaLoba de Michieli Vitturi & Tarquini (2018) open

Deterministic

FLOWFRONT Young and Wadge (1990) n/a

Miyamoto & Saski Miyamoto and Saski (1997) open

SLAG Costa and Macedonio (2005) limited

SCIARA Spataro et al. (2010) limited 2

GPUSPH Bilotta et al. (2016) open

LavaSIM Fujita and Nagai (2016) limited 3

FLOWGO Harris and Rowland (2016a) open 4

VoLCFLOW Kelfoun and Vallejo Vargas (2016) limited

MAGFLOW Cappello et al. (2016) limited 5

MOLASSES Gallant et al. (2018) open 6

 MULTIFLOW Richardson & Karlstrom (2019) open

Other (Neither probabilistc nor deterministic)

Lines of Steepest Descent Kauahikaua (2007) n/a** 7

*There are no access restrictions for Lines of Steepest Descent as it is if method that can be applied in any GIS software 
platform.

Extended references: 1 Favalli et al. (2005; 2006; 2009a; 2009b; 2012); Tarquini and Favalli (2010; 2011; 2013); Chirico et al. 
(2009); Harris et al. (2017b); 2 Rongo et al. (2016); Crisci et al. (2004; 2010); Spataro et al. (2010); Avolio et al. (2006); 3 Fujita 
and Nagai (2016); Proietti (2007); Fujita et al. (2008); Proietti et al (2009); Fujita (2010); 4 Harris et al. (2007; 2011; 2016); 
Rowland et al. (2005); Harris and Rowland (2001; 2015); 5 Vicari et al. (2007); Herault et al. (2009); Ganci et al. (2012); 
Cappello et al. (2016); Del Negro et al. (2008); Kereszturi et al. (2014); 6Richardson et al. (2017); Gallant et al. (2018); Chapter 
6; 7 Kauahikaua (2007); Brantley et al. (2019)

Both probabilistic and deterministic approaches have been applied to assess and characterise 

lava fl ow hazard. Probabilistic hazard assessments provide information about where a hazard 

could occur and how frequently areas may be aff ected by the given hazard. Most probabilistic 

models require extensive information about the volcanic area and frequently do not consider 

multiple, interacting hazards, such as how the growth of a scoria cone could aff ect lava fl ow 

emplacement. While probabilistic hazard assessments have limitations, they provide useful 

information (such as identifying areas most likely to be inundated in a future eruption) that can 

support decision-making for land use planning (e.g. siting critical infrastructure). Deterministic 

hazard assessments, on the other hand, provide details about a single potential hazard, and can

support planning in ways that probabilistic hazard assessments cannot (Davies 2015; Hayes

et al. 2019). For example, emergency managers can use scenarios for impact assessments,

trainings, and evacuation drills. 
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Most models fall into one of two categories, probabilistic or deterministic, and then can be 

further refi ned based on their outputs (Table 2.1). A brief summary of each model category will 

be provided in the following subsections.

2.6.1   Probabilsitic models

Five probabilistic models have been specifi cally developed for lava fl ows and have all be 

validated on at least one natural case study.

2.6.1.1  Etna Lava Flow Model

The Etna Lava Flow Model (ELFM), introduced in Damiani et al. (2006), is one of the fi rst models 

to be implemented in a geographic information system (GIS) platform. The model assumes that 

lava fl ows paths generally follow the topographic gradient. If the topography is assumed to be 

divided into a grid (each grid space will henceforth be referred to as a cell), then gradients from 

a cell to its neighbours can be calculated. The model then assigns a probability that the lava 

fl ow will advance into each neighbouring cell and determines where the fl ow will go based on a 

Monte Carlo simulation. Three termination criteria are used to end the iterative calculations: 1) 

the lava fl ow front is in a sink (i.e. all neighbouring cells are higher elevations), 2) a maximum 

length has been obtained, or 3) the edge of the map has been reached. The probability of a cell 

being inundated by lava is based on the number of times lava fl ows traverses the cell during the 

model runs. The resulting output is a GIS layer of probabilities that a cell will be inundated by 

lava (Damiani et al. 2006). Although this approach generally is computationally cost-effi  cient, 

it does not consider a plethora of characteristics such as the lava fl ow’s temperature or yield 

strength and has a limited probabilistic map output.

2.6.1.2  Low-cost methods

Low-cost methods (LAZSLO) model was built specifi cally to create hazard assessments in 

volcanic areas that are rarely studied (Bonne et al. 2008), meaning eruption histories and 

characteristics of previous eruptions are poorly known or unknown. It is based on a similar 

principle to ELFM (i.e. topographically-driven, volume-limited fl ow) and only requires 

open access data- i.e. Shuttle Radar Topography Mission (SRTM) digital elevation models 

(DEMs) and Landsat Thematic Mapper (TM) imagery. Potential vents are determined based 
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on morphological features in the SRTM DEM (Bonne et al. 2008). Rather than calculating 

probabilities that the fl ow will advance into a neighbouring cell, the lava fl ow always advances 

into the neighbouring cell with the steepest gradient. The Landsat TM imagery is then used to 

create a probability function of lava fl ow lengths from previous eruptions (Bonne et al. 2008). 

The probability function is applied to the lava fl ow paths as the ending criteria. Similar to 

ELFM, LAZSLO’s output is also a map of areas that could be inundated by lava fl ows in a future 

eruption (Bonne et al. 2008). This approach can easily be undertaken anywhere although it 

admittedly oversimplifi es lava fl ow behaviour.

2.6.1.3  DOWNFLOW

Similar to the last two models, DOWNFLOW is also a topographically-driven model (Tarquini 

and Favalli 2016). Unlike the other two models, a height term is required and is used to perturbed 

the elevation model (Tarquini and Favalli 2016). This term helps correct any errors in the input 

DEM. Additionally, a set number of paths are created based on input from the modeller. A 

run-out length probability function, similar to that of LAZSLO, can be used to truncate the 

lava fl ow paths (Tarquini and Favalli 2016). This model’s simplicity is attractive and means the 

computational costs are low; additionally, this code has been verifi ed and validated in a variety 

of eruptions (e.g. seven Mt. Etna eruptions). This model provides only a map of probabilities 

that a location will be inundated by lava.

2.6.1.4  Q-LavHA

Q-LavHA is an open-source code that implements several pre-existing lava fl ow models in 

Q-GIS (Mossoux et al. 2016). It is primarily based on DOWNFLOW; the modeller can then 

apply one of three diff erent ending criteria (Mossoux et al. 2016). The fi rst option is to specify 

a maximum length. The second option is to apply the run-out length probability function 

previously mentioned. The fi nal option is to apply FLOWGO, a thermo-rheological model 

described in Section 2.2.3. Additionally, an extra height correction has been introduced to allow 

the lava fl ow to overtop small obstacles (Mossoux et al. 2016). This model outputs a probabilistic 

inundation map, like the other codes mentioned. If the third ending criteria option is selected, 

it is possible to output more data about the fl ow (e.g. fl ow thickness or temperature) if one is 

willing to modify the package. Temporal growth of the fl ow is not possible. A new version of this 

model was released in the fi rst half of 2020.



32

2.6.1.5  MrLavaLoba

The MrLavaLoba model takes a diff erent approach from other probabilistic models (de Michieli 

Vitturi and Tarquini 2017). At the vent, MrLavaLoba “erupts” an ellipse of a given volume 

that advances along the lines of steepest descent (see methodology description below) with a 

random perturbation element included. Subsequent ellipses can then be sprouted from existing 

ellipses until the requested volume has been fully modelled (de Michieli Vitturi and Tarquini 

2017). This approach allows for thickening of the lava fl ow both at the fl ow front and along the 

fl ow. MrLavaLoba is also unique because it calculates an inertial factor, allowing lava fl ows to 

continue thickening (and potentially advance) even when the fl ow front advances into a sink 

(de Michieli Vitturi and Tarquini 2017). Other physical parameters (e.g. cooling parameters) 

have not been considered in MrLavaLoba. Although it is a relatively new model, it has been 

successfully validated on the Mt. Etna 2001 ‘a’ā lava fl ow and the pāhoehoe June 27th Lava 

Flow from Kīlauea Volcano in 2014-2015 (de Michieli Vitturi and Tarquini 2017). More case 

studies and improvements are likely due to the open access nature of MrLavaLoba and its 

implementation in Python.

2.6.2   Deterministic hazard models

Eleven deterministic models have been published. Most of the models were initially built 

to simulate lava fl ows at a specifi c volcano although have since been applied elsewhere. The 

models will be described briefl y here in the order they were most recently published (i.e. older 

models that have been updated recently will be described later).

2.6.2.1  FLOWFRONT

The oldest deterministic lava fl ow hazard model, FLOWFRONT, is relatively unique compared 

to other lava fl ow models as it only models the fl ow front advancement to create a thickness 

map (Young and Wadge 1990). It adds lava to the provided map and determines if the volume 

of the cell exceeds a critical height. If it does, then the lava is distributed to a neighbouring 

cell. This process repeats until the maximum volume has been distributed (Young and Wadge 

1990). Several conditions (i.e. if neighbouring cells do not have active lava or if all neighbouring 

cells are at higher elevations) are used to ensure lava stops moving and does not advance 

upslope. Since only the fl ow front advancement is considered, this code is not computationally 
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expensive. Because the fl ow front advancement is limited to one cell per time step, the maximum 

advancement rate is limited. Additionally, the temperature of the lava and the vertical motion 

of the lava is not considered. Since temperature of the lava is not modelled, FLOWFRONT can 

only model volume-limited fl ows. The model is also limited to modelling only one fl ow front 

(Young and Wadge 1990).

2.6.2.2  Miyamoto & Sasaki

The Miyamoto & Sasaki (1997) model is more similar to the probabilistic models than to 

FLOWFRONT. It is a cellular automata model based on Ishiara et al. (1989)’s model (Miyamoto 

and Sasaki 1997). The method inserts a volume of lava at the vent, determines if the cell’s lava 

exceeds a critical height, and then distributes the lava to the surrounding cells. The importance 

of this model is the introduction of momentum or “self-gravity” to the lava fl ow and the 

evaluation of mesh dependence in lava fl ow simulation models (i.e. how the cell shape aff ects 

the outputs) (Miyamoto and Sasaki 1997). Additionally, the model uses both volume-limiting 

and cooling-limiting stopping criteria (Miyamoto and Sasaki 1997). This model accounts for a 

limited amount of heat being transferred by the lava fl ow into the surrounding environment; 

radiation to the atmosphere is modelled although all conduction with the ground is neglected. 

The 1983 Miyakejima eruption was used as a case study and found that most diff erences 

between the natural and modelled fl ow are found close to the vent (Miyamoto and Sasaki 1997).

2.6.2.3  Shallow Layer Approach for Geophysical Flows

Shallow Layer Approach for Geophysical fl ows (SLAG) is a unique lava fl ow hazard model 

because it uses shallow water equations (depth-averaged equations) and the conservation 

of energy rather than a fi nite element method or Eulerian method (Costa and Macedonio 

2005). It is a two-dimensional model in which the lava fl ow is assumed to be channelised 

and homogeneous (i.e. only one phase is considered). Additionally, viscosity is assumed to be 

exponentially related to temperature (Costa and Macedonio 2005). This model was validated 

using analytical solutions with analogue materials and the 1991-1993 Etna eruption (Costa and 

Macedonio 2005). Most of the limitations of this model are based on the assumptions made 

(e.g. hydrostatic pressure, homogeneous fl uid, etc.). Additionally, friction must be treated 

carefully in this model; in order to treat the friction appropriately, a very small time-step is 

required, making SLAG slow to run (Costa and Macedonio 2005). SLAG is not distributed, i.e. 
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this model can only be run by Costa and/or Macedonio.

2.6.2.4  Simulation by Cellular Automata of the Rheology of Aetnean Lava Flow

Similar to the Miyamoto & Sasaki model, Simulation by Cellular Interactive Automata of the 

Rheology of Aetnean lava fl ow (SCIARA) is a cellular automata model that has been modifi ed 

several times (Barca et al. 1993; Crisci et al., 1982; Crisci et al. 1999; Crisci et al. 2004; Spataro 

et al. 2010;). The current version is SCIARA-fv2 (Spataro et al. 2010), which uses a Bingham 

fl uid on a square mesh. A variable has been included to eliminate the cell geometry-progression 

direction relationship (Rongo et al. 2016). This model can use a probabilistic density kernel to 

determine where a potential vent location. Both ideal experiments and case studies on Etna (e.g. 

Crisci, et al. 2004; Crisci et al. 2010) and Piton de la Fournaise (Rongo et al. 1998) have been 

used to validate SCIARA. Future scenarios, such as a lava fl ow advancing towards a diversion 

structure, have also been tested with this model (Dietterich et al. 2017). Since SCIARA is a 

complicated model, it has been modifi ed to run in parallel on graphics cards although still takes 

signifi cant time to run (Cordonnier et al. 2016).

2.6.2.5  Graphical Processing Unit Smoothed Particle Hydrodynamics

Graphical Processing Unit Smoothed Particle Hydrodynamics (GPUSPH) is diff erent from all 

of the other models listed because it has never been tested on a natural case study; instead, 

it has only been hypothesised that it could be used to simulate lava fl ow (Bilotta et al. 2016; 

Herault et al. 2011). Similar to SLAG, GPUSPH does not use a fi nite element method of Eulerian 

method; it is a smoothed particle hydrodynamics method in three dimensions written to be run 

on Compute Unifi ed Device Architecture (CUDA; Herault et al. 2011).  The model considers 

both the thermal and rheological development of the fl ow and is based on the continuity 

equation, the Navier-Stokes equations, and the conservation of energy. The lava is assumed to 

be a Herschel-Bulkley fl uid and weakly compressible. Although this model is also slow, it does 

consider phase transitions (Herault et al. 2011). This model considers the ground as a heat sink, 

so the ground temperature is assumed to be constant throughout the simulation runs (Bilotta et 

al. 2016). This model can provide information about the evolution of lava fl ows as they advance 

but may not be ideal during crises due to computational time (Cordonnier et al. 2016) although 

a newer version of the model was published (Zago et al. 2018) after Cordonnier et al. (2016)’s  

benchmarking exercise was conducted.
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2.6.2.6  LavaSIM

In order to decrease computational times, LavaSIM is run on a cluster in Japan (E. Fujita pers. 

comm.). It is the only simulation model that considers two phases (a solid and a liquid phase) 

and that radiates heat from the lava fl ow into all of its surroundings (i.e. air, water, and ground) 

(Fujita and Nagai 2016). Similar to GPUSPH, LavaSIM is based on the continuity equation, 

the Navier-Stokes equations, and the conservation of energy. Three-dimensional convection, 

liquid-solid phase changes, and property dependence on temperature and on chemistry (e.g. 

viscosity) are all incorporated (Fujita and Nagai 2016). Lava is added at the vent and moved 

similar to the Miyamoto & Sasaki and SCIARA models. Since parts of the lava fl ow can solidify 

while still allowing the rest of the fl ow to advance, this model can simulate a fl ow becoming 

channelized (Fujita and Nagai 2016). Although this model is arguably the most advanced of 

the models discussed so far, it runs approximately as quickly as lava fl ows actually progress, 

meaning it is too slow for crisis situations (Cordonnier et al. 2016; Fujita and Nagai 2016).

2.6.2.7  FLOWGO

FLOWGO is a deterministic, thermo-rheological model that has been programmed for lava fl ows 

in channels. Unlike all of the other models mentioned, it does not produce an areal footprint; 

rather, it can be used to determine how far a lava fl ow can advance before its temperature drops 

below the basalt’s solidus. FLOWGO uses input parameters such as the crystal percentage, 

water percentage, and channel geometry (Harris et al. 2016). Since these parameters can vary 

signifi cantly for each volcano, it has been validated on fi ve volcanoes around the world; each 

validation case has been on ‘a’a lava fl ows. It has most recently been implemented in Python 

(Chevrel et al. 2018) and is frequently combined with other models (e.g. with DOWNFLOW in 

Q-LavHA) to determine the length of cooling-limited fl ows (Mossoux et al. 2016).

2.6.2.8  VOLCFLOW

VOLCFLOW is similar to the Miyamoto & Sasaki, SCIARA, and LavaSIM models in that it is 

an Eulerian model using depth-averaged mass and momentum equations (Kelfoun and Vallejo 

Vargas 2016). Unlike the other models, it can simulate many types of geophysical fl ows including 

pyroclastic density currents and tsunamis (Kelfoun and Vallejo Vargas 2016). It is very similar 

to SLAG except it assumes the fl uid is isothermal. In the only published verifi cation case study, 

an andesitic fl ow is simulated (Kelfoun and Vallejo Vargas 2016). The benefi t of this code is that 
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it is computationally fast on a desktop computer and performed well in benchmarking tests 

(Cordonnier et al. 2016).

2.6.2.9  MAGFLOW

MAGFLOW and SCIARA have many similarities. They have both been developed and optimised 

for Mt. Etna lava fl ows (Cappello et al. 2016; Rongo et al. 2016). Additionally, both are two-

dimensional cellular automata models based on thermal and rheological relationships. Unlike 

SCIARA, MAGFLOW is run on a super-computer in Catania, Sicily, Italy. The additional 

computing power allows for MAGFLOW to make predictions during an Etnean eruption 

although also limits the time on which it can model other volcanoes (G. Kereszturi pers. comm.; 

M. Neri pers. comm.).

2.6.2.10  Modular Lava Simulation Software for Earth Science

Modular Lava Simulation Software for Earth Science (MOLASSES) is also a cellular automata 

model that progressively emits lava from one or a series of vents (Gallant et al. 2018). The 

primary physics considered is gravity although this code allows for the fl ows to thicken until 

reaching the desired volume (Gallant et al. 2018). MOLASSES is not only a fast code to run, 

but it is also hosted on an Amazon server, meaning local computing power is not a limitation. 

Although MOLASSES has not been validated on many natural case studies, it was benchmarked 

in Cordonnier et al. (2016). MOLASSES is also an open source code (Gallant et al. 2018).

2.6.2.11 MULTIFLOW

The method used by the newest deterministic model MULTIFLOW diverges signifi cantly 

from most other lava fl ow models (Richardson and Karlstrom 2019). First, a DEM is fi ltered 

using a low-pass fi lter, which enables the modeller to remove small amounts of roughness in 

the DEM with more precision than downsampling the resolution (Richardson and Karlstrom 

2019).  A low pass fi lter does not consider the origin of the roughness, though (Richardson 

and Karlstrom 2019). Second, a multiple fl ow direction algorithm is applied. This algorithm 

distributes lava from one cell to all surrounding cells at a lower elevation and is the cause of 

signifi cantly diff erent areal footprint outputs from other models (Richardson and Karlstrom 

2019). Finally, a dimensionless threshold is defi ned to remove unlikely lava fl ow paths. The 

code is computationally inexpensive because the multiple fl ow direction algorithm ensures only 
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one run is required compared to other models that may require thousands of runs to produce a 

similar map (Richardson and Karlstrom 2019). In order to run this open access code, a MATLAB 

license is required.

2.6.3   Other methodologies

One other methodology has been broadly publicised and should be noted. Lines of steepest 

descent are occasionally used to predict areas that could be at risk of lava fl ow inundation 

(Kauahikaua 2007). A specifi c method does not exist as many GIS platforms have built-in tools 

to determine steepest descent lines. Once the lines have been generated, lava fl ows are generally 

assumed to follow one of the closest descent lines (Brantley et al. 2019). Such lines were used 

as a communication tool to discuss hazardous zones with community members in the June 27th 

Lava Flow on Kīlauea Volcano in 2014-2015 (Brantley et al. 2019; Tsang et al. 2019).
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Chapter 3:

Lava fl ow crises in inhabited areas part 1: Lessons 
learned and research gaps related to physical impacts
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Preface to Chapter 3

This chapter addresses Objective 1:to gather data from global lava fl ow inundation case 

studies on preparing for, responding to, and recovering from lava fl ows. The fi rst step to 

being resilient to lava fl ows is understanding the hazard they pose. One way to study lava 

fl ow hazard is to examine previous lava fl ow crises; such analysis can reveal what is well 

known and if further research is required. In this chapter, data types that are important to  

further lava fl ow hazard and risk studies are identifi ed, and a collation of modern lava fl ow 

crises is presented. The lava fl ow crises are then examined to determine how well the identifi ed 

data types have been recorded, which data types could be better recorded, and to extract 

lessons learned. We found that fi ve data types are infrequently collected during lava fl ow 

crises and propose that data should be systematically collected in future eruptions and used 

to populate a database of lava fl ow attribute and impacts data. This chapter is a manuscript 

under consideration by the Journal of Applied Volcanology:

Tsang SWR, Lindsay JM (accepted) Lava fl ow crises in inhabited areas part 1: Lessons learned 

and research gaps related to eff usive, basaltic eruptions.
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3.1   Introduction

Although infrequent, lava fl ow inundation of inhabited areas can have devastating consequences 

for aff ected communities. Lava fl ows bury assets and land in addition to bulldozing or igniting 

structures (e.g. Blong 1984; Oppenheimer 2011; Harris 2015; Kilburn 2015). While the resulting 

damage is frequently total, recent research (Tsang et al. 2019) and recent eruptions suggest that 

lava fl ows can also cause progressive, complex impacts. For example some lava fl ow damage 

may depend on the properties of the fl ow; in the case of buried infrastructure, such as electric 

cables or water pipes, the impact depends on the thickness and duration of the overriding fl ow 

as thermal impacts become progressively worse the longer the lava fl ow is active (Tsang et 

al. 2019). Anecdotes from after the 1973 Vestmannaeyjar Volcanic Field eruption on Heimaey 

Island (Iceland) suggest that some structures with which lava fl ows come into contact can still 

be used after the eruption (Williams and Moore 1983); this can also be seen in the partial 

damage to buildings and infrastructure on the fl anks of Mt. Etna in Sicily (Italy). 

Although lava fl ows have impacted, threatened, and/or inundated settlements repeatedly over 

the past 70 years, there has been little analysis of the similarities and diff erences of how lava 

fl ows have impacted communities at diff erent volcanoes. Most cross-volcano comparisons have 

been made as observations by scientists who work on several volcanoes (e.g. Global Volcanism 

Program 2019b). Since so few comparisons have been made, it can be diffi  cult to assess what 

is well known about lava fl ow impacts and what could benefi t from more data. Additionally, 

lessons learned from each eruption can be hard to generalise. Most anecdotes of lava fl ow 

inundations come from newspapers (e.g. Devries 1981; Callis and Brestovansky 2018 May 18; 

Hawaii News Now 2018 October 3), rather than journal articles containing narratives about lava 

fl ow inundations (e.g. Jenkins et al. 2017). Although reports of previous lava fl ow inundations 

contain a wealth of information about how to prepare for, respond to, and recover from such 

events, a collation of such events has yet to be undertaken. Analysing available narratives not 

only helps areas facing inundation in the future but could also serve as the basis of vulnerability 

modelling (Jenkins et al. 2014; Wilson et al. 2014, 2017).
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In this chapter, we present a collation of events in which a lava fl ow has threatened or inundated 

an inhabited area. Although most of the events focus on a town(s), lava fl ows have also threatened 

and impacted inhabited areas indirectly by inundating supporting infrastructure network(s). 

We start with a short discussion on the events in the scope of our review, summarise these 

inundation case studies by volcano, and then identify outstanding research gaps. Finally, we 

use reoccurring themes across eruptions to describe lessons learned from lava fl ow crises.

3.1.1  Scope of our review

When compiling this review, we were especially interested in case studies that could support 

lava fl ow hazard and impact research. Thus, we developed two criteria to determine which lava 

fl ow events were in scope for our review.

1.  We limited our scope to include only events that have threatened or inundated 

inhabited areas or their supporting networks since 1950, in order to maximise the 

chance that lessons learned are still applicable. Although people have been living on or 

near volcanoes that erupt eff usively for millennia (e.g. the city of Naples surrounding 

Mt. Vesuvius), not all lessons from past lava fl ow inundations can be directly applied to 

modern cities for a variety of reasons, including advancements in technology and building 

codes. The rebuilding of Europe and Asia after World War II, the global trend of rapid 

urbanisation (Chester et al. 2001), and creation of new infrastructure networks (Tarr 

1984) over the past 70 years has had signifi cant impact on today’s built environment, and 

many of these structures are still in service today. 

2.  We limited our review to basaltic lava fl ows, given that fl ows of this composition 

cause most inundations. The Smithsonian Institute’s Global Volcanism Program’s 

(https://volcano.si.edu/) rock types were used to determine if a volcano qualifi ed for 

inclusion. This criterium ensures that if chemical reactions are important (e.g. reactions 

between bitumen roads and lava fl ows), then a smaller range of chemistries are being 

considered.

These two criteria ensure that the data gathered can be applied to future basaltic eruptions in 

urban areas built to building codes written after World War II, and that the amount of data 

gathered remained manageable.



43

3.2   Methods

Our methods can be divided into two steps: a literature review and a gap analysis. We fi rst 

conducted an extensive literature review to collate formally and informally published data and 

accounts of basaltic lava fl ows that have threatened or impacted settlements or their support-

ing networks since 1950. We started by querying the Smithsonian Institute’s Global Volcanism 

Program database to develop a list of volcanoes that had produced basaltic eruptions since 

1950. This list informed our literature search, which was conducted in English. All references 

were catalogued by volcano. 

Subsequently a gap analysis was conducted on the literature review results. First, all the case 

studies were summarised (Section 3.3). Then, we developed a list of data types that would be 

useful to compare across case studies (Section 3.4). After, our literature review results were 

analysed to determine the extent to which the identifi ed data types have been collected and 

published. This enabled us to identify gaps, which are described in Section 3.5. Finally, data in 

each data type was compared to extract lessons from the literature. When diff erent actions were 

taken to address the similar circumstances and one action had better outcomes than the other 

action, the positive action was considered a preferable practice, and therefore, lesson. Lessons 

learned are detailed in Section 3.6.2. 

3.3   Literature review: Lava fl ow crises

Thirty-eight lava fl ow events from 12 volcanoes fi t the criteria in Section 3.1.1 (Fig. 3.1). Some 

eruptions were reported on by the media and written about extensively in the literature; these 

are described fi rst. In each case, an overview of the eruptions at the volcano is presented, with 

contextual background information provided if needed. For our summary of each eruption we 

also tabulate information on any lava fl ow impacts, response actions, and any recovery eff orts 

and subsequent application of lessons learned in each eruption (Tables 3.1-3.11). If information 

on any of these four topics is not tabulated for a given case study, it means it was not encoun-

tered in our literature review. In some cases, lessons from previous eruptions have not been 

codifi ed via plans, but rather, have been applied based on individuals’ experiences (i.e. stored 

via institutional memory). In such cases, these less tangible lessons are not included in the 

tables. Detailed data about an aspect of some eruptions that could support further lava fl ow 
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impact studies have been included in Appendix 1.

3.3.1  Mt. Etna, Sicily, Italy

Mt.Etna  (Sicily, Italy) is Europe’s most active volcano and one of the most populated volcanoes 

in the world (Cappello et al. 2011; D’Ambrosio et al. 2013) and is extensively monitored. Most of 

Etna’s basaltic lava fl ows are ‘a’ā in character, although some fl ows and lava fl ow fi elds exhibit 

pāhoehoe structures near the vent (Calvari et al. 1994; Avolio et al. 2006). Etnean lava fl ows can 

be grouped based on their duration, which greatly aff ects the length of the fl ow (Frazzetta and 

Romano 1984; Wadge et al. 1994). Short-duration lava fl ows are the most common (Behncke 

and Neri 2003; Branca and Del Carlo 2005) and extend up to 4 km from the source but can 

threaten the tourist facilities on Etna’s fl anks (e.g. Barberi et al. 2003; Coltelli et al. 2007; 

Bonaccorso et al. 2016). Longer lava fl ows extend over 10 km from the source and occasionally 

threaten the communities on Etna’s lower fl anks and around its base (Branca et al. 2017). Since 

1950, fi ve fl ank eruption lava fl ows have threatened and surrounded local buildings, farms, 

roads, and train tracks (Table 3.1).

Since communities around Etna are threatened by lava fl ows relatively frequently, Sicilians are 

famous for their lava fl ow mitigation attempts (Fig. 3.2; Table 3.1); recorded accounts stretch 

back to 1669 when Etnaen lavas invaded the city of Catania (e.g. Blong 1984; Crisci et al. 2003; 

Branca et al. 2015). In 1669, villagers attempted to divert the lava by breaking the side of the 

lava tube to let lava fl ow out and, thus, redirect it. A battle ensued by the fl ow margin between 

two villages that wanted to divert the fl ow in diff erent directions. The confl ict led to lava fl ow 

redirection and mitigation measures being outlawed for over 300 years (Huntington 1972), until 

an eruption in 1983 sparked public insistence that diversionary measures be undertaken (Table 

3.1). In response to the public demand, a series of earthen barriers (Fig. 3.2) were created to 

slow the advance of the fl ow front while a redirection channel could be built up fl ow (Schanche 

1983). Explosives were then inserted into the lava fl ow’s levees to allow the lava to fl ow into 

the redirection channel instead of the natural channel (Abersten 1984). Subsequent lava fl ow 

redirection and mitigation attempts (e.g. Barberi et al. 1993; Bonaccorso et al. 2003; Chester et 

al. 2001, 2012) are summarised in Table 3.1. 
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Table 3.1: Table summarising information from reports of basaltic lava fl ow events at Mt. Etna 
that have threatened inhabited areas since 1950.

Eruption 

(references)

Overview, including impacts (eruption 
duration)

Response Recovery & Applying 
lessons learned

1971 (1, 2, 3) Two lava fl ows emerged from a vent at 
3000 m asl on Etna’s southern fl ank. 

Flows destroyed the volcano observatory, 
cable car network, agricultural land, 350 
m of road, and bridges and ignited forest 
fi res. Tourist facilities and two towns on 
the southeastern fl ank were threatened 

but not inundated. (9.5 weeks)

Parallel practice was common, i.e. 
increased religious practice in conjunction 
with practical measures such as preparing 

to evacuate. 

Huntington (1971) 
lamented that 

nothing could be 
done because it was 

illegal to alter the 
course of a lava fl ow.

1981 (4, 20, 
21)

A lava fl ow emanated from a vent at 1200 
m asl on Etna’s northern fl ank. Lava 

inundated train tracks and agricultural 
land. The only town threatened was not 

inundated. (1 week)

Parallel practice was observed again. Numerical software 
packages were 
developed and 

calibrated to predict 
Etnean lava fl ow 
footprints. The 

science teams that 
implemented the 
diversion barriers 

and channels 
in each of these 
eruptions were 

composed of many 
of the same people 

who maintained 
institutional 

knowledge of actions 
during previous 

eruptions.

1983 (5, 6, 
22, 24)

A fracture system opened on Etna’s 
southern fl ank at approximately 2300 m; 

resulting lava fl ows advanced south. A 
road and building were inundated within 
a day. A compound fl ow fi eld was formed 
within three days. The fl ow fi eld reached 

its full run-out length within fi ve weeks of 
the eruption onset. Agricultural land was 

inundated. A town was threatened but not 
reached. (4.5 months)

Public pressure led to government 
approval to attempt a lava fl ow redirection 
project. An international explosives expert 
was contracted to create a hole in the lava 
tube. The hole did not divert a signifi cant 

portion of the fl ow and self-healed quickly.

1991-1993 
(7, 8, 9, 10, 

20)

Two fi ssures opened on Etna’s SE fl ank, 
producing lava fl ows that advanced 

east. In fi ve months, the lava fl ow had 
advanced > 8.5 km and was < 1km from 
Zaff erana Etnea. Although the eruption 
continued for many more months, the 

eff usion rate slowed, and the lava fl ow did 
not continue to threaten inhabited areas. 

(1.25 years)

Lava fl ow modelling was carried out within 
the fi rst week of the eruption and indicated 

that the town Zaff erana Etnea could 
eventually be inundated. US military were 
asked to assist by dropping objects into a 
skylight in the lava tube. Earthen barriers 

were built to slow the fl ow’s advance 
(Fig. 2). Diversion channels were used to 
redirect the fl ow. Eventually, the entire 

lava fl ow was successfully diverted into the 
artifi cial lava channel that had been dug to 

redirect the lava fl ow.

2001 (11, 12, 
13, 15, 17, 
18, 19, 20)

Fissures on Etna’s SE cone produced 
seven vents, four of which eff used 

lava fl ows that eventually threatened 
tourist facilities and two villages. A local 
highway was inundated within 24 hr of 
the eruption onset. Within two weeks, 

ski lines and part of the tourist facilities’ 
car parks had also been inundated. (3.5 

weeks)

A preliminary version of DOWNFLOW was 
used to model the lava fl ows during this 

eruption; the resulting maps were shared 
on the news (S. Tarquini, pers. comm.) 

Tourist facilities and a monitoring station 
were closed. Thirteen earthen barriers 
and a diversion project (similar to the 

1991-1993 eruption) were implemented. 
Some structures were saved. A detailed 

evacuation plan was also drafted although 
not enacted.

Post-eruption lava 
fl ow modelling 
was undertaken 
to analyse how 

well the earthen 
barriers performed 

(i.e. examine if 
the barriers were 
built in optimal 
orientations).

2002-2003 
(14, 16, 20, 

21, 23)

This eruption involved activity on both 
the northeastern and southeastern rifts. 
A vent at 2500 m on Etna’s southeastern 
fl ank created a lava fl ow that advanced 

1 km. A second vent at 2200 m eff used a 
lava fl ow that inundated tourist facilities 

and two roads and ignited forest fi res. 
A month later, a third lava fl ow again 

threatened the tourist facilities. A fi nal 
lava fl ow inundated a government 

building three months after the eruption 
onset. (3 months)

DOWNFLOW lava fl ow modelling was 
undertaken to determine potential 

inundation sites. Six earthen barriers 
were constructed. The fl ow front did not 
reach the barrier on the northern fl ank, 
which was subsequently removed. The 

barriers on the southern fl ank successfully 
protected the tourist facilities.

Lessons learned 
about precursory 

monitoring 
methods have 

been implemented 
including 

augmenting ground-
based networks and 
improving remote 

sensing techniques.

1: Huntington (1972), 2: Walker (1973), 3: Guest et al. (1980), 4: Science News (1981 March 28), 5: Schanche (1983), 6: Abersten 
(1984), 7: Bompard and Philips (1992 April), 8: Barberi et al. (1992), 9: Barberi et al. (1993), 10: Wadge et al. (1994), 11: News 
Service Reports (2001 July 29) 12: Reuters (2001 July 31), 13: Reuters (2001 August 1), 14: Villa (2002), 15: Barberi et al. (2003), 
16: Andronico et al. (2005), 17: Favalli et al. (2005), 18: Coltelli et al. (2007), 19: Scifoni et al. (2010), 20: Cappello et al. (2011), 
21: Coltelli et al. (2012), 21: Bonaccorso et al. (2016), 22: Rongo et al. (2016), 23: Tarquini and Favalli (2016), 24: Carapezza 
(2017) 
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3.3.2  Kīlauea Volcano, Hawai‘i, USA

Kīlauea is a shield volcano located on the Island of Hawai’i (USA) and is also well monitored. 

It is a narrow volcano that has formed along two rift zones. A large portion of Kīlauea’s summit 

is part of the Hawaii Volcanoes National Park, but people have also built communities on 

the shallow slopes between its East Rift Zone and the ocean, an area at high risk of lava fl ow 

inundation (Wright et al. 1992). The largest community on Kīlauea’s eastern fl ank is Pāhoa, a 

town of 945 people (US Census 2010), which also serves as the “gateway” to communities south 

of it as it is the only access route (Tsang et al. 2019). Kīlauea has erupted multiple times since 

1950, including continuously between 1983-2018 (Table 3.2). It produces basaltic lava fl ows 

that frequently reach the sea and thus contribute to the growth of the island (e.g. Macdonald 

1958; Chirico et al. 2009; Poland et al. 2015; Neal et al. 2019; Table 3.2). Both ‘a’ā and pāhoehoe 

fl ows can be found on Kīlauea although the most two recent eff usive eruptions to threaten 

communities have both been primarily pāhoehoe in style (Neal et al. 2019; Brantley et al. 2019).

 

Physical mitigation strategies have been considered on multiple occasions on Kīlauea. In 1881, 

Hawai’ian communities discussed erecting a physical barrier to protect the built environment 

from being overrun by lava (Chirico et al. 2009). No wall was built since the native Hawai’ians 

strongly believe that lava is the embodiment of Pele, the Hawai’ian goddess of volcanoes, 

Figure 3.2: Lava fl ow from the 1991-1993 eruption of Etna stalling behind an earthen barrier while 
an artifi cial channel is built downhill. Image modifi ed from Barberi et al. (1993).

Lava flow

Earthen retaining wall

Localised flow direction
      (towards the wall)
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and that Pele’s movements should not be restricted (Herbert and Bardossi 1968). Thus, most 

response measures have focused on safely moving people and buildings out of the lava fl ows’ 

paths although a few walls were built in the mid-20th century.

Eruption 
(References)

Overview, including impacts (Eruption 
duration)

Response Recovery & Applying 
lessons learned

1955 (7) After a rapid increase in local seismicity, 
lava began eff using out of new fi ssures on 
Kīlauea’s Lower East Rift Zone (LERZ). 

Within the fi rst week, fi ssures had opened 
in Kapoho township, feeding lava fl ows 

and destroying several houses and cutting 
off  all access. During the second month of 
the eruption, fi ssures continued opening 
en echelon up the LERZ, creating more 

lava fl ows and destroying roads and 
agricultural land. A cinder cone and ocean 
entry were formed. Slightly a month after 

the last fi ssure activity, a perched lava 
pond overspilled, creating a lava fl ow 
that temporarily isolated the village of 

Kalapana. A small camp nearby (8 houses) 
was destroyed. (3 months)

The formation of fi ssures close 
to Kapoho township led to the 

township (i.e., people and their 
belongings) being evacuated. During 

the second month of the eruption, 
all residents south of the fi ssures 

were evacuated. Contingencies were 
planned in case the shelters were 
threatened. Two retention walls 
were built to protect agricultural 

land but overtopped. The walls were 
supplemented with dikes, which 

delayed the destruction of the land. 

Within a week of the end 
of the active lava, roads 

had been bulldozed across 
the lava fl ows to allow 

evacuees to return with the 
plan that the church bell 
would be rung if another 

evacuation was necessary. 
Lots of knowledge about 
responding to lava fl ows 

in a US context was gained 
during this eruption (and 

subsequently used in 
other eruptions) as this 

was the fi rst eruption in a 
populated area in Hawai’i 

since its statehood.

1960 (1, 2, 3) This eruption began with fi re-fountaining 
approximately half a kilometre outside 

of Kapoho. Within a day, ‘a’ā fl ows began 
advancing northeast, towards agricultural 
land. Within two days, the fl ows reached 
the ocean, forming new land. (1 month)

The formation of ground cracks 
prior to the eruption onset 

prompted many residents to self-
evacuate. Again, retaining walls 

were built and overtopped by lava 
although protected some structures. 

Kapoho evacuated, and some 
buildings were moved.

Ten square kilometres 
were inundated, and 2 km2 
of new land were formed. 
Kapoho was not rebuilt in 
the same location. Rather, 
families moved into other 

local subdivisions.

1983-2018 
(4, 5, 6, 8, 9)

1983-1990: Pu’u‘Ō’ō, a new cinder 
cone, grew on Kīlauea’s East Rift zone, 
commencing an eruption that would 
last 35 years. During the beginning of 
the eruption, lava fl ows inundated the 
neighbourhood east of the cone. Later, 

breakouts in a lava tube allowed fl ows to 
advance south and progressively inundate 
the town of Kalapana, which consisted of 
approximately 100 houses, a church, and 

a store.

2007: Lava fl ows began advancing 
towards downslope towns although never 

reached them.

2014-2015: Lava fl ows advanced towards 
Pāhoa township, causing a series of 

response measures. A single building was 
fully destroyed; a second was partially 
inundated. A road was traversed. The 

electricity transmission line running along 
the road maintained service. (35 years)

1983-1990: Families evacuated, and 
the local church was moved.

2007: Lines of steepest descent 
were updated. Hawaiian cultural 

practitioners were asked to 
intervene.

2014-2015: Residents self-
evacuated. Evacuation routes were 

built. The electricity company 
designed and built structures to 
protect power poles. Only one 

power pole was surrounded by the 
lava fl ow; it caught on fi re. Service 

was preserved by disconnecting 
the wire from the pole before it was 

destroyed. Community meetings 
were held weekly, and some 

community member perspectives 
were documented in social science 

resilience studies.

(1983-2017) By 2017, some 
families had moved back 
into the Kalapana area, 

building structures on top 
of the fl ows.

(2007) No physical 
damage reported.

(2014-2015) Lava was 
removed from the road 
so that the road could 

be used. The power 
poles were replaced. 

The partially inundated 
building was remediated. 
The destroyed structure 
was turned into a tourist 

attraction. Local and 
state level emergency 

management plans were 
formulated to address lava 
fl ow crises. Local groups 

began holding more 
frequent preparedness 

workshops.

2018 (10, 11) Twenty-four fi ssures opened and fi re-
fountained in the LERZ. Two fi ssures 
created fl ow fi elds and ocean entries. 

Several subdivisions were partially to fully 
destroyed. (3 months)

Most response eff orts focused 
on modelling areas that could be 

inundated, evacuating the area, and 
maintaining the resulting exclusion 

zone.

As of September 2019, 
the exclusion zone has 
been lifted. Some roads 

have been re-established, 
and residents are slowly 

returning. 

1: Macdonald (1962), 2: Barberi et al. (1993), 3: Chirico et al. (2009), 4: Hawaiian Electric Light Company (2014a) 5: Hawaiian 
Electric Light Company (2014b), 6: Poland et al. (2015), 7: HVO (2018), 8: Brantley et al. (2019), 9: Ching et al. (2020), 10: Neal 
et al. (2019), 11: Dietterich et al. (2018)

Table 3.2: Table summarising lava fl ow events at Kīlauea Volcano that have threatened inhabited 
areas since 1950. 
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3.3.3  MaunaLoa, Hawai‘i, USA

MaunaLoa (Hawai’i, USA) is one of the largest volcanoes in the world and has also contributed 

to the growth of Hawai’i Island. Similar to Kīlauea, MaunaLoa has two rift zones: one to 

the northeast and one to the southwest. The town of Hilo is situated near the bottom of the 

northeastern rift zone while the Ocean View subdivision (one of the largest subdivisions in the 

United States) is situated on the southwestern rift zone. The majority of MaunaLoa’s historical 

eruptions outside of its crater have been along one of the two rift zones (Wright et al. 1992). 

MaunaLoa has erupted three times since 1950 with the most recent eruption in 1984 (Global 

Volcanism Program 2019d; Table 3.3). MaunaLoa often produces ‘a’ā lava fl ows that travel on 

steep slopes, meaning they can advance quickly and have reached the ocean in less than three 

hours (Finch and MacDonald 1953; HVO 2016). Similar to Etna and Kīlauea, MaunaLoa is well 

monitored.

Fewer mitigation actions have been undertaken at MaunaLoa than at Mt. Etna or Kīlauea 

although experiments have been proposed to protect settlements from lava fl ows. As early as 

the 1920s, several scientists suggested bombing the sides of lava fl ows to create holes in their 

tubes or levees (Macdonald 1958). This method was tested twice in 1935 and in 1942. Neither 

attempt was deemed a success although subsequent literature suggests that the conditions were 

not ideal (Macdonald 1958). In the late 1930s, Dr. Thomas Jaggar also suggested building walls 

to protect Hilo from MaunLoa lava fl ows although this project never eventuated (Macdonald 

1958). Even prior to the Italian experiments (see section 3.3.1), this method was considered 

to be more reliable given that walls (either protecting the city or of buildings) had previously 

withstood the temperatures and pressures of lava fl ows (e.g. 1669 eruption of Etna and Catania’s 

city walls, 1906 and 1944 eruption of Vesuvius and buildings).
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3.3.4  Vestmannaeyjar, Heimaey, Iceland

The Vestmannaeyjar Volcanic Field is located just south of the Icelandic mainland and consists 

primarily of submarine vents. Recently, it is well monitored by the Science Institute. In 1973, 

a new vent (named Eldfell) formed on the island of Heimaey, one of the islands created by the 

volcanic fi eld (Table 3.4). The resulting lava fl ow fi eld threatened and partially inundated the 

only town on the island, also named Vestmannaeyjar, which was renowned for its harbour. 

This eruption is especially notable because of the novel attempt at using water to divert lava 

fl ows away from the town’s harbour and because of the town’s recovery (Fig. 3.3). Although 

some buildings were permanently destroyed, others, including the fi sh factories shown Fig. 

3.3, were repaired and utilitsed again after the eruption. This anecdote suggests that some lava 

fl ow damage is remedial (right image in Figure 3.3). All residents who did not serve in a fi rst 

responder capacity evacuated to the mainland during the eruption; following the end of the 

eruption, not everyone returned, but those who did returned relatively quickly (Williams and 

Moore 1983).

Table 3.4: Table summarising basaltic lava fl ow events at Vestmannaeyjar Volcanic Field that 
have threatened inhabited areas since 1950. 

Eruption Overview, including impacts (Eruption 
duration)

Response Recovery & Applying lessons learned

1973 A new volcanic vent in the 
Vestmannaeyjar Volcanic Field opened 
near the town of Heimaey. The eruption 
fi re-fountained, creating tephra and lava 
fl ows. The lava fl ow stopped advancing 
before inundating the entire town and 

harbour. (5 months)

Villagers evacuated the island 
along with their belongings 

and livestock. The fi rst 
responders put out fi res and 

tried to protect the town’s 
harbour using water pumped 

from the harbour. Iceland 
requested aid from other 

countries to ensure enough 
equipment.

Some of the town was rebuilt; other 
parts were unburied and continue 
to be used. Within a year, two of 
the town’s fi sh factories had been 

unburied and were in working order 
again (Fig. 3). Additionally, the town 
used the cooling lava fl ows to create 
energy to power the town for over a 

decade.

Thorarinsson et al. (1973), Williams and Moore (1983), McPhee (1989)

Table 3.3: Table summarising basaltic lava fl ow events at MaunaLoa that have threatened 
inhabited areas since 1950. 

Eruption 
(References)

Overview, including impacts (Eruption duration) Response Recovery & 
Applying lessons 

learned

1950 (1, 2, 
5, 6)

This three-week, central caldera and southwest 
rift zone eruption had a rapid onset and created 
eight lava fl ows. Three of the fl ows reached the 

ocean, with one entering the sea within 3 hours. 
Advancing at 9 km/hr, the fl ows caused forest 
fi res and inundated roads (including the circum-

island highway) and a town. Other towns were 
threatened. There were no casualties. The total 

volume of lava erupted was 3.76 x 108 m3. (3 weeks)

The rapid pace of this eruption 
meant that response actions 

focused on evacuating people.

Not reported on.

1984 (3, 4) Lava fl ows from the caldera and eastern rift zone 
advanced towards the town of Hilo. The fl ow’s 

advancement slowed when reaching shallow slopes 
and halted 7 km from town. (3 weeks)

No mitigation was undertaken 
although discussions were held 
about circumstances that would 

prompt such measures.

No physical 
damage to recover 

from.

1: Finch and Macdonald (1953), 2: Macdonald (1954), 3: Lockwood et al. (1985), 4: Kauahikaua and Tilling (2014), 5: HVO 
(2016), 6: Harris and Villeneuve (2018b)
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Figure 3.3: Left image is of a lava fl ow between two factories in Vestmannaey during the 1973 Eldfell 
eruption. The image on the right was taken a year later from the same location after the lava fl ow had 
been removed and reconstruction of the factories had begun. Images courtesy of U.S. Geological Survey, 
from Williams and Moore (1983).

3.3.5  Nyiragongo, Democratic Republic of Congo

Nyiragongo  (Democractic Republic of Congo) is one of the most active volcanoes in Africa, 

situated 14 km from the city of Goma (Crane 2011). Although a monitoring network has been 

installed, less data is available due to issues relating to the security of the instrumentation 

(Finkel 2011). Since 1950, Nyiragongo has had two eruptions which produced lava fl ows that 

extended far beyond the summit (Table 3.5). Due to the lava’s foiditic composition (Global 

Volcanism Program 2019f), lava fl ows in both eruptions travelled quickly enough to kill people 

(Tazieff  1977; Tazieff  1985; Favalli et al. 2006, 2009; Haapala 2011; Morrison et al. 2020; Table 

3.5). The lava fl ows in the 1977 eruption are still the fastest moving lava fl ows on record (Crane 

2011) although some volcanologists question if the originally published lava fl ow advancement 

rates overestimated the actual lava fl ow advancement rates (Kilburn 2015). Due to the high lava 

fl ow hazard posed by Nyiragongo, several lava fl ow modelling studies have been undertaken to 

determine the areas at highest risk. Some of these studies have also led to potential planning 

measures to reduce the population’s risk. For example, Figure 3.4 displays DOWNFLOW lava 

fl ow modelling together with suggestions for barriers to protect areas of Goma, while allowing 

certain areas to be inundated without impacting the city.
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Table 3.5: Table summarising basaltic lava fl ow events at Nyiragongo Volcano that have threatened 
inhabited areas since 1950. 

Eruption 
(References)

Overview, including impacts 
(Eruption duration)

Response Recovery & Preparation for 
subsequent eruptions

1977 (1, 2) The lava lake suddenly drained and 
reappeared through a fi ssure. (1 day)

No response actions reported; 
this sudden onset eruption was 

short-lived.

A monitoring system was 
installed but is not always 

functional.

2002 (3, 4, 5, 
6, 7)

The lava lake suddenly drained and 
reappeared through a fi ssure. The 

resulting lava fl ow advanced through 
the city of Goma. (2.5 weeks)

There was little coordinated 
response although residents 
self-evacuated. International 
organisations (e.g. the United 

Nations) set up refugee shelters in 
Rwanda.

Within a month, lava fl ows that 
traversed roads already had 

new paths and/or roads across 
them. Lava fl ow modelling 

was conducted leading to the 
proposal of mitigation measures 

(Fig. 2.4). This eruption led to 
the development of volcanic 
contingency plans in DRC 

and Rwanda by international 
organisations.

1: Tazieff  (1977), 2: Tazieff  (1985), 3: Lacey (2002 January 21), 4: Lacey (2002 January 23), 5: Allard et al. (2003), 6: Giordano 
et al. (2007), 7: Finkel (2011)

Figure 3.4: Map of proposed lava mitigation measures to protect Goma and Gisenyi based on 
DOWNFLOW lava fl ow modelling. Structures in the dotted area would need to be relocated. Legend 
refers to probability of inundation after the walls are built. Modifi ed from Chirico et al. (2009).
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3.3.6  Piton de la Fournaise, La Réunion, France

Piton de la Fournaise (La Réunion) is one of the world’s most active volcanoes, frequently 

producing lava fl ows although the majority of the eruptions occur wholly within the caldera 

(Davoine and Saint-Marc 2016; Staudacher et al. 2016). It is well monitored by the Piton de la 

Fournaise volcano observatory to protect the towns on the volcano’s fl anks. There are six major 

towns on Piton de la Fournaise’s fl anks, with none located in the large valley to the crater’s 

east (Gillot and Nativel 1989). A major transportation route runs across the valley, though 

(Harris and Villeneuve 2018a). Since 1950, inhabited areas have been threatened or inundated 

in 11 eruptions (Table 3.6). Since lava fl ows frequently threaten towns on La Réunion, citizens 

are not averse to evacuating when necessary (Nave et al. 2016). There are no reports of any 

actions being undertaken to mitigate the potential impacts of lava fl ows nor reports describing 

inundated areas being used again (Global Volcanism Program 2019g; Table 3.6).

3.3.7  Karthala, Grande Comore, Comoros

Karthala is the southern volcano on Grande Comore, the largest island in the Comoros. It has 

two rift zones that extend to the north-northwest and the southeast (Bachelery et al. 2016). 

While it erupts frequently, most eruptions remain in the main crater (Chahale) where they 

do not threaten settlements. The only eff usive eruption that has impacted settlements since 

1950 occurred in 1977 (Table 3.7). The three aff ected settlements were all located in relatively 

low lava fl ow hazard zones (Bachelery et al. 2016). Since this eruption, a volcanic observatory 

has been built (Bachelery et al. 2016) although its monitoring networks frequently are pilfered 

by locals (e.g. Morin and Lavigne 2009; Morin et al. 2016). Although Karthala has aff ected 

settlements less frequently than other case studies presented here, Grande Comore has been 

the focus of multiple studies on lava fl ow hazard and community’s understanding of it (e.g. 

Morin and Lavigne 2009; Morin et al. 2009; Mossoux et al. 2019).
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Table 3.6: Table summarising basaltic lava fl ow events at Piton de la Fournaise Volcano that have 
threatened inhabited areas since 1950.

E r u p t i o n 
(References)

Overview, including impacts (Eruption 
duration)

Response Recovery & Applying lessons 
learned

1977 (1, 2, 
3, 6)

Lava fl ows threatened the town 
of Boisblanc and inundated thirty 
structures in Piton Ste Rose. A main 
road and bridge were also inundated. 
(3.5 weeks)

More than 1000 people were 
evacuated.

This eruption prompted 
the creation of the volcanic 
observatory in 1978.

1986 (1, 6) This eruption consisted of six phases. 
During the fi rst phase, the coastal 
highway was traversed by two lava 
fl ows. Eight rural houses were 
destroyed. During the second phase, a 
new fi ssure opened across the coastal 
highway. During the fi nal phase, a lava 
tube formed across the coastal highway. 
(3.5 years)

Towns were evacuated. Fifty-one 
people were made homeless by the 
destruction of their homes.

A new coastal highway was 
built down slope of the original 
coastal highway. 

1998 (1, 3, 6) A lava fl ow threatened Boisblanc 
although did not reach the town. The old 
coastal highway was inundated again; 
the fl ow stopped 5 m from inundating 
the new coastal highway. Forest fi res 
were ignited. (6.25 months)

No response actions reported. Recovery and how these 
eruptions aff ected future 
preparation have not been 
reported.

2001 (1, 3, 6) Two ‘a’ā lava fl ows inundated the old 
coastal highway. (3.5 weeks)

No response actions reported.

2002 (Jan) 
(1, 3, 6)

An ‘a’ā lava fl ow cut the coastal highway 
before creating an ocean entry. A lava 
delta of 15 ha formed. (1.5 weeks)

No response actions reported.

2002 (Nov) 
(1, 3, 6)

An ‘a’ā lava fl ow created an ocean entry 
after traversing the coastal highway. (2 
weeks)

No response actions reported.

2004 (May) 
(1, 3, 6)

A lava fl ow threatened to inundate the 
old coastal highway although stopped 
2.5 km away. Forest fi res were ignited. 
(5.5 months)

The smoke resulting from the forest 
fi res was used to track the fl ow’s 
advancement.

2004 (Aug) 
(1, 3, 7)

A lava delta was created after a lava 
fl ow traversed the coastal highway. (3.5 
days)

No response actions reported. The lava tubes are now a tourist 
attraction.

2005 (1, 3 ,6) A lava fl ow advancing at 2.5 km/hr 
inundated the coastal road. A second 
fl ow threatened to inundate the road in 
a second location although stopped 100 
m from the road. (1.5 weeks)

No response actions reported. Recovery and how this eruption 
aff ected future preparation has 
not been reported.

2007 (1, 2, 3, 
4, 5, 7)

A lava fl ow eff used from a vent on the 
eastern fl ank and traversed the coastal 
highway before reaching the ocean 6 
hours later. The resulting laze damaged 
metal roofs within 1 km of the ocean 
entry. By the end of the eruption, 1.4 km 
of the coastal highway were inundated 
while 0.45 km2 of new land was created. 
This was one of the most voluminous 
eruptions in centuries, covering forests 
and igniting fi res. (1 month)

Access to the caldera was limited 
once the police closed the easy 
route. A section of the coastal 
highway was also closed. The town 
of Le Tremblet was evacuated as a 
precaution for approximately four 
days as fi refi ghters fought fi res 
close to the town’s access road. The 
ocean entry impacted sea life with 
dead fi sh fl oating up from depths of 
up to 500 m due to the heat of the 
fl ow. 

Water and electricity had to be 
restored to Le Tremblet after 
residents returned. The Red 
Cross came to help clean tephra 
from homes. Tourists were 
invited to see the ocean entries 
at the end of the eruption, 
resulting in the death of one 
unprepared tourist. The death 
of fi sh aff ected the livelihood 
of fi sherman for an extended 
period. Sea birds were found 
dead on the cooling fl ow. The 
coastal highway was replaced 
within a few months (cost: 
1 million euro). Newspaper 
articles noted negative mental 
health eff ects. Communication 
networks took months to be 
restored. The lava tubes are 
now a tourist attraction.

2018 (6) A lava fl ow covered 400 m of the summit 
hiking trail. Numerous forest fi res were 
also ignited. (7 months)

No response actions reported. Recovery and how this eruption 
aff ected future preparation has 
not been reported.

1: Davoine and Saint-Marc (2016), 2: Lenat (2016), 3: Staudacher et al. (2016), 4: Harris and Villeneuve (2018a), 5: Harris and 
Villeneuve (2018b), 6: Global Volcanism Program (2019g), 7:  http://www.tunnelsdelave.com/index.php



55

3.3.8  Fogo, Fogo, Cape Verde

Fogo is the volcano on the island of the same name, off  the western coast of Africa. There 

are several villages and settlements built in its caldera with a total population that has grown 

from 1,300 people to 1,500 people between 1995 and 2014 (Komorowski et al. 2018). These 

settlements are agricultural, including a vineyard (Jenkins et al. 2014), so eff usive eruptions can 

mean prolonged economic downturns as lava fl ows generally do not improve the agricultural 

value of land (Deligne 2012). Another 11,000 people live on Fogo’s northeastern fl ank which 

is open to the caldera (Komorowski et al. 2018). Over the past 70 years, the settlements in the 

caldera have been threatened and/or inundated by lava fl ows in three eruptions (Table 3.8). The 

National Civil Protection Service, which is led by the local military, was established relatively 

recently, so it was only involved in the response to the 2014 eruption (Komorowski et al. 2018).

3.3.9  Izu-Oshima, Oshima Island, Japan

Oshima Island is the largest island in the Izu island group off  the coast of Japan, south of 

Toyko. Oshima Island has been built by three volcanoes that began erupting in the Pliocene; 

the youngest volcano Izu-Oshima is still active (Sumner 1998). Izu-Oshima’s peak Mt. Mihara 

is slightly to the southwest of the centre of the island, which is home to approximately eight 

thousand people (Global Volcanism Project 2019c). Although there have been at least 20 

eruptions at Izu-Oshima in the last 70 years, most have remained in the crater. Only one 

has created lava fl ows that have extended beyond the crater and, therefore, could potentially 

threaten local communities and/or structures (Global Volcanism Program 2019c; Table 3.9). 

Four seismic stations and two deformation stations are used to monitor Izu-Oshima.

Table 3.7: Table summarising basaltic lava fl ow events at Karthala Volcano that have threatened 
inhabited areas since 1950. 

Eruption 
(References)

Overview, including impacts 
(Eruption duration)

Response Recovery & Preparation for 
subsequent eruptions

1977 A 200-m long fi ssure opened on the 
southwestern fl ank at 360 m asl. The 

resulting ‘a’ā lava fl ow bifurcated 
with each branch partially destroying 

Singani and M’Djoyesi. The two 
branches merged at lower elevations 
before advancing to the sea. (1 day)

This eruption prompted the 
evacuation of more than 4,000 

people, primarily in the damaged 
villages. Villagers 1 km from the 
eruptive vent did not evacuate 

initially.

Villagers returned several weeks 
after the eruption to fi nd their 

mosques had not been damaged. 
The villages were subsequently 

rebuilt. This eruption is 
celebrated annually on 5 April.

Bachelery et al (2016), Morin and Lavigne (2009), Mossoux et al. (2019), Kraff t (1983)
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Table 3.9: Table summarising basaltic lava fl ow events at Izu-Oshima Volcano that have threatened 
inhabited areas since 1950.

Eruption Overview, including impacts (Eruption 
duration)

Response Recovery & Applying lessons 
learned

1986 Three ‘a’ā lava fl ows were formed. On the 
fi rst day of the eruption, a clastogenic, ‘a’ā 

basaltic-andesite lava fl ow advanced 1.5 km, 
to within 1 km of Motomachi. The town’s 

airport was threatened although never 
inundated. The fl ow stopped advancing 200 

m from town. The second lava fl ow in this 
eruption did not threaten any structures or 
necessitate evacuations. The third and fi nal 
lava fl ow, an andesitic, clastogenic lava fl ow, 

approached the local volcanic observatory 
maintained by the University of Tokyo. It 
stopped fl owing less than half a kilometre 

before reaching the observatory. (1 month)

In less than half a day, 12,000 
people were evacuated on 39 
vessels. In order to model the 
potential threat to the town, 
a new lava fl ow model was 
developed. Although lava 
fl ow attribute data (such as 

temperature and viscosity) are 
necessary to run the model 
presented in Ishihara et al. 

(1989), the data used was not 
measured. Rather, the values 

were set based on assumptions 
relative to previous fl ows (i.e. 

the silica content was higher, so 
the viscosity was assumed to be 

higher).

The evacuations lasted 
less than one month as the 

eruption was short. 

Watts (1986 November 22), Ishihara et al. (1989), Sawada and Aramaki (1989), Global Volcanism Program (2019c)

Table 3.8: Table summarising basaltic lava fl ow events at Fogo Volcano that have threatened 
inhabited areas since 1950.

Eruption 
(References)

Overview, including impacts 
(Eruption duration)

Response Recovery & Applying lessons 
learned

1951 (11) Lava fl ows inundated agricultural 
land and some houses. (2 months)

No response actions reported. Recovery and how this eruption 
aff ected future preparation have 

not been reported.

1995 (1, 12, 13) A fountain-fed lava fl ow traversed 
the primary route to the village of 
Portela. After a week, the fl ow had 
reached the outskirts of a village 
near the crater wall. Agricultural 

land, a water reservoir, and fi ve to 
ten houses were inundated. The 
newly built access route was also 

inundated near the end of the fl ow’s 
advancement; the lava fl ow widened 
after the fl ow front halted. The fl ow 
front subsequently reactivated and 
consumed a single house in Portela. 

After, the lava fl ow breached its 
levees and threatened the access 
route. It stopped advancing 2 m 
away. In total, an entire village, 

three houses in Portela, and 5 km2 
of agricultural land were destroyed. 

(1.5 months)

In the fi rst day, approximately 
1300 people from seven villages 
were evacuated by foot. Villagers 
continued to evacuate belongings 

after an access route was built 
through agricultural land 

two weeks after the eruption 
began. International geologists 

were asked to aid the local 
government.

Residents of Portela returned 
regularly to tend their farms and 
homes and returned permanently 

after the eruption ended. A 
partially inundated vineyard was 
one of the primary businesses in 

the area, aff ecting the village’s 
economics for an extended time. 

A permanent monitoring network 
was installed after this eruption.

2014 (2, 3, 4, 
5, 6, 7, 8, 9, 

10, 13) 

This eruption resulted in the 
inundation of the two towns 

(including residential areas, a 
school, a hotel, a factory, and 
churches), a rural settlement, 
parts of the national park, and 
the main road running north-

south in the caldera. Utility and 
roading networks were also 

destroyed, leading to access and 
communication diffi  culties. In 
total, more than 230 buildings, 

1.2 km2 of agricultural land, and 
all infrastructure networks in the 

caldera were damaged or destroyed 
in this eruption. (2.5 months)

Prior to inundation, both villages 
and the national park were 

evacuated. Settlements outside 
of the caldera also planned to 

evacuate. During this eruption, 
responding scientists were 

remotely supported by modellers 
using MAGFLOW to determine 

the potential evolution and 
impact of the fl ows.

As of March 2015, buildings and 
roads were still being excavated 
and rebuilt. There were lasting 

economic impacts because of the 
inundated agricultural land. This 
eruption can provide signifi cant 
data for future research as the 

inundation of both towns was well 
documented.

1: Smithsonian Institution’s Global Volcanism Network (1995), 2: Adamczyk (2014 December 8), 3: Economist Intelligence Unit 
(2014 November 28), 4:  Ministry of Foreign Aff airs of Japan (2014 December 19), 5: Al Bawaba (2015 February 4), 6: Fernandes 
et al. (2015), 7: Worsley (2015), 8: Cappello et al. (2016a), 9: Richter et al. (2016), 10: Jenkins et al. (2017), 11: Global Volcanism 
Program (2019b), 12: WOVO (n.d.), 13: Komorowski et al. (2018)



57

3.3.10  Miyakejima, Miyake Island, Japan

Miyake Island is also part of the Izu island group off  the coast of Japan and south of Toyko. 

In total, the island is home to approximately four thousand people (Fujita et al. 2003; Furuya 

et al. 2003) spread across four towns. The towns of Ako, Igaya, Kamitsuki, and Tsubota are 

all located on the coast. Ako, Kamitsuki, and Tsubota have all be inundated by lava fl ows in 

historical times (Cappello et al. 2015). Miyakejima rises in approximately the centre of the 

island and has two concentric craters although it has frequently produced fl ank eruptions along 

regional and local stress fi elds (Shimozuru et al. 1972) in historical times (Tsukui et al. 2005). 

Since 1950, Miyakejima has erupted 12 times with the majority of these eruptions occurring in 

the caldera; only two eruptions have aff ected the island’s population (Table 3.10). Miyakejima 

is monitored by the Geological Society of Japan.

Table 3.10: Table summarising basaltic lava fl ow events at Miyakejima Volcano that have threatened 
inhabited areas since 1950.

Eruption 
(References)

Overview, including impacts (Eruption 
duration)

Response Recovery & Applying lessons 
learned

1962 (3, 4) A lava fl ow in the north-eastern sector of 
the island destroyed a handful of houses 

and the road that circumnavigates the 
island. (3 days)

Response not reported. Physical damage requiring 
recovery eff orts not reported.

1983 (1, 2, 
3, 4)

Four lava fl ows caused forest fi res and 
destruction in two towns, Ako and 

Usuki. Up to 90% of Ako was destroyed 
by the fi res ignited by a lava fl ow. A 

subsequent, smaller fl ow threatened the 
rest of Ako. One of the smaller lava fl ows 

also reached the village of Usuki and 
buried it. Lava fl ows reached the sea in 

this eruption and added new land to the 
island. (1 day)

Most of the housing stock in 
Ako were wooden, so fi refi ghters 

tried to save structures by 
spraying them with seawater. 

They also tried to cool the 
lava fl ow in a fashion similar 
to the 1973 Eldfell eruption 

with spraying eff orts. Reports 
suggest that the cooling eff ort 
commenced at the same time 
the fl ow stopped advancing 

although eff orts continued after 
the fl ow stopped advancing. 

The switching station in 
Ako was destroyed, causing 

communication networks to fail. 
About a third of the island was 
successfully evacuated using 11 
buses, resulting in no fatalities.

Other impacts included 
electricity outages of up to 
one day with one exception 

and failure of half of the water 
network. Overall, recovery in 
areas that were not inundated 

were achieved quickly. Ako 
was abandoned.

1: Aramaki et al. (1986), 2: Sawada (1986), 3: Cappello et al. (2015), 4: Global Volcanism Program (2019e)

3.3.11  Mt. Cameroon, Cameroon

Mt. Cameroon (Cameroon) is one of Africa’s largest volcanoes with a total area of about 1100 

km2 and the third tallest mountain in Africa (Njome et al. 2008). As part of the Cameroon Line (a 

chain of volcanoes extending from northeast Nigeria through Cameroon into the Gulf of Guinea 

that have been active since the Tertiary), there are more than 100 cinder cones in addition to 

the main edifi ce. Three main towns and dozens of smaller villages are scattered around its 

base with a total population of approximately 500,000 people (Njome et al. 2008; Favalli et al. 
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Table 3.11: Table summarising basaltic lava fl ow events at Mt. Cameroon that have threatened 
inhabited areas since 1950.

Eruption 
(References)

Overview, including impacts 
(Eruption duration)

Response Recovery & Applying lessons 
learned

1959 (1, 3, 6, 
7, 11)

Villages and fi elds were threatened by 
‘a’ā lava fl ows. (1.5 months)

Response not reported. Recovery and how this 
eruption aff ected future 

preparation were not 
reported.

1982 (2, 4, 11) ‘A’ā lava fl ows advanced at 20 km/
hr through dense forests towards 

the town of Bakingili (6 km from the 
vent). (1 month)

As a result, three towns were 
evacuated. Although none of the 

towns were inundated, many palm 
oil plantations were; other local 

economies were unaff ected. 

Recovery and how this 
eruption aff ected future 

preparation were not 
reported.

1999 (4, 5, 6, 
9, 10, 11)

Bakingili was threatened again by an 
‘a’ā lava fl ow that advanced through 
forests. Hundreds of acres of forests 

and palm oil trees were destroyed 
by inundation and ignition. The lava 
fl ow inundated a hundred metre 

stretch of road before reaching the 
ocean. (3 weeks)

Due to the resulting laze, two towns 
were evacuated. Within six days of 
the fl ow emplacement, people were 
already observed climbing over the 

fl ow.

Within two months of the end 
of the eruption, all evacuees 

had returned home.

2000 (5, 8, 
10, 11)

‘A’ā lava fl ows advanced through 
savannahs, forests, and agricultural 
land before threatening suburbs in 
Buea. The fl ows advanced at 30 m/

hr although stopped advancing 4 km 
from the outskirts of town. While the 
town itself was spared, the lava fl ow 
traversed the road near Limbe. (3.5 

months)

Local offi  cials began evacuation 
planning for 3,000 people although 
the plans were never implemented 
as the fl ow stopped advancing after 

two days, 4 km from Buea.

Recovery and how this 
eruption aff ected future 

preparation not reported.

1: Jennings (1959), 2: Fitton et al. (1983), 3: Deruelle et al. (1987), 4: Deruelle et al. (2000), 5: Suh et al. (2003), 6: Bonne et al. 
(2008), 7: Njome et al. (2008), 8: Ateba et al. (2009), 9: Suh et al. (2011), 10: Favalli et al. (2012), 11: Global Volcanism Program 
(2019a).

3.3.12  La Palma, Canary Islands, Spain

La Palma is the volcano located on an island of the same name in the northwestern Canary 

Islands. It has erupted once since 1950. During the 1971 eruption of La Palma, a lava fl ow 

threatened a road although stopped advancing 4 m before reaching it (Fuster-Casas 1971). The 

eruption lasted 3 weeks. There is very little published information about this eruption. There 

have been eff orts to strengthen the monitoring at La Palma in recent years.

3.4   Scope of gap analysis

In addition to extracting lessons about how crises have been managed to minimise their social 

impact (summarised briefl y in the overview tables above and in the discussion below), we are 

interested in collating past data that might be useful to further studies on physical lava fl ow 

2012). Seismometers have monitored Mt Cameroon since the 1980s (Fairhead 1985; Ambeh et 

al. 1989; Ateba and Ntepe 1997). Lava fl ows from Mt. Cameroon have threatened or indirectly 

impacted towns fi ve times in the past 70 years (Table 3.11) with all but one of the vents located 

on the southern half of the volcano. 
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impacts. With this in mind, we narrowed the scope of our gap analysis to focus on the following 

eleven data types, described below in order of the preparedness, response and recovery cycle. 

Note that ten of these are refl ected in the summary overviews and tables above while one type is 

in Appendix 1. After analysing our case studies, we found that many of our data types have not 

been consistently documented in a detailed fashion; thus, many of our data types of interest have 

not been consistently included in the volcano overviews, in the above tables, or in Appendix 1.

3.4.1 Preparation actions and narrative

We analysed published literature for preparation actions and narratives (e.g. Brantley et al. 

2019), i.e. documentation of precursory activity and preparation actions undertaken prior to 

the eruption onset. The creation of hazard maps is one example preparation action. Installing 

and maintaining monitoring networks is another example of a preparation method that may 

be undertaken; such data is typically collected by the local volcano observatory or equivalent 

scientifi c body. All published monitoring data, including data in journal articles or on institutional 

websites, counted as evidence of preparatory actions which could contribute to preparatory 

narratives and thus counted towards a “x” (data available) in Table 3.12. Another example of a 

preparation action could be zoning of land to decrease the number of people living in an area 

deemed to be high risk for lava fl ow inundation. Commonly, scientifi c preparation actions and 

narratives are mentioned in the beginning of an eruptive narrative paper, and frequently include 

description of the relationship between the scientists and the local government authorities who 

also undertake preparation measures upon notice of an impending eruption. This data type is 

not included in the summary tables (Tables 3.1-3.11).

3.4.2 Lava fl ow hazard modelling

Lava fl ow hazard modelling can be undertaken prior to an eruption to help identify areas that 

are at high risk of inundation (e.g. Bonne et al. 2008; Chirico et al. 2009; Favalli et al. 2009c; 

Harris et al. 2011; Cappello et al. 2015; Tarquini et al. 2019) or during an eruption to plan 

evacuations (e.g. Ishihara et al. 1989; Dobran and Macedonio 1992). The case studies were 

analysed for descriptions of both types of lava fl ow modelling. Any published instance of lava 

fl ow modelling being used during an eruption counted towards as data collected (i.e. an “x”) in 
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Table 3.12. This data type is referenced in the response column of the summary tables.

3.4.3 Eruption narrative 

An  eruptive narrative is an overview description of the eruption, including all of the volcanic 

processes that occurred. It provides context for any detailed data collected and could support 

why response actions were taken at specifi c times. Two examples are the narrative of the 1971 

eruption of Etna by Huntington (1972) and the “Chronology of the eruption” section of the 

Barberi et al. (1993) account of the 1991-1993 Etna eruption. While these examples provide 

extensive detail about the eruptions in question, we counted any account of the eruption that 

provided a narrative timeline of the eruption towards data collected (i.e. an “x”) in Table 3.12. 

This data type is included in the overview column of the summary tables.

3.4.4 Lava fl ow attributes 

There are many attributes used to describe lava fl ows. For example, a lava fl ow’s fl ow front 

advancement rate, temperature, or geochemistry can be described. These attributes infl uence 

the fl ow’s morphology and the hazard it poses. They also may be used as criteria to determine 

if one lava fl ow is analogous to another. Some of these attributes must be recorded during the 

eruption as they change with time (e.g. lava fl ow core temperature at a given location) while 

others can be measured after an eruption ends (e.g. bulk geochemistry, fi nal fl ow dimensions). 

As this data type is very broad, it can be diffi  cult for any single study to be comprehensive. 

Often, certain attributes are published in more details than others. Thus, we have assigned data 

collected symbols (i.e. “x” symbols) to eruptions that have at least several attributes described 

over time. We emphasise that does not mean every attribute has been collected, but that this 

eruption is better studied than eruptions with a no data collected symbol (i.e. an “o”). Given 

that we have already narrowed our case studies to basaltic eruptions (Section 3.1.1), we did not 

analyse the case studies for geochemical data. This data is included in Appendix 1 in instances 

where it is publicly available.
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3.4.5 Detailed physical impact data 

In order to enable the creation of lava fl ow vulnerability models, detailed physical impact data 

is needed (Wilson et al. 2017). Impact data consist of a description of the damage observed. 

This data could be collected by fi eld teams or by more remote methods such as unmanned 

aerial systems or satellite imagery. For example, the impact data collected by a fi eld team could 

be “all concrete within 1 m of the lava fl ow front spaulded.” The location, time, and date of the 

data should be noted, and ideally, images should be taken. Since the localised hazard caused 

the damage being documented, localised lava fl ow attributes are necessary. To continue with 

the example above, lava fl ow attribute data such as the local temperature of the fl ow front are 

needed. The height of the fl ow front and how cohesive the fl ow front is could also be important. 

Impacts are dependent on the vulnerability of the asset, which should also be recorded. In the 

fi eld, this often translates to details about what the structure is made of, angles of the structure, 

an estimate of how old the structure may be, etc. Alternatively, camera footage collected using 

unmanned aerial systems can be analysed for damage to structures near the edge of the fl ow. At 

this scale, damage could include singe marks or budging of fences or walls. Similarly, satellite 

imagery can also be used to classify building types by material. Repeat fl ybys would enable 

progressive damage states to be documented. It is also important to note that some of this data 

can also be estimated and/or extracted from overlaying fi nal lava footprints over infrastructural 

maps and/or remote sensing imagery.

Recent eruptions challenge the notion that lava fl ows always cause binary impacts (i.e. either 

complete destruction or no damage at all, depending on whether the lava is in contact with the 

structure of interest), but the creation of vulnerability models depends on suffi  cient data about 

the potential range of impacts (Jenkins et al. 2014; Wilson et al. 2014). Data from multiple 

eruptions is required to ensure vulnerability models are widely applicable (Wilson 2015). As 

this data type can aid in future studies that aim to build vulnerability models, the bar for a data 

collected symbol in Table 3.12 was high. Not only did an impact have to be recorded, but at least 

a few details about the impacted structure needed to be included (i.e. the damaged buildings 

were wooden). This data is included in the response column of the summary tables.
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3.4.6 Response narrative

A response narrative is a description of the response actions taken because of the eruption. 

Anyone aff ected by the eruption could have undertaken response actions. For example, a 

scientist may hold a press conference to inform the public about the eruption, a government 

offi  cial may call an evacuation, or a community member may buy a generator in case they lose 

electricity. Ideally, all of these actions are documented with an explanation about what triggered 

each action (e.g. lava fl ow modelling indicated Zaff erana Etnea could be inundated by lava if 

the eruption lasted long enough, prompting the creation of lava fl ow diversion measures; Table 

3.1). The criteria for an eruption to be awarded a data collected symbol for a recovery narrative 

in Table 3.12 was very similar to the criteria used for eruption narrative. We searched for a 

narrative timeline of actions undertaken; we posit that the narratives that include rationales 

could be more useful to future studies than those without such rationales. For example, a 

narrative that includes data such as “we issued an evacuation order because the fl ow front was 

1 km away” not only provides the response action undertaken but also why it was undertaken. 

Thus, this criteria could be included in future plans or be adapted if improvement was needed. 

This data type is included in the response column of the summary tables.

3.4.7 Communication approaches

Once an eruption commences, the offi  cial communication between scientists, government 

offi  cials, and the public can infl uence the eff ectiveness of public and private response actions 

(e.g. Brantley et al. 2019; Ching et al. 2020) or cause mistrust of public offi  cials. We analysed 

the case studies for a published communication strategy (e.g. Brantley et al. 2019) and for 

evidence that offi  cial communication was occurring. In the latter case, quotes from scientists 

or emergency managers in newspaper articles were considered evidence that scientists and/or 

emergency managers sought to communicate with the public. Either a published account of a 

communication approach (e.g. Brantley et al. 2019) or newspaper articles quoting scientists or 

emergency managers counted towards an eruption being awarded a “x” in Table 3.12. This data 

type is not included in the summary tables.
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3.4.8 Evacuation data 

Evacuations are one common type of governmental response action to a lava fl ow crisis (e.g. 

Watts 1986). An evacuation can have both social and economic impacts. How evacuations are 

implemented can aff ect how well exclusion zones are maintained (e.g. Williams and Moore 

1983; Lacey 2002). For example, fi rst responders have commented that the non-binding 

evacuation order issued during Kīlauea’s Lower East Rift Zone Eruption in 2018 made it 

implement exclusion zones (Tsang and Lindsay 2019). We looked for comments on evacuations 

in journal articles as well as Global Volcanism Bulletin reports and newspaper articles. Some 

of the evacuations in response to eruptions were voluntary while others were mandatory 

and enforced by government offi  cials. In order to be awarded an “x” in Table 3.12, there had 

to be published information that an evacuation occurred and there had to be at least some 

information about its nature (e.g. did people leave on their own accord). Some evacuations 

were described in detail (e.g. how quickly they occurred, by what transportation means, when 

people returned). We suggest that these more detailed evacuation data are more useful when 

extracting lessons and are, therefore, preferable. This data type is included in the response 

column in the summary tables.

3.4.9 Recovery narrative

After an eruption, communities and aff ected land often undergo a recovery period. We analysed 

the literature for recovery narratives. These descriptions of how the land and communities 

recover over time after an eruption can indicate how severe an eruption was as well as providing 

details about necessary clean-up actions, potential positive outcomes from an eruption (e.g. 

Williams and Moore 1983), and how long it could be until land can be used again. All of these 

descriptions of recovery can help for future eruptions. When searching for such narratives, 

it is important to note that recovery narratives can exist even if physical impacts have not 

been documented, as recovery also includes non-physical recovery, sometimes described at 

a community level without reference to detailed physical impact data. Similar to eruptive and 

response narratives, a narrative timeline of recovery actions needed to be publicly available in 

order to be awarded an “x” in Table 3.12. This data type is included in the recovery column of 

the summary tables.
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3.4.10 Community reactions 

Community reactions to actions taken during the emergency management cycle are needed 

to evaluate whether actions functioned well/as intended or needed improvement (Ching et al. 

2020). Examples of positive community reactions would be a local business member saying that 

an emergency manager’s daily visits helped in decision-making or residents reporting feeling 

comforted by earthen barriers (where the positivity of a reaction is based on the community 

members’ feelings). We were looking for either peer-reviewed and/or grey literature that was 

written by (or relied on interview data from) community members to receive an “x” for this 

category in Table 3.12.  In some cases, this data type may have been collected and stored in 

local data repositories such as town council reports. Such data may be inaccessible, meaning it 

cannot help other communities increase their resilience to volcanic eruptions. This data type is 

not included in the summary tables.

3.4.11 Applying lessons learned

After an eruption is over, applying the lessons learned from an eruption is a way to ensure 

mistakes are not repeated and responses are improved (e.g. Nairn and Scott 1995; Durand et al. 

2001; Sword-Daniels et al. 2011; Blake et al. 2015). We looked in the literature for documented 

actions taken after an eruption that could help in a future eruption sequence. For example, after 

the 1977 Piton de la Fournaise eruption, a monitoring network was installed (e.g. Lenat 2016; 

Staudacher et al. 2016). This data type can be diffi  cult to elicit as the application of lessons 

learned could be in confi dential fi les; in order to ascribe an eruption an “x” in Table 3.12, 

we looked for documentation that changes had been made in response to the eruption. This 

documentation was sometimes found near the end of impact reports, or in the form of recent 

research describing changes since a previous eruption. This is included in the applying lessons 

learned column in the summary tables.

3.5  Gap analysis

Most of the literature on lava fl ow crises comes from media reports (i.e. non-peer reviewed 

sources) or the Smithsonian Institute’s Bulletin of Volcanic Eruptions. The Bulletin Reports are 
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Table 3.12: Table indicating the research gaps identifi ed (o) and when data of each type have been 
collected (x). Data types (Section 3.4) are arranged in order of preparedness, response, & recovery.
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Etna 1971 o o x o x o o o o o o

1981 x o x o o x x o x o x

1983 x x x o n/a x x o o o x

1991-1993 x x x x n/a x x x o x x

2001 x x x o o x x n/a o o o

2002-2003 x x x o o x x n/a x o o

Kilauea 1955 o o x o o x o x x x x

1960 o o x o o x o x x x x

1983-2018 x x x x o x x x x x x

2018 x x x 1 1 x x x x x x

MaunaLoa 1950 o o x x o o o o o o o

1984 x o x o n/a x o n/a o o x

Vestmannaeyjar 1973 x o x x o x x x x x o

Nyiragongo 1977 o o x o o o o o o o x

2002 x x x o o o x x x x o

Piton de la 
Fournaise

1977-1978 o o x o o x o x o o x

1986 x o x x o x o x o o o

1998 x o x o o x o x o o o

2001 x o x o o x o x o o o

2002 (Jan) x o x o o x o x o x o

2002 (Nov) x o x o o x o x o o o

2004 (May) x o x o o x o x o o o

2004 (Dec) x o x o o x o x o o o

2005 x o x o o x o x o o o

2007 x o x o o x x x x o o

2018 x o x o o x x x o o o

Karthala 1977 o o x o o o o x o o o

Fogo 1951 o o x o o o o o o o o

1995 o o x x o x o x x o o

2014 o o x x x x o x x o o

Izu-Oshima 1986 o x x o n/a x x x o o o

based on fi eld reports from responding scientists. As the reports do not have a standard format, 

the information in each report varies signifi cantly.
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Miyakejima 1962 o o x o o o o x o o o

1983 o o x o x x o x x o o

Mt. Cameroon 1959 o o x x o o o o o o o

1982 o o x x o o o o o o x

1999 x o x x o o o o o o o

2000 x o x x o o o x o o o

La Palme 1971 o o o o o o o o o o o

Total 38 22 8 37 11 4 26 12 25 12 8 11

Table 1 notes:

“o” indicates no data of this type was collected during the indicated eruption. 

“x” indicates some data of this type was collected. 

n/a indicates eruptions in which lava threatened the built environment or agricultural land but never reached it (i.e. 
never caused physical impacts); therefore, these eruptions could not provide physical impact data. 

1 indicates that a lava fl ow attributes and physical impacts study (of the 2018 Kīlauea eruption) is currently (October 
2019) underway

We found that many of our identifi ed data types have been reported in our literature review 

(Table 3.12). More than half of the eruptions (at least 19) that we examined contained eruption 

and response narratives, and evacuation data. Although the amount of data and number of 

details recorded varies signifi cantly from one eruption to the next and one volcano to another, 

these data types seem to be reported on with increasing frequency during the period of time 

covered by the study. Communication approaches and preparation and recovery narratives 

have been published for at least one quarter of the eruptions (more than 11 eruptions). As these 

data types are also increasing in frequency in the form of published work (e.g. Fearnley et 

al. 2018) and government documents (e.g. CDEM 2015; County of Hawai’i 2019), we do not 

discuss them further here. 

Five data types (lava fl ow hazard modelling, lava fl ow attributes, physical impacts, community 

reactions, and applications of learnings) have been published in less than a quarter of eruptions 

(i.e. 11 eruptions or less) and are the focus of the remainder of this section, with a suggestion 

that in future scientists should consider collecting such data when possible.

3.5.1 Lava fl ow attributes

This data type covers many types of primarily quantitative data. Some categories of lava fl ow 

attribute data, such as a fl ow’s petrology, are already well documented. The reporting of other 

categories, such as the eff usion rate, surfi cial temperature, and infl ation rates, are already 
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improving with new technologies such as remote sensing hotspot detection (Harris et al. 

2016a; Coppola et al. 2020) and unmanned aerial systems (e.g. Turner et al. 2017). Still other 

categories, such as internal temperatures, are not as frequently published (Appendix 1). When 

these least frequently reported categories of data are reported, it is often in Global Volcanism 

Program Bulletin Reports, but their inclusion is not consistent. Increasing how often these data 

are published to the rates that other data (such as a fl ow’s petrology) are published would enable 

many diff erent types of studies, such as lava fl ow process studies, the creation of vulnerability 

models (Wilson 2015), and additional modelling benchmark case studies (Cordonnier et al. 

2016; Dietterich et al. 2017).

3.5.2 Lava fl ow hazard modelling

Aspects of lava fl ow hazard modelling have been well documented. For example, Harris et 

al. (2016a) provided an overview of current lava fl ow areal footprint models in 2016, provide 

suggested best practices (Harris et al. 2016b), describe an example of how lava fl ow modelling 

can be integrated with GIS (Latutrie et al. 2016), and introduced benchmarking exercises for 

them (e.g. Cordonnier et al. 2016). Since, additional work on using GIS to support lava fl ow 

modelling and impact assessments has been conducted (e.g. Davoine and Saint-Marc 2016; 

Mossoux et al. 2019), and there has been extensive work about how lava fl ow models can be 

used after recovery (e.g. Tarquini and Favalli 2010; Scifoni et al. 2010). Despite extensive 

documentation on lava fl ow hazard models themselves and hazard modelling during some of 

the case study eruptions, reports do not consistently indicate attempted unsuccessful modelling, 

why modelling was not undertaken, if modelling had been undertaken prior to the eruption 

onset, whether and how modelling results informed hazard communication products such as 

hazard maps, and how modelling results have infl uenced actions before or during an eruption. 

Insights, including when modelling has not been undertaken or did not produce results in an 

expected manner, can provide useful information for modifying models and preparing for 

future eruptions. Additionally, context around lava fl ow hazard modelling could help emergency 

managers who have not responded to an eff usive crisis before in their planning.
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3.5.3 Impact data

Details about lava fl ow impacts are especially sparse. Impact data is frequently limited to broad 

statements such as “two lava fl ows issued from the fi ssure, cutting the main circum-island 

road” (Global Volcanism Program 2019g) or “lava buried 80% of the coast[al] town” (Global 

Volcanism Program 2019e). More useful reports would include more detailed information. For 

example, the coastal town could be described with additional details such as what the buildings 

were made of or if the burning was limited to within a few metres of the lava fl ow. Similarly, 

after the eruption ends, it would be useful to document how far away from the fi ssure the 

damage extended. Potential information could include how far away from the fi ssure volcanic 

ejecta have been deposited (which could potentially help volcanic ballistics research) but also 

if there is any evidence of heat damage at distance from the lava fl ow(s) (which could provide 

information for thermal modelling of lava). An example of this is included on page 32 of Tsang 

et al. (2019) when discussing the remediation of the Pāhoa Transfer Station after the June 27th 

Lava Flow.

3.5.4 Community reactions

Evacuations are relatively commonly documented in literature, but the details (such as how the 

evacuated residents coped with being evacuated, when exclusion zones were lifted, and what 

event triggered the lifting of an evacuation or exclusion zone) are generally lacking. Such data 

can aid in planning pre-eruption messaging and when drafting plans. Published reports suggest 

that some evacuation zones have more support from residents and maintain their function 

more effi  ciently. Comparing events in which residents returned to an evacuation zone during an 

eruption (e.g. during the Fogo 2014-2015 eruption) to those in which residents did not return to 

an evacuation zone during an eruption (e.g. during most Piton de la Fournaise eruptions) could 

help extract evacuation zone best practices. Community member opinions on how messaging 

about evacuations helped or hindered their evacuation process enables best practices to emerge 

(e.g. community members commenting that lava fl ow front arrival times would have helped 

them time their evacuations more appropriately in Kīlauea’s June 27th Lava Flow in 2014-2015 

(Ching et al. 2020)). 
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3.5.5 Applying lessons learned

While some businesses prepare extensively for natural hazards, documentation is frequently 

internal and confi dential. It is rare for preparation actions and trainings by the local community 

and industry to be documented, but knowledge of such actions could aid the planning in other 

areas where the local volcano has been dormant or since the area became populated. 

Additionally, reports of an eruption tend to cover the eruption onset through the end of the 

activity without refl ecting on long-term impacts of the eruption. Analysis of how processes 

functioned would preserve institutional history for people or groups that experienced the 

eruption and would teach other people who may experience similar situations in the future 

(e.g. Nairn and Scott 1995; Durand et al. 2001; Sword-Daniels et al. 2011; Blake et al. 2015). In 

some cases, this analysis may be done internally (e.g. Black et al. 2019), but internal documents 

that are not shared do not benefi t the wider community (e.g. Black 2019).

3.6  Discussion

Although lava fl ows directly impact fewer urban centres per eruption compared to other more 

distributed volcanic hazards such as tephra, the numerous lava fl ow crises since 1950 reveal 

that lava fl ows can have signifi cant (i.e. large enough to necessitate at least one response action) 

impacts on communities. Since lava fl ow crises can have expensive and/or lasting eff ects on 

communities, it is important to consider if lava fl ow impacts can be mitigated. In order to make 

such a determination, several more basic questions - such as how do lava fl ows cause damage, 

how frequently do lava fl ows exhibit the qualities that cause damage, what mitigation measures 

have communities tested, and were they successful - need to be answered fi rst. This work 

represents the fi rst step towards answering those basic questions by collating peer-reviewed 

and grey literature on lava fl ow crises.

3.6.1 Documentation of eruptions

When analysing lava fl ow crises since 1950, it is evident that more recent eruptions and eruptions 

in which large, novel mitigation measures were implemented have been more thoroughly 
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documented than other, older eruptions. For example, less than a year after the last active 

surfi cial lava was seen in the 2018 Kīlauea Lower East Rift Zone eruption, a journal article, 

at least 73 scientifi c abstracts, and more than 6,100 newspaper articles had already all been 

published online. Such online access to information does not exist for older eruptions, likely 

due to a range of factors: older literature may not have been published online nor digitised; grey 

literature may not remain online indefi nitely; and because international access to eruptions 

has not always been as easy, leading to fewer scientifi c studies.  Additionally, it has become 

easier to self-publish articles online via blogs and personal websites. More eruption details are 

routinely being catalogued today than in the past. With more data preservation, it is possible to 

begin collecting systematic data across eruptions and volcanoes. Here we suggest 11 diff erent 

themes for which data should be collected to improve our understanding of lava fl ow impacts 

and their social implications. Five of these themes are underreported and create gaps in our 

understanding of past crises.

Although this collation of lava fl ow crises shows enormous progress both in how communities 

respond to lava fl ows and in what data is collected during eff usive eruptions, the data presented 

could be augmented to aid in lava fl ow vulnerability models and response and recovery best 

practices. The eruptions described suggest there is nuance to the impacts lava fl ows can have, 

but our current damage paradigm (i.e. binary vulnerability model) does not refl ect this. Since 

data after an eruption are currently collected based on the fi eld geologist’s interests and time, 

impact data is not always collected or made widely accessible. Perhaps it is time to consider 

creating a database with standardised data, such as an expanded, crowd-sourced version of lava 

fl ow data in the Critical Infrastructure Volcanic Impacts Database proposed by Wilson (2015). 

One way to achieve this would be to standardise the data collection process, similar to what has 

been done for seismic damage (MBIE 2017). Although an expansion of the Critical Volcanic 

Impacts Database implies a focus on physical impact data, many of the other referenced data 

types would also need to be stored to provide context for the impact data. For example, in order 

to understand a concrete wall spaudling (a physical impact), it would be important to know 

how close the lava fl ow was, how hot it was, and how long it was present in the fi nal location. 

These are all examples of lava fl ow attributes. Additional data about the concrete itself would 

also help; for example, the age of the concrete would have implications about its water content, 

which in turn aff ects spaulding. If the concrete wall was part of a mitigation barrier, why was
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this material selected and put in place at the given time? Thus, while the impetus of expanding 

the Critical Infrastructure Volcanic Impacts Database to more than infrastructure would be 

to improve lava fl ow hazard and impact studies, most of the data types described in Section 

3.4 should also be included in some form. The data in such a database could also inform best 

practices after lava fl ow crises to help guide actions related to future eruptions and to aid people 

who may experience a lava fl ow crises but have not yet. In order to establish best practices, 

more data about the context around the lava fl ow, the decisions made, the rationale for said 

decisions, and the outcome of actions need to be documented.

3.6.2 Lessons from previous eruptions

One motivation to collate data on past lava fl ow inundations was to examine eruptions critically 

to collect lessons learned that can inform preparation, response, and recovery plans at analogue 

volcanoes. Although we identifi ed several key gaps during our literature review of lava fl ow 

inundations since 1950, we were also able to extract some key lessons that may be useful for 

other areas. We group these lessons into fi ve categories: community understanding, land use 

planning, evacuations, mitigation, and recovery. Lessons from each category are presented 

below.

3.6.2.1 Community understanding of the hazard

Communities that are more informed about volcanic hazards tend to be more resilient to the 

negative consequences of eruptions. One of the key learnings from Piton de la Fournaise that 

could be applied elsewhere is understanding the surrounding communities’ knowledge of the 

volcano. Nave et al. (2016) found a positive correlation between community understanding of 

volcanic hazards and preparation for eruptions on the fl anks of Piton de la Fournaise (Table 3.6). 

This suggests increasing community understanding of the hazard could aid in other locations 

although may prove diffi  cult in areas where the local volcano is not as active. In fact, some 

researchers are actively working to improve community understanding through novel outreach 

such as the game HAZGORA (Mossoux et al. 2016). One method may be to capitalise on local 

indigenous knowledge and culture. In Iceland, individuals were found to be more resilient to 

and knowledgeable about volcanic phenomena due to mythologies (Bird et al. 2011). Research 

on community resilience after the June 27th Lava Flow at Kīlauea showed similar results: 
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mythology and oral traditions have had a demonstrable eff ect on community and individual 

resilience and understanding of the hazard (Ching et al. 2020). Future research could include 

relating communication strategies to a community’s understanding of volcanic hazards.

3.6.2.2 Hazard modelling to inform planning

Studies and eruptions at several of the volcanoes have demonstrated how lava fl ow footprint 

modelling can be used to inform planning before, during, and after eruptions. After the 1986 

Izu-Oshima eruption threatened towns and key infrastructure, a lava fl ow model was created to 

determine other areas at high risk of inundation (Ishihara et al. 1989). This study underscores 

how lava fl ow modelling can be used during and after a crisis to predict which areas are at 

highest risk and enables informed planning. Scientists have undertaken taken similar work 

to inform mitigation measure placement during Etna eruptions since the early 1990s (e.g. 

Macedonio and Dobran 1992; Barberi et al. 2003). Lava fl ow hazard maps created based on 

lava fl ow modelling outputs prior to an eruption can be compared with actual areas inundated 

by lava fl ows to evaluate the effi  cacy of both the maps and the modelling outputs.

Modelling conducted after eruptions can also be useful. For example, the 1977 and 2002 

Nyiragongo eruptions emphasised that the foiditic composition of the lava can produce fl ows 

that advance very quickly. After the 2002 eruption, probabilistic lava fl ow modelling was 

undertaken (Chirico et al. 2009) to inform preparedness and allow for mitigation planning. 

The results of the modelling demonstrated that the “no man’s land” between the Democratic 

Republic of Congo and Rwanda would be a realistic place to redirect lava fl ows (Chirico et al. 

2009). Due to the speed of the lava fl ows in the area, measures to divert fl ows into the empty 

land must be in place before the lava begins erupting. 

While this tactic may work in a location like Goma where large areas of open space can be 

zoned, this mitigation measure may not work as well in other cities. Such modelling studies 

are important because they establish that a volcano without numerous background studies 

detailing the lava fl ow’s attributes can still benefi t from hazard modelling to inform planning. 

Hazard modelling studies can benefi t from additional lava fl ow attribute data, which can inform 

benchmarking studies such as Cordonnier et al. (2016) and Dietterich et al. (2017).
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3.6.2.3 Evacuations

Two evacuation lessons can be extracted from the case studies: 1) Lava fl ow secondary hazards 

can be severe enough to require evacuations, and 2) boat evacuations can be highly effi  cient 

both in terms of timing and in maintaining security. When a lava fl ow threatens a community, 

evacuations are frequently called for primary or secondary hazards. The eruptions at Mt. 

Cameroon emphasise that lava fl ows’ secondary hazards, such as fi res and laze, can pose an 

important hazard both to the built environment and to people’s health (Global Volcanism 

Project 2019a). Although towns in Cameroon have not been evacuated because of lava fl ows 

themselves, they have been evacuated due to poor air quality due to local forests burning 

(e.g., the 1999 Mt. Cameroon eruption in which Bakingili and Batoke were evacuated (Global 

Volcanism Project 2019a)). During both the 1973 Vestmannaeyjar Volcanic Field (Iceland) 

and the 1986 Izu-Oshima eruptions, whole island evacuations were conducted using industrial 

boats (Watts 1986; McPhee 1989). The evacuations both relocated the vast majority of the 

islands’ populations and were completed in less than a day (Watts 1986; McPhee 1989). On 

Heimaey the evacuation meant access to the exclusion area was strictly controlled with fi rst 

responders evacuating buildings as needed (McPhee 1989). By strictly limiting who could enter 

the exclusion area, identifying who was allowed to be in a cordoned area was easier (than in 

eruptions elsewhere), and there were no reports of looting. It has also been posited that by 

limiting how many belongings were evacuated, the repopulation process was likely faster after 

the evacuation order was lifted (Williams and Moore 1983; McPhee 1989). Evacuation data is 

generally well reported and can inform planning actions.

3.6.2.4 Physical mitigation measures

Although structural mitigation actions can introduce unacceptable legal liabilities, mitigation 

actions have been shown to be eff ective in several eruptions. Mitigating damage caused by lava 

fl ows generally takes an avoidance approach, i.e. communities see diverting fl ows as the best 

way to mitigate damage to an area. When mitigating potential damage from lava fl ows, the goal 

is not to protect everything; it is simply to protect the most valuable asset(s). Dropping objects in 

lava fl ows to slow their advance has been tested although has always been deemed unsuccessful 

(e.g. Barberi et al. 1993). Three methods have been tested and shown to be successful. 

1. Diversion barriers. As diversion barriers are only useful at stalling a lava fl ow 

they represent a method to buy extra time to move people and objects away from the 
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projected lava fl ow course or to build a diff erent redirection method such as an artifi cial 

channel (Barberi et al. 1993). They have been tested during multiple eruptions at Mt. 

Etna. Although Macdonald (1975) states that ‘a’ā lava fl ows cannot be redirected using 

earthen barriers due to their high viscosities compared to pāhoehoe fl ows, Italian eff orts 

to protect the built environment show otherwise (Barberi et al. 1993). During Kīlauea’s 

1955 and 1960 eruptions, diversion barriers were constructed although overtopped. These 

barriers demonstrate that even if an earthen barrier is overtopped, it may have protected 

the community (Barberi et al. 1993). If the eruption ends shortly after the barrier is 

overtopped, the lava fl ow might not inundate the asset it is protecting (Stewart 2014).

2. Redirection channels. Because it is potentially problematic that lava fl ows thicken 

and overtop diversion barriers, Italians have pioneered redirection channels (Barberi et 

al. 1993). The fi rst attempt was undertaken in 1983 and did not divert a signifi cant portion 

of the lava (Chapter 4). During the second attempt in the 1991-3 eruption, the hole in 

the side of the lava tube was signifi cantly larger and diverted more of the fl ow (Barberi 

et al. 1993). Scientists credit the success of the second attempt to lessons from the fi rst 

attempt, e.g. they learned that cooling the wall of the lava tube to insert the explosives 

made the explosives less eff ective (Chapter 4). They also found that a redirection channel 

only needs to be angled a few degrees subparallel to the natural channel to be eff ective 

(Scifoni et al. 2010). The fi nal redirection channel lesson is that there is rarely a good 

place into which lava can be redirected (e.g. Chirico et al. 2009). Although towns were 

threatened during the Mt Etna 1991-1993 eruption (Table 3.1), any lava fl ow redirection 

would have sent lava into land covered by native bush (Carapezza 2017). Thus, the local 

environmentalist community did not support the lava fl ow redirection (Schanche 1983; 

Carapezza 2017).

3. Lava cooling. The third lava mitigation measure has been referred to as “watering 

the fl ow” and has been tested during the 1973 Vestmannaeyjar and 1983 Miyakejima 

eruptions. The Vestmannaeyjar eruption was the fi rst eruption in which water was 

successfully used to protect an area (Williams and Moore 1983; Aramaki et al. 1986). The 

success can be attributed to many factors, including an endless supply of water from the 

adjacent harbour and a fortunate timing to the end of the eruption (McPhee 1989). The 

Miyakejima eruption demonstrated success with an order of magnitude less total water 

volume, rate at which the water was sprayed, and amount of water normalised by total 
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volume of lava than the Vestmannaeyjar eruption, but the success of this method can be 

at least partially attributed to the timing of the end of each eruption. 

Although each of these mitigation measures has been enacted after the eruption onset, scientists 

have begun holding mitigation measure discussions during preparation phases of the disaster 

planning cycle. For example, lava fl ow modelling studies at Nyiragongo have pinpointed 

the best place to redirect lava fl ows and proposed diversion barriers (Chirico et al. 2009). 

Discussions about MaunaLoa lava fl ows have progressed even farther. Mitigation measures 

have been considered so far in advance that lava protection walls are erected at the same time 

assets with high community value are built, such as around the USA’s National Ocean and 

Atmospheric Administration’s Mauna Loa Observatory (Pipkin et al. 2010; Kauahikaua and 

Tilling 2014). This is one approach to lava fl ow diversions and mitigations and should be noted 

as an important lesson for areas that could have rapid-onset eruptions.

The legal liability of such actions needs to be carefully considered. Legally, governments in 

Hawaii do not want to accept the liability of destroying one asset to protect another (MacDonald 

1958; Poland et al. 2014). The exception to this rule was created during discussions during the 

1984 lava fl ows (Poland et al. 2014). When a highly valuable community asset, such as the Hilo 

Hospital, is threatened by a lava fl ow, offi  cials in Hawaii are willing to consider mitigating the 

impact of the lava fl ow on this asset by diverting the fl ow (Poland et al. 2014).

3.6.2.5 Recovery

Anecdotes from after lava fl ow crisis suggest two lessons about lava fl ow damage: 1) lava fl ow 

damage may not be binary, and 2) assets can sometimes be reused again after eruptions. 

Although lava fl ows are often considered to cause binary damage, it is not unheard of for 

communities to become re-established after a lava fl ow crisis is over. Within two years after 

the 1973 Eldfell eruption, 85% of the town’s population had returned (Williams and Moore 

1983). Fish processing plants which had been partially surrounded by lava were functioning 

again (Williams and Moore 1983). For over a decade after the eruption, heat from the lava fl ow 

was being harnessed to heat Heimaey’s water and provide electricity to the town (Williams 

and Moore 1983). In less than a month after lava fl ows traversed the city of Goma, people had 

returned home and continued about their daily business (Lacey 2002 January 21). Less than 
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a year after the town of Portela was inundated by the 2014 Fogo eruption, the community was 

rebuilding and unburying buildings (Jenkins et al. 2017).

3.7  Conclusion

Although lava fl ow crises capture the world’s attention, they are not as rigorously documented 

by the scientifi c community as other volcanic hazards are, nor have they been systematically 

compared in order to investigate research gaps, best practices, or vulnerability models. Here, 

we summarise all basaltic lava fl ow crises since 1950 that have been described in scientifi c or 

grey literature. After analysing the published record, it becomes apparent that certain types of 

data - such as physical impact data, community reactions to the crisis, how people prepared 

for the crisis, and how the crisis aff ected preparations after the eruption - are rarely recorded. 

Additionally, lava fl ow attribute data and the context and decision-making around lava fl ow 

modelling undertaken during a crisis are not consistently published. Thus, we recommend a 

larger community discussion about how to collect and catalogue the suggested data, which can 

aid in collating information about lava fl ow impacts and societal eff ects, and best practices 

associated with managing lava fl ow crises. Here, we presented lessons about how increased 

community understanding of lava fl ows enhances community response during an eruption 

and how lava fl ow modelling can assist in planning. Our literature review also demonstrated 

that some evacuation policies are more eff ective than others, that some lava fl ow mitigation 

measures have been successful, and that inundated land can be reused.
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Chapter 4:

Lava fl ow crises in inhabited areas part 2: Case studies of 
Kīlauea (USA) and Etna (Italy) and future directions for 
lava fl ow documentation
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Preface to Chapter 4

This chapter addresses Objective 1:to gather data from global lava fl ow inundation case 

studies on preparing for, responding to, and recovering from lava fl ows. Since fi ve data 

types are not routinely collected, I undertook fi eld trips to the United States of America and 

Italy to speak with communities that have been recently been impacted by volcanoes and/or 

attempted novel ways of protecting their built environment. My discussions with scientists, 

government offi  cials, their industry partners, and community members were far ranging 

from what actions they took and what triggered them to what they wish they had known 

prior to the eruption commencing to what advice they would give communities that might 

be faced with similar experiences in the future. In this chapter, we analyse my discussions to 

begin fi lling some of the research gaps identifi ed in Chapter 2. Each eruption is presented as a 

case study, and additional lessons learned are presented. This chapter is a manuscript being 

prepared for publication.

Chapter 4 is visually summarised below.

Why?!
How? So?

Results!

All icons sourced from flaticon.com or public domain.

Lessons from 
eruptions
at one 
volcano...

can help

      ... at 
       other, 
     similar 
volcanoes prepare 
and respond.

communities

    in Hawai‘i 
and Italy.
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interviews
 and

focus 
groups 

3) Residents looked to 
citizen journalists for

their news (more than
the media)!

       Other 
communities can:

2) Social media 
       is powerful.

1)Community meetings 
are welcomed.

- establish social 
  media channels

- determine feasibility
of community meetings.
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4.1   Introduction

Lava fl ows pose a more localised hazard than many other volcanic phenomena but can still 

severely impact the aff ected area (e.g. Blong 1984; Kilburn 2015). Damage can take several 

forms including burial of land or an asset, bulldozing an asset, or the ignition of an asset (e.g. 

Blong 1984; Oppenheimer 2011). The severity of this damage has led to the common belief that 

lava fl ows cause binary damage (e.g. Barberi et al. 1993; Duncan et al. 1996; Lindsay et al. 2011; 

Wilson et al. 2014, 2017; Jenkins et al. 2014; Williams 2016). This belief may limit how much 

impact data is collected during eff usive eruptions (Chapter 3). The reuse of partially inundated 

buildings and land after several twentieth century eff usive eruptions challenges this mentality 

though (e.g. Williams and Moore 1983; Tsang et al. 2019; Chapter 3). 

Considerable data is needed to create a vulnerability model(s) to enable impact assessments 

using a lava fl ow damage spectrum. Vulnerability models relate a characteristic of a hazard 

(e.g. thickness, colour, temperature) to expected damage (e.g. Jenkins et al. 2014; Wilson 

et al. 2014; Williams 2016; Blake et al. 2017). There are many types of vulnerability models, 

including vulnerability indicator, damage matrix, and vulnerability/fragility functions (Wilson 

et al. 2017). Each has a diff erent application although they are based on similar types of data. A 

combination of numerical modelling, fi eld data, anecdotes, expert judgement, and laboratory 

modelling can be used although fi eld data, anecdotes, and laboratory modelling are generally 

considered the most reliable (Williams 2016). In order to use anecdotal data in a vulnerability 

model, the damage state of the structure or element of interest is needed in conjunction with 

the magnitude of the hazard’s characteristic (Williams 2016; Wilson et al. 2017). For example, 

a description of the damage caused by the lava fl ow, and the lava fl ow’s temperature and 

dimensions could lead to a thermal damage matrix (Chapters 5 and 7). Thus, a catalogue of 

anecdotal lava fl ow damage and lava fl ow attribute data can aid in the development of lava fl ow 

vulnerability models. 

In Chapter 3, we conducted a literature review and found that basaltic lava fl ows have 

threatened and/or inundated inhabited areas or their support networks in 38 eruptions at 
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12 volcanoes between 1950 and May 2020. We also conducted a gap analysis to assess how 

well the eruptions have been documented, with a focus on furthering lava fl ow hazard studies 

(including vulnerability models) and the social impact of this eruption style. We developed 

a list of 11 data types that could help in this regard: preparatory narrative, lava fl ow hazard 

modelling, eruption narrative, lava fl ow attributes, physical impact data, response narrative, 

communication strategies, evacuation data, recovery narrative, community reactions, and 

applications of learnings. At least half of the examined eruptions had referenced and/or 

published eruption and response narratives and evacuation data. Thus, we concluded that 

these data types are generally well recorded. In at least a quarter of the examined eruptions, 

communication strategies and preparation and recovery narratives were documented. These 

types of data appeared to be recorded increasingly commonly. Five data types (lava fl ow hazard 

modelling, lava fl ow attributes, physical impacts, community reactions, and applications 

of learnings) have been documented in ten or fewer of the examined eruptions. Given the 

importance of these data types and the haphazard nature of their documentation, Chapter 3 

recommended more care in ensuring this data is preserved.

In order to begin fi lling these gaps, we undertook fi eld work in Hawai‘i, USA and Sicily, Italy 

to discuss the 2014-2015 June 27th Lava Flow and the 2018 Lower East Rift Zone eruption 

at Kīlauea Volcano, Hawai’i and the 1983 and 1991-1993 eruptions of Mt. Etna, Sicily with 

local scientists, emergency managers, stakeholders, and community members. Chapter 3 found 

that the four eruptions described are relatively well documented but further data about each 

eruption would be useful to future lava fl ow hazard studies and best practices. In this chapter, 

we present the results of three qualitative fi eld campaigns at these volcanoes to begin to address 

and supplement the research gaps and identifi ed data types. After, we discuss lessons learned 

from these eruptions and how to improve on the collection and storage of data to improve 

documentation of eff usive eruptions.

4.2   Methods

Our methods can be divided into two steps: a qualitative fi eld campaign and a thematic analysis. 

Lava fl ows have most recently inundated communities in Hawai‘i, Cape Verde, and Italy. These 

crises have been recent enough that some professionals remain in the same position that they 
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held during the crisis. Before the experiences of these professionals is lost, we undertook fi eld 

campaigns to Hawaii (USA) and Italy to gather systematic data related to the data types and 

gaps identifi ed in Chapter 3. Where possible we paid particular attention to the areas where 

gaps had been identifi ed, but we also supplemented existing data with our new insights. The 

fi eld campaigns are summarised in Table 4.1. 

Table 4.1: Table summarising fi eld trips to gather qualitative data about recent Hawaiian and 
Italian eruptions.

Volcano Eruption(s) of Interest Date of trip Duration of trip

Kīlauea, Hawai’i, USA Pu‘u ‘Ō‘ō (episode: June 27th Lava Flow) 2017 2.5 months

Kīlauea, Hawai’i, USA Lower East Rift Zone Eruption 2018 2 months

Etna, Sicily, Italy 1983 and 1991-1993 fl ank eruptions 2018 3 weeks

Semi-structured interviews and focus groups were conducted with people and organisations 

aff ected by the eruption of interest to gather insights on preparation, response, and recovery from 

lava fl ow events. Targeted and snowballing sampling methods were used to select participants. 

In a targeted sampling study, participants are asked to participate based on a pre-determined 

set of characteristics (Hennink et al. 2011). We were particularly interested in speaking with 

participants who worked for or volunteered with a local company or agency that respond 

during the lava fl ow crisis. In some cases, participants were aff ected by the eruption both in a 

professional and in a personal capacity. We encouraged anyone who was comfortable to describe 

their actions and emotions in both capacities. Although targeted sampling can create a bias in 

the results (Hennink et al. 2011), it is appropriate in this study to ensure specifi c entities are 

given the opportunity to be represented in the results. Participants were contacted (via email, 

phone, mail, hand-delivered fl iers, and social media) using publicly available information. In a 

snowballing sampling study, participants suggest additional potential participants (Hennink et 

al. 2011). Participants would send information about the study to their suggested participants, 

who could then contact the research team. This sampling method enabled the inclusion of 

people who had not yet been identifi ed as potential participants. No participation exclusion 

criteria were used as we believe anyone aff ected by the eruption and/or who lived in the area 

could provide a unique perspective on the eruption. The research method (i.e. interview or focus 

group) was determined by the participants’ affi  liation. Interviews were held with scientists and 

emergency managers while focus groups were held in company or agency settings. Interviews 

were held in company settings when requested. The questions focused on where participants 

looked for information, what actions were undertaken, what triggered such actions, if they 
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would repeat their actions in the future, if they had thought of other strategies since, if there 

were any surprises, and any suggestions for similar crises. The audio of the interviews and 

focus groups were recorded when all participants authorised it. The recordings were digitised. 

Verbatim transcripts were generated from the recordings in Hawaii. Interview participants 

were then given two weeks to edit their transcripts if they had indicated they would like to 

do so. Handwritten notes were taken during every interaction and were also digitised. Data 

management plans, including data access, for each trip are included in Appendix 1. 

Inductive and deductive thematic analysis were then used to analyse the data from each trip. 

In thematic analysis, the data is examined for themes using a process called coding (Braun and 

Clarke 2006). This study used the NVivo software package to conduct a deductive thematic 

analysis, a thematic analysis in which a framework or structure is used to determine which 

themes will be used before the data is analysed. We used the data types identifi ed in Chapter 3 

as our themes. The coding results of each eruption are described in Section 4.3 as subheadings 

in each case study; some data types were more thoroughly addressed than others. Data types 

that were not addressed or did not provide new insight are not included in Section 4.3. To 

protect participants’ privacy and confi dentiality, sources are identifi ed based on organisational 

affi  liation (e.g. “volcano observatory scientist” and “university engineer”) in the results. See 

Tsang et al. (2019) and Tsang and Lindsay (2019) for a table of affi  liations used in this chapter 

arranged by fi eld trip. Tsang et al. (2019) and Tsang and Lindsay (2019) provide a detailed 

summary of the data from the fi eld trips to Hawaii and are both included in Appendix 1.

Once the themes have been identifi ed in all of the eruptions, the data from diff erent eruptions 

can be grouped accordingly. Each theme can then be analysed. Peer-reviewed articles and grey 

literature were used, where possible, to triangulate our data. Published sources have been clearly 

identifi ed throughout this paper; when confi rmation was not possible, we have attributed the 

data to specifi c sources. We compared the thematic data from our discussions of the diff erent 

eruptions and from the literature to extract lessons and best practices, which are presented in 

Section 4.4. 
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4.3   Case studies

In the following subsections, a summary of each eruption is provided based on past work and 

supplemented with new insights from our study. Published literature relating to the data types 

identifi ed in Chapter 3 is then mentioned. The results of our deductive coding are then presented 

to fi ll the research gaps that are not fully addressed in previously published literature; our results 

are organised as subsections by data type.  Data types that our qualitative data supplements are 

indicated in Table 4.2 with a green cell background. Cells with white backgrounds indicate no 

new data are presented here. For an overview of each case study, see Chapter 3, Tsang et al. 

(2019) an dTsang and Lindsay (2019).

The eruptions are organised chronologically, with the oldest eruption in a locale fi rst. All of the 

examined eruptions have well documented eruption narratives, which have been summarised 

in the “eruption summary” section presented for each case study. See the cited references in 

each “eruption summary” for a more detailed eruption narrative.

Table 4.2: Table indicating what data was available for the studied eruptions prior to our study, 
categorised according to the data types identifi ed in Chapter 3. Data types are arranged in order of 
the preparedness, response, recovery cycle. Cells with a green background indicate that this study has 
focused on these data types in our case studies; cells with a white background are not discussed in detail 
in our case studies.
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Notes:

“o” indicates no data of this type was reported on for the indicated eruption. 

“x” indicates some data of this type was collected. 

n/a indicates eruptions in which lava threatened the built environment or agricultural land but never reached it 
(i.e. never caused physical impacts); therefore, these eruptions could not provide physical impact data. 

† indicates that a physical impacts study (of the 2018 Kīlauea eruption) is currently (January 2020) underway
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4.3.1  2014-2015 June 27th Lava Flow, Kīlauea, Hawai’i, USA

4.3.1.1  Eruption summary

The June 27th Lava Flow crisis represents one eruptive episode of the 1983-2018 eruption at 

Pu’u‘Ō‘ō, a cinder cone on Kīlauea Volcano’s eastern fl ank. A new fi ssure opened on Kīlauea’s 

East Rift Zone on 27 June 2014 (Brantley et al. 2019) after a two-month infl ationary period 

(Poland et al. 2015); soon after, a lava fl ow began advancing to the east-northeast. Over the 

course of three months (July to September), the fl ow encountered four ground cracks (Poland 

et al. 2015; Patrick et al. 2017) into which the fl ow front briefl y disappeared. Hawaiian Volcano 

Observatory (HVO) scientists stated that the fl ow front reached an area dominated by shallow 

slopes, leading to a slower fl ow front advancement rate, upon exiting the ground crack region. 

At this point, it also became evident that the township of Pāhoa was at risk of being inundated 

according to discussions with many local scientists and stakeholders. By the end of the fi rst week 

in September, the fl ow front was mere kilometres from an agricultural subdivision. Scientists at 

HVO determined that the fl ow would likely advance down one of three potential lines of steepest 

descent (Fig. 4.1), including one line that traversed the centre of town (Brantley et al. 2019). 

In fact, the descent line through town is the path which the fl ow began following, in a sporadic 

fashion according to HVO scientists and community members. While the fl ow front stalled, lava 

continued to be supplied, causing infl ation and widening of the fl ow according to the HVO and 

university scientists with whom we spoke. A new breakout, beginning on 3 November, starved 

the fl ow front of new material, causing a new lobe to advance north of the existing lobe. With 

500 m to the town’s primary marketplace, the fl ow stopped advancing but continued to widen 

upslope (Brantley et al. 2019). Both lobes exhibited pāhoehoe morphologies. All movement had 

ceased by Christmas 2014 (Brantley et al. 2019), and HVO scientists stated that the lava fl ow 

was deemed “over” when a new breakout near the vent in early 2015 established a new fl ow (the 

“61g fl ow”) that advanced south.

4.3.1.2  Past work grouped by data types identifi ed in Chapter 3

Several studies have documented diff erent aspects of preparatory and eruption narratives. 

Summaries of the scientifi c and emergency management preparation measures, including 

when the local civil defence agency was informed about the lava fl ow and HVO’s monitoring 

and communication between the local civil defence agency and HVO, have been described by 
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Poland et al. (2015) and Brantley et al. (2019). Brantley et al. (2019) also describes HVO’s 

response narrative and public communication strategy; this paper merited an asterisk for this 

data type in Table 4.2. Infographics based on community surveying during the lava fl ow provide 

data on how individual community members prepared for and responded to the arrival of the 

lava fl ow front and its secondary impacts (e.g. smoke; Kimura 2014). Additionally, Ching et 

al. (2020) provide an overview of preparatory actions community members took during the 

eruption and detail some positive, community-level outcomes of this crisis that resulted from 

the preparatory actions. Two studies about new monitoring methods (an aspect of preparatory 

narratives (Tsang et al. 2019)) have also resulted from this eruption. During this eruption, 

unmanned aerial systems (UASs) were deployed for the fi rst time during an eff usive eruption 

(Turner et al. 2017) and HVO scientists collected thermal imagery and overlaid it on top of 

visible imagery, demonstrating how thermal imagery can be used to determine which areas of 

a lava fl ow are currently most active (Patrick et al. 2017). Scientists at HVO and University of 

Hawaii- Hilo all commented on how the UAS pilot project demonstrated how fi ne scale data 

could be collected from the air at a lower cost per hour than helicopters. Both Turner et al. 

(2017) and Patrick et al. (2017) also provide lava fl ow attribute data.

Since preparatory and eruption narratives have been well described in previous literature, 

the following subsections focus on lava fl ow hazard modelling, physical impacts, stakeholder 

response narratives, stakeholder communication strategies, the voluntary evacuations, recovery 

narratives, community member reactions, and the application of lessons learned. An overview 

of this eruption is included in Chapter 3, and a detailed account of the fi eld campaign studying 

the June 27th Lava Flow is presented in Tsang et al. (2019).
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4.3.1.3  Lava fl ow hazard modelling

Although the fl ow did not advance quickly on Kīlauea’s lower fl ank’s shallow slopes, HVO 

and the Hawaii’i County Civil Defence (HCCD) participants commented that there was still a 

strong demand to know where the lava fl ow would likely to inundate. HVO scientists reported 

that they used DOWNFLOW (a probabilistic lava fl ow model that uses local topography as 

the fi rst order control governing lava fl ow paths; Tarquini and Favalli 2016) to model where 

the lava fl ow may inundate. DOWNFLOW was selected both because of scientists’ familiarity 

with the model and because of the ease of its implementation. HVO scientists reported that 

local emergency managers and community members did not understand the results though. 

In fact, HVO scientists felt that the probabilistic nature of the DOWNFLOW results created 

more miscommunications than answers. Thus, they stopped using DOWNFLOW and instead 

reverted to presenting lines of steepest descent (Fig. 4.2; Kauahikaua 2007). Lines of steepest 

descent are a GIS method to identity the steepest gradient in a catchment area and have been 

developed into a lava fl ow hazard tool by HVO scientists (Kauahikaua 2007). Scientists reported 

Figure 4.1: Map of the fi nal footprint of the June 27th Lava Flow with the fi rst and second lobes 
indicated. The steepest descent lines and the ground crack system are also labelled. Lava fl ow outline 
courtesy of Lower Puna Infographics by Dr. Mark Kimura; steepest descent lines from Kauahikaua 
(2007). Steepest descent lines and political boundary and road data retrieved from the Hawaii Planning 
Department (geoportal.hawaii.gov).
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Figure 4.2:  Steepest-descent lines developed by HVO. Subsets of the steepest-descent lines were 
used in maps to communicate hazard during the June 27th lava fl ow crisis. Data retrieved from the 
Hawaii Planning Department (geoportal.hawaii.gov).

4.3.1.4  Physical impact data

There were three structures that were physically impacted in this eruption: a transmission 

electricity line, the local transfer station, and a house.

that, after an initial introduction, the lines of steepest descent were well understood by the 

community. We found that many local stakeholders frequently referred to them in our 

discussions. 
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A transmission electricity line was threatened when its supporting power poles were projected 

to be inundated. Although the local electricity company pioneered power pole protection 

measures (Section 4.3.1.4) around the potentially aff ected poles, one pole burned after it 

had been surrounded by lava. However, the protection structure retarded the burning of the 

power pole long enough for local fi re-fi ghters to disconnect the overhead electric line when 

the shortened pole increased the tension in the line. The spanning measure ensured continued 

service after the protected pole burned. Little data on the impact of the lava on the power pole 

were available after the eruption, other than it had burnt from below more than a week after the 

protection structure had been surrounded by lava when the fl ow was approximately 12 ft (3.7 

m) thick. Participants at four organisations mentioned that the temperature of the structure 

was taken at least daily although no one we spoke to in 2017 knew the whereabouts of the data. 

This suggests that communal data storage, especially for data sets that are not designated for 

specifi c projects or that will not be immediately analysed at the end of the eruption, could help 

minimise the data lost after the eruption. 

As the fl ow began widening and infl ating after the fl ow front fi rst stalled, lava began inundating 

the (closed) transfer station. Lava seeped through the chain-link fence surrounding the facility 

and then partially advanced across a bitumen road and a concrete pad. Since the facility had 

previously been closed, no further mitigation actions were taken. After the northern lobe of 

the lava fl ow formed, employees returned to the facility to access the damage. The chain-link 

fence bulged inwards where the lava had seeped through it although the bending of the fence 

was not deemed problematic to its functioning. The bitumen was covered by lava so specifi c 

impacts could not be observed. The concrete within a few metres of the lava but not covered by 

it spaulded. The impacts were contained in a small enough area that the government decided 

the facility would be remediated and re-opened. Governmental decision-makers who oversaw 

the remediation stated that removing the lava took longer than expected due to the lava still 

being warm. Once the lava was removed, the bitumen road was repaved to return it to service. 

The concrete was not remediated as the slightly spaulding under and near the lava was not 

problematic. As of 2017, the decision-makers said the slightly impacted concrete was still 

performing adequately. This suggests that some lava fl ow damage has negligible impacts on a 

structure.
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Finally, a house was surrounded by and destroyed by lava during this crisis. Fire-fi ghters were 

on hand to contain the fi re when it started, and a photographer who documented the impacts 

reported that the family of the owners were also present. The photographer commented that 

the owners had a sense of closure by watching the fi re. The building was fully destroyed.

4.3.1.5  Response narrative

Response actions of several but not all entities had been documented at the time of our visit 

in 2017. The local civil defence agency’s actions, including constructing temporary evacuation 

routes, have been documented in Brantley et al. (2019). Some key response actions of other 

entities are detailed below.

If the June 27th Lava Flow traversed the main road through Pāhoa, up to 14,000 people would 

have been isolated (Kimura 2014). The Department of Water Supply participants described 

several contingency plans to ensure the population still had access to water. First, two wells that 

needed repairs were fi xed and added to the network. Second, a temporary steel doughboy water 

tank was installed and connected to the fi re station with a high-density polyethylene water line. 

This would ensure the fi re-fi ghters had access to resources required to fulfi l their job. These 

assets were only temporary; thus, they were not buried and did not meet the building code. This 

enabled the tank and line to be dismantled quickly after the fi rst lobe stopped advancing. Third, 

the water network was set up to function as two separate networks. Engineers installed valves on 

either side of where the lava fl ow was predicted to transect the mainline water pipe. Generators 

were then added to ensure that both the network north of the fl ow and the network south 

of the fl ow could function independently. Department offi  cials stated that these actions were 

necessary because they were unsure how their network would respond to the heat transferred 

from the lava fl ow into the ground. Finally, a water standpipe (i.e. access point) was added to 

the southern water network to provide water haulers (people who supplement private water 

systems) access to the southern network.

Similarly, the local electricity company enacted four measures to minimise service disruptions. 

First, power pole protection structures (Fig. 4.3) were built surrounding the base of three 

creosote-soaked, wooden power poles. Electrical company representatives explained that there 

were three requirements when designing the structures: cheap, quick to build, and culturally 
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Figure 4.3: Power pole protection measure created by the local electric utility a) as the lava 
approached the power pole. b) after the lava fl ow had stopped moving. The image shows a shorter pole, 
but the electric lines are still visible. The pineapple is an off ering to Pele. c) in 2017 after the lava had 
been removed and the power pole replaced. Photos a and b courtesy of USGS.

sensitive. They were created using thermal insulation, concrete dry-well culverts, locally sourced 

scoria, and chicken wire. Second, prior to inundation, the utility company installed extra power 

poles to ensure the line would continue to be suspended above the fl ow if one pole burned (Fig. 

4.4). Third, a new transmission line was built downslope from the aff ected transmission line. 

Finally, generators (with temporary diesel supplies) were placed in key locations in the area 

that would potentially have been isolated.

a) b)

c)

Thermal insulation wrapped
 in chicken wire on power
pole

Cinder surrounding dry
 well held by mesh

Cinder pile around
 base of pole

Electric lines
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Figure 4.4: A schematic diagram of the spanning measure a) under normal circumstances. b) after 
taller poles have been installed in this instance. c) with a power pole protection measure (shown in 
brown) added to the central pole. and d) after the centre power pole has burned; lava is shown in red.

The lava fl ow would have also bisected the local primary school network. To minimise the 

disruption to the school year, a temporary school was constructed in the car park of the high 

school north of the fl ow using rented portable buildings. When the fl ow was predicted to be 

within two weeks of isolating Pāhoa, all local schools shut for a week. Staff  and primary school 

students who lived and worked/studied on diff erent sides of the fl ow were then reassigned to 

a) Normal conditions:

c) Advancing Lava Flow conditions:

d) After Lava Flow conditions:

(middle pole identified as most likely to be engulfed, so power pole protection measure applied)

(middle pole burned; span still sufficient to maintain power)

b) Heightened Poles:

h=12 m

span=90 m

*Span and height not given as standards vary although 50 and 100 ft are common spans.
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a school on “their” side of the fl ow. Although this was a massive and expensive undertaking 

(i.e. it took the involvement of all of the district’s employees, took more six weeks to plan and 

implement, and cost more than US$ 2 million not adjusted for infl ation), it ensured a maximum 

disruption of one week. Staff  and students remained at their newly assigned school for the rest 

of the school year to minimise disruptions after the fl ow. Department of Education offi  cials 

have internally documented their actions to establish a legal precedent.

The local solid waste department also undertook measures to continue providing services and 

detailed them. Due to the rural nature of the communities on the fl anks of Kīlauea, all residents 

deliver their rubbish to solid waste transfer stations. One of the steepest-descent lines ran less 

than 250 m to southeast of the Pāhoa Solid Waste Transfer Station’s property boundary. By 

the beginning of September, when the fl ow could be seen on the horizon from the transfer 

station, the local government decided to close the Pāhoa Solid Waste Transfer Station and open 

a temporary site. The Pāhoa Solid Waste Transfer Station site was fully stripped of all assets 

(including solar panels and information kiosks). Assets were relocated to the temporary site 

(south of the fl ow). As the fl ow widened, lava seeped through the Pāhoa Station’s fences and 

into the Station itself. Once the fl ow stopped advancing, the site was used for public outreach, 

including as a fi eld trip site for local primary school students. By the middle of 2015, the lava 

that seeped through the fence had been removed and the Station was fully functional again 

(Epping 2015).

As the northern lobe advanced, a shopping centre was threatened. Each business independently 

decided their course of action. We spoke with managers at the Kalama Beach Corporation 

(which owns the grocery store) and at the Ace Hardware franchise. Both managers were given 

the authority to make any necessary decisions and decided to close their stores after seeing 

how close the fl ow was. Both companies maintained close relationships with their stakeholders 

(e.g. shipping companies, Civil Defence, the Alcohol Bureau) and credited their relationships as 

aiding smooth evacuations. The businesses stayed open as long as they felt they could although 

did not continue stocking their stores after they made the decision to leave. 

Managers at the two stores approached their evacuations diff erently, which aff ected security as 

the stores were closed and the relative ease of re-opening their stores. When the Kalama Beach 
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Corporation evacuated, the grocery store was emptied completely including their shelving and 

electrical equipment. They also turned off  all their utility services. The Ace Hardware franchise, 

on the other hand, left their shelving and maintained their utilities. The Ace Hardware manager 

reported that the electrical services helped them conduct security checks while their store was 

closed. Once the lava fl ow stopped advancing, both businesses decided to return to their former 

premises. Kalama Beach Corporation had stored some of their equipment, such as their freezer 

units, in humidity and temperature-controlled storage. This ensured the units would not 

have to be sterilised before being re-installed. None of Ace Hardware’s storage was humidity 

or temperature-controlled. Their manager reported that their perishable merchandise was 

ruined while in storage (e.g. the potting soil sprouted plants). In future evacuations, they are 

considering leaving perishable products in their temperature-controlled store (and replacing 

them if the store was destroyed). By 2017, both stores had expanded their off erings since they 

had reopened.

4.3.1.6  Communication strategies 

Brantley et al. (2019) detail HVO and the local civil defence agency’s external communication 

strategies, including weekly community meetings and at least daily press conferences. Many 

of the professionals we spoke with emphasised the importance of communicating regularly 

with the civil defence agency when making decisions. Participants from three local companies 

reported attending daily debriefi ngs at HCCD’s Emergency Operations Center. Managers at 

local businesses said their most important source of information was the civil defence staff  

member who would visit their stores daily when the lava fl ow was less than 100 m away. The 

business managers also stressed that having strong pre-existing professional networks, and 

communicating with them, prior to the eruption enabled smooth response actions. Scientists 

at HVO reinforced this point when they discussed how pre-existing science groups functioned 

more smoothly than groups that are activated only during times of crisis. A government offi  cial 

who worked closely with HCCD commented that this was the fi rst eruption that required an 

emergency management response since the rapid increase in popularity of social media. They 

noted that social media changed how frequently information had to be released, and predicted 

that social media would play large roles in future eruption responses. Their takeaway was that 

social media needed to be regularly and frequently updated, even when no new information 

was available, to quash rumours.
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4.3.1.7  Evacuation data 

Although an offi  cial evacuation was never called, residents were told to prepare to leave (Ching 

et al. 2020). Community members we spoke with said they prepared; in fact, many community 

members reported temporarily moving out of the area in our interviews, Red Cross surveys, 

and in studies by Ching et al. (2020) and by Kimura (2014). Often, the community members 

commented on the hardships evacuating caused. Moving out of the area often implied fi nancial 

hardship as many community members reported accommodation and storage space rental 

prices substantially increasing. A community member recalled helping a family member 

move their household. They noted that the community members’ time and expense to move 

was never reimbursed, as an individual Federal Emergency Management Agency declaration 

(i.e. an emergency declaration that would enable individuals to claim reimbursement from 

the government) was never made. Additionally, several community members commented on 

how evacuating sometimes meant families were not living together as an older family member 

would frequently remain in the family dwelling to ensure its security. One community member 

also commented how moving their belongings into storage necessitated some heart-breaking 

choices as they did not have space in their storage locker or temporary rental accommodation 

for family heirlooms.

4.3.1.8  Recovery narrative

The only physical damage resulting from this eruption occurred at the Pāhoa Transfer Station, 

along the electricity transmission line, at the house across the road from the Transfer Station, 

and along the road. The remediation of the Pāhoa Transfer Station is described in Tsang et al. 

(2019). After the lava fl ow stopped widening (while the second lobe of the June 27th Lava Flow 

advanced), the burned power pole was replaced with a taller, metal power pole (Fig. 4.3c). 

The pole was still in use as of November 2018. The house across the road from the Transfer 

Station also burned; it has not been rebuilt although its separate garage remains. The family 

who owned the house is developing the site into a tourist attraction (https://pahoalavafarms.

wordpress.com/).  Finally, the road which connects all of the aforementioned structures and 

networks was inundated. By March 2017, the lava had been removed, and the road had been 

rebuilt (Fig. 4.3c). Employees at the Pāhoa Transfer Station and professors from University of 

Hawaii- Hilo reported that the road had become a minor tourist attraction, with at least one 

tour bus a day stopping to take pictures (e.g. the red van in the centre of Fig. 4.3c). Two years 
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after the lava fl ow stopped advancing, ferns already established themselves on top of the fl ow.

4.3.1.9  Community reactions

All of our participants spoke glowingly of their civil defence chief’s leadership during the crisis 

despite not always agreeing on all decisions made. Community members who could be aff ected 

by the lava fl ow heard that they needed to be prepared to leave. In many cases, they interpreted 

that messaging as evacuate. Thus, community members emphasised the need to highlight 

the diff erence between “prepare to leave” and “evacuate” in communications. Although we 

heard of one stakeholder who felt that the money spent on evacuation routes was excessive, 

the community members we spoke to all appreciated the evacuations routes built by the local 

government. Finally, stakeholders and community members frequently cited the community 

meetings hosted by the local civil defence agency as an important source of information. These 

meetings were attended by local students, community members, and the media for information 

from local agencies and businesses responding to the lava fl ow. See Brantley et al. (2019) for 

more information.

4.3.1.10 Applications of learnings

Employees at the local electricity company was the only company to emphasise how their 

annual trainings infl uenced their actions during the June 27th Lava Flow. They reported holding 

trainings annually, which can benefi t any type of emergency response. Since the eruption, they 

have been researching adding a training about protecting electricity lines from lava fl ows but 

have been unable to fi nd a suitable teacher, according to their employees. 

Since the June 27th Lava Flow crisis ended, many local organisations have undertaken 

preparation measures for another eruption. For example, many of the businesses we spoke 

to have created emergency management plans and begun undertaking preparation measures 

such as buying storage units. In some instances, developing such plans and training employees 

has resulted in the creation of new jobs. Since the impacted area in 2018 Lower East Rift Zone 

Eruption (Section 4.3.2) was farther south than the June 27th Lava Flow, it is unlikely the 

plans have been tested.  Additionally, the state emergency management agency has revised its 

emergency management plans. The appendices of its plan address specifi c hazards (Tetra Tech 

2018); an emergency manager told us a new lava fl ow appendix has been added. Finally, 
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emergency managers said the media objected to being excluded from the area surrounding the 

lava fl ow. They have worked with the state legislature to mandate that they will have access to 

all natural hazard events. The bill was signed into law in 2017 (Inouye et al. 2017). The local 

emergency management agencies stated they were not consulted during the drafting of the bill 

and voiced concerns to us about how to ensure the journalists’ safety in future events. 

4.3.2  2018 Lower East Rift Zone Eruption, Kīlauea, Hawai’i, USA

4.3.2.1  Eruption summary

The commencement of this eruption coincided with the end of the 1983-2018 eruption 

at Pu’u‘Ō‘ō. A fi ssure opened and began fi re-fountaining in the Leilani Estates subdivision, 

located on the Lower East Rift Zone of Kīlauea Volcano, on 3 May 2018 (Neal et al. 2019). Over 

the following three and a half weeks, 22 additional fi ssures opened in alignment with the fi rst 

fi ssure and were located within 3.2 km of the fi rst fi ssure. One fi ssure also opened farther east 

of the aligned fi ssures, bringing the total number of fi ssures to 24. The fi ssures were identifi ed 

based on the order in which they opened. The activity at each fi ssure was limited to a day or less 

except for Fissures 8 and 18. 

On 5  May, Fissure 8 opened. Within a day, a lava fl ow had advanced nearly a kilometre northeast. 

On 14 May, the fl ow front turned south and advanced towards the ocean. Although sporadic, 

the advancement rate of the lava fl ow front was suffi  ciently high that areas such as Kapoho 

had less time to evacuate than initially expected according to a local journalist with whom we 

spoke. Although the resulting lava fl ows were primarily channelised, ‘a’ā morphologies were 

also present. An ocean entry formed on 3 June and was active for nine weeks (USGS 2018). 

Littoral explosions were common at the ocean entry with projectiles traveling more than 100 

m according to boat captains who observed such explosions; a littoral explosion that attracted 

international media attention occurred on 17 July (Tsang and Lindsay 2019). 

Fissure 18 opened on 13 May, the farthest east of the aligned fi ssures. The fl ow front originally 

advanced east, before turning south and bifurcating into two fl ow fronts. Approximately, 2 

km after the bifurcation, the two fl ow fronts converged. Similarly, this fl ow fi eld was primarily 

channelised with ‘a’ā morphologies also present. After advancing an additional 1.5 km, the 

Fissure 18 fl ow front reached the ocean on 14 May; the ocean entry was active for 10 days (USGS 
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2018). 

Over the course of the three-month eruption, more than 0.8 km3 of lava were erupted, and 3.5 

km2 of new land was created by the ocean entries, combined (USGS 2018); the fi nal fl ow fi eld 

is shown in Fig. 4.5.

Figure 4.5: Map of the fi nal fl ow fi eld from Kīlauea’s Lower East Rift Zone eruption (2018). All lava 
mapped was newly erupted during the LERZ eruption. Inset of Hawai‘i Island provided for context. Data 
retrieved from the Hawaii Planning Department (geoportal.hawaii.gov) and HCCD’s 2018 Lava Event 
Public map (hawaiicountygis.maps.arcgis.com/apps/webappviewer/index.html?id=3428cd9282ff 431 
c865eb32761793078).
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Surfi cial lava has not been observed since 4 September 2018 (USGS 2018). Thus, HVO scientists 

declared the end of the eruption on 4 December 2018 according to the Smithsonian Institute’s 

Global Volcanism Program’s defi nition of the end of an eruption (HVO 2018a).

4.3.2.2 Past work grouped by data types identifi ed in Chapter 3

Since our qualitative fi eldwork was undertaken less than three months after the end of the 

eruption, few studies had already been published. A preparation narrative in the form of a 

brief overview of the events leading up to the onset of the LERZ eruption, including the timing 

of HVO’s notices to the local civil defence agency, is included in Neal et al. (2019), which 

also published the eruption narrative that merited an “x” for this data type in Table 4.2. Our 

interviews revealed that, given the rapid onset of this eruption, there were very few response 

actions other than evacuations (which have been well documented in media reports meriting an 

asterisk for this data type in Table 4.2), meaning the response narrative and evacuation data are 

one and the same. Media reports have also provided enough insight into community reactions 

to merit an asterisk for this data type in Table 4.2. We focused on collecting data related to 

lava fl ow hazard modelling, lava fl ow attribute data, physical impact data, communication 

strategies, evacuation data, recovery narrative, community reactions, and applications of 

learnings. As this eruption is still quite recent (at the time of writing in 2020), we are aware of 

several studies in progress which have merited an asterisk for this data type in Table 4.2; we 

therefore only provide broad overviews of the focus of these ongoing studies, namely lava fl ow 

attribute data, physical impact data, and recovery narrative. An overview of this eruption is 

included in Chapter 3, and a detailed account of the fi eld campaign studying the LERZ eruption 

is presented in Tsang and Lindsay (2019).

4.3.2.3 Lava fl ow hazard modelling

In order to determine where the lava fl ow was most likely to inundate, lava fl ow modelling was 

undertaken by HVO scientists. Scientists reported that they again used the DOWNFLOW model 

because of its relatively easy set up and the scientists’ familiarity with the model. Other models 

were considered but could not be well enough calibrated to Kīlauea lava fl ows to perform as well 

as DOWNFLOW according to United States Geological Survey (USGS) scientists. The simplicity 

of and short computational time required to run DOWNFLOW make it attractive for crisis 

situations although both scientists and local stakeholders we spoke to noted that additional 
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outputs, such as lava fl ow front advancement rate, could also be useful. The DOWNFLOW 

results did not appear in science communications products; rather, they were used internally 

to identify areas that could be threatened in the near future. Lines of steepest descent were used 

in community outreach, as community members and journalists remembered how to interpret 

lines of steepest descent.

4.3.2.4 Lava fl ow attribute data

Scientists from around the world supported HVO scientists both in person and remotely during 

this eruption. Since so many scientists, agencies, and universities were involved, copious data 

collection was possible. Some of the datasets were used to aid response actions while others are 

still being examined. For example, daily samples were taken from the lava fl ow to enable rapid 

geochemical and petrological studies (Gansecki et al. 2019). These rapid studies, which could be 

viewed as the development of a new syn-eruptive monitoring technique, enabled petrologists to 

warn fi eld scientists about the types of fi eld (safety) conditions that they would likely encounter 

(Gansecki et al. 2018). Field data, time lapse camera images, seismic tremor, and infrasound 

data sets were also collected and combined with UAS data taken by USGS to study fl uctuations 

in the eruption’s volumetric eruption rate (Patrick et al. 2019). Two other research teams also 

collected UAS datasets that are still being examined in conjunction with other datasets such as 

deformation data (B. Carr pers. comm.). Other data sets, such as thickness data and thermal 

overlays of the fl ow fi eld, have been published on HVO’s website as community resources. 

Many of the high spatial and temporal resolution data sets were enabled by UAS since UAS can 

collect data at lower elevations, in more dangerous places (i.e. closer to fi re-fountaining vents), 

and more frequently than helicopters. Although this eruption was very well documented, our 

interviews confi rmed that more data still could always be taken. For example, collecting internal 

lava fl ow temperature measurements, which cannot be collected remotely, would enable impact 

assessments for buried infrastructure (Chapter 5). Without such measurements, the precision 

of buried infrastructure hazard and impact assessments cannot be further refi ned (Chapter 5).

4.3.2.5 Physical impact data 

Due to the rapid pace of the crisis, limited impact data were collected while the lava fl ow 

was active, according to the scientists responding to the crisis (i.e. USGS scientists and those 

supporting USGS). Since the eruption ended, USGS scientists have taken geo-referenced 
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photographs of impacted structures in Leilani Estates to inform physical impact studies. 

Very limited data were collected prior to the evacuation order being lifted according to our 

discussions with the scientists who took the photographs, so some data was likely lost when 

residents began cleaning their properties. Two months after the evacuation order was lifted, 

there was still a government proclamation vastly limiting the modifi cations people could make 

to the fl ow fi eld (including on their property). A community member also described how their 

neighbours were not receiving permits to make modifi cations to their homes. Thus, the fl ow 

fi eld and impacts from this eruption were preserved for a few months after the evacuation order 

was lifted. There is currently a study underway investigating lava fl ow physical impacts and 

their relationship with recovery rates.

4.3.2.6 Communication strategies

Although most of the public communication strategies used during the June 27th Lava Flow 

were implemented again, there were changes made to account for responding to an eruption 

that commenced in a neighbourhood in the age of social media. One of the most notable 

communication measures arising out of the June 27th Lava Flow were the community meetings. 

Many participants, including scientists, emergency managers, and community members, 

commented that this eruption was more stressful than the June 27th Lava Flow. Recordings of 

the highly emotionally charged community meetings support this (Na Leo 2018). The local civil 

defence agency hired a mediator partway through the eruption to moderate the community 

meetings (Black 2019). Black (2019) states that the mediator was helpful and should be hired 

for future eruption community meetings. Since the end of the June 27th Lava Flow, a new state 

law requires that media personnel be given access to disaster areas (Inouye et al. 2017). To 

ensure media personnel safety in the evacuation zone, HCCD requested National Guard troops 

to provide media tours. However, journalists we spoke with expressed discomfort with their 

National Guard escorts as they had rarely interacted with military escorts previously. Finally, 

many agencies including USGS and HCCD grew their social media presences. Scientists were 

initially concerned that their social media audience was not local, but such concerns were 

allayed when they saw that many the people who commented on their posts were local. 

Internally, HVO trialled using Mattermost, an open-source message application, to connect a 

large team that was not co-located. It was a communication strategy they had not used before. 
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Each day, the leadership at HVO created a new channel and approved access for all appropriate 

parties. Overall, the HVO scientists all commented that Mattermost worked well. When fi eld 

teams did not have internet connection, Mattermost saved their messages and sent them when 

re-connected with internet. HCCD emergency managers were impressed by how effi  ciently the 

HVO liaisons who were stationed at HCCD received information. HVO scientists also commented 

that Mattermost has protocols in place to meet Freedom of Information Act requests. There 

were a couple of occasions when USGS social media personnel posted information before 

the corresponding press releases were issued. Thus, USGS personnel suggested having two 

channels per day, one for responders and one for social media teams. Both HVO and HCCD are 

considering using Mattermost in future eruptions.

4.3.2.7  Evacuation data

Multiple evacuation orders were given during this eruption (e.g. Kim 2018a-f). The initial 

evacuation orders were not mandatory, but later orders were. In the beginning, there was a 

night-time curfew. First responders who spoke with us commented that the evacuation orders 

were diffi  cult to enforce due to the poor telecommunications coverage and changing orders. 

Community members felt that the night-time curfew also decreased security in the area as there 

were multiple reports of looting and squatting. One community member even suggested that 

more warning prior to evacuation and then a mandatory evacuation zone would have been 

preferable to the daytime re-entry policy. Additional community reactions to the evacuation 

orders were described in media articles and on social media groups such as Hawaii Tracker 

(https://www.facebook.com/groups/hawaiitracker/).

4.3.2.8 Recovery narrative

Two months after the evacuation order was lifted, a community member estimated one third 

of their neighbours had returned home to Leilani Estates, which is in line with comments 

made by others we spoke with. Residents who had moved back reported signifi cant damage 

due to the exterior of structures and metal components. The government had not begun any 

recovery measures yet (Tsang and Lindsay 2019); residents were still negotiating with the local 

government about issues, such as access, in forums such as community meetings. A lawsuit was 

fi led to ensure Leilani Estates residents had a voice in the decision-making process.
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4.3.2.9 Community reactions

Overall, the community members we spoke with seemed to have relied heavily on community 

groups while expressing displeasure with the way the government recovery was coordinated. 

The most commonly mentioned community groups were grassroots groups that were 

addressing issues that community members felt the government was ignoring. For example, 

some community groups focused on giving daily social media updates from the evacuation area. 

Some community members commented that such citizen journalism was their primary source 

of information. Citizen journalists cited multiple reasons for producing articles and videos: to 

counter the sensationalism now common in formal media outlets, to provide more cross checking 

than the formal media outlets were able to, and to create updates for areas where professional 

journalists’ lacked access. Other community groups such as homeowners’ associations held 

community meetings that followed a similar format to the county-led community meetings 

during the June 27th Lava Flow. These meetings continued after the eruption ended to allow the 

people to organise their collective voice and to ensure communication the local government. 

Still other grassroots community groups distributed meals and donations without having to 

meet donor requirements that more established, international non-government organisations 

are required to follow. All of these actions were repeatedly mentioned in our interviews and 

focus groups. Although community groups garnered lots of positive feedback, the feedback 

for the government was more mixed. Participants expressed that they thought the response 

implemented was as well as it could have been but could not imagine a worse recovery. One 

community member critiqued the government for dismissing journalists’ questions that could 

have helped evacuations progress more smoothly. Yet other community members felt that 

the response had relied too heavily on the emotions of the government offi  cials. One person 

questioned if the destruction took too high an emotional toll on government offi  cials to be 

able to perform their duties objectively. Another community member called the power given to 

government offi  cials during a state of emergency as “dictatorial.” Several community members 

we spoke with felt that their opinions represented feedback on the crisis response and should 

be a standard data type assessing crisis response and recovery.

4.3.2.10 Applications of learnings

Since the June 27th Lava Flow, there had been varying levels of preparedness actions undertaken 

across organisations. Several participants from a variety of backgrounds mentioned county-
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level lava fl ow response plans had been created after the June 27th Lava Flow, but it is unclear 

whether they were enacted during this eruption. Employees at the local electricity company 

emphasised that each crisis is diff erent, though, so plans in one crisis may not be applicable 

in a diff erent crisis, such as the Lower East Rift Zone eruption. Electricity company employees 

who saw parts of the eruption commented on how shocked they were by what they experienced 

despite previous training and experience.

Our data were collected a couple of months after the last surfi cial lava was seen; during those 

months, two important discussions were evolving. First, the government and community 

groups were debating how much rebuilding should be allowed. During the eruption, local 

politicians advocated for new land use rules and the relocation of the partially inundated 

community  (Richardson 2018). No decisions were made before the end of the evacuation order, 

so frustrated citizens were forbidden from altering the lava on their land. Over a year after the 

last surfi cial lava was seen (in November 2019), changes still have not been announced; limited 

lava fl ow fi eld modifi cations have been undertaken. Second, Red Cross volunteers recognised 

cultural tensions when out-of-state volunteers were brought in. To minimise these tensions 

in the future, the volunteers we spoke with have undergone training to learn how to develop 

a cultural induction. The volunteers we spoke with recommended anywhere with a diverse 

population consider creating their own versions.

4.3.3 1983 Etna eruption, Sicily, Italy

4.3.3.1  Eruption summary 

A new fracture system opened and began emitting lava on 28 March 1983 at approximately 

2300 m (Frazzetta and Romano 1984). Within a day, a provincial road and a building had been 

inundated by lava fl ows, and by the beginning of April, a compound lava fl ow fi eld composed 

of channelised fl ows had formed (Frazzetta and Romano 1984). By 8 May, the lava fl ow fi eld 

reached its farthest extent (7.5 km from the vent; Frazzetta and Romano 1984), although later in 

May, community members still feared inundation of their village (Schanche 1983 May 13). No 

villages were inundated as subsequent fl ows were superimposed on top of the pre-existing fl ow 

fi eld (Frazzetta and Romano 1984). On 14 May, the fi rst modern lava fl ow diversion attempt 

in Italy (colloquially referred to as “the experiment” (Schanche 1983 May 13)) was undertaken 
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(Frazzetta and Romano 1984). All lava fl ow activity ended by the end of July (Frazzetta and 

Romano 1984).

4.3.3.2 Past work grouped by data types identifi ed in Chapter 3

Etna is well-studied and well monitored; numerous publications document this eruption and 

its precursory activity (e.g. Cosentino and Lombardo 1984; Patane et al. 1984; i.e. preparation 

narratives have been published). 

As this eruption could have had substantial impacts on local villages, detailed lava fl ow attribute 

data was collected. For example, Frazzetta and Romano (1984) map the lava fl ow fi eld evolution 

and provide changes in thickness in addition to volume and eff usion rates estimates. This study 

was so comprehensive that it merited an asterisk for eruption narrative in Table 4.2.

As this eruption occurred within national park boundaries, several of the identifi ed data types 

did not apply and/or were barely discussed in our interviews. For example, this eruption did 

not necessitate an evacuation. The only built environment elements aff ected were national park 

land and the tourist facilities (i.e. car park, cable car line, stores, etc.), so there were very few 

impacts which also meant minimal recovery was required. The tourist facilities were all rebuilt 

again after the eruption ended. Additionally, this eruption occurred before quantitative lava 

fl ow models had been developed, so no lava fl ow hazard modelling was conducted. During our 

interviews, most of the discussions focused on the mitigation measures mentioned in response 

narratives, communication strategies, community reactions, and applications of learnings. An 

overview of this eruption is included in Chapter 3; the following subsections refl ect the themes 

of our fi eld trip data. 

4.3.3.3 Response narrative

Since this was the fi rst lava fl ow event after the Italian lava fl ow redirection ban was lifted, 

response narratives were also well documented with most narratives focusing on the mitigation 

measures implemented. The diversion structure consisted of a channel that was dug deeper 

than and sub-parallel to the natural lava fl ow channel. The wall between the natural channel 

and the dug channel could then be exploded. In order to explode the wall, holes were drilled 

into the lava channel wall, and explosives were inserted. In order to ensure the explosives 
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would not detonate prematurely, the holes were cooled with water (Schnade 1983; Abersten 

1984). Although this process kept the explosives from detonating, our interviewees noted that 

it also thickened the lava wall the scientists were trying to explode. Our interviewees estimate 

that, after the explosion, 20% of the lava was diverted from the natural channel into the 

artifi cial channel and noted that the hole in the natural lava channel self-healed within hours. 

They commented that the success was not the diversion channel itself but the blockage in the 

natural channel caused by the debris that fell into the lava channel because of the explosion. See 

Abersten (1984), Barberi et al. (1984), Colombrita (1984), Franzzetta and Romano (1984), and 

Chester et al. (1985) for detailed information.

The government scientists we interviewed told us that journalists and environmentalists from 

the area feared that the construction of the diversion structure and the road supporting the 

diversion’s construction would harm the environment, but the scientists suggested that the 

journalists and environmentalists did not understand the area’s ecosystem as there was minimal 

vegetation in the area. In fact, one contemporary scientist wrote how the environmentalists’ 

argument was only valid in “manless ecology” (Carapezza 2017), i.e. a pristine environment 

which had not already been altered by men. One of the government scientists we spoke with 

said that, during the eruption, he off ered to show journalists the diversion channel construction 

site on Etna, but the off er was refused. 

4.3.3.4 Communication strategies

Many journalists did climb Etna to see the diversion structure when it was fi rst implemented 

(i.e. when the explosives were detonated). Our interviewees said that prior to the explosion 

the scientists knew that the diversion structure would not work as hoped. Public interest in 

the diversion project exerted a strong pressure on how the project unfolded; because of media 

interest, the explosion occurred anyway. One of the scientists we interviewed compared the 

media interest to media interest in the Apollo 11 landing.

4.3.3.5 Community reactions

When the lava diversion experiment was proposed, newspaper articles documented that 

community members had mixed reactions to “the experiment” (Schnade 1983). Our discussions 

with government scientists produced similar views. The government scientists said if the 
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experiment worked, communities recognised that it would be a new way to protect parts of 

the built environment. On the other hand, the experiment required a road being built up to 

the location of the diversion. Scientists reported that some community members were upset at 

the idea of building a road due to environmental concerns (See Section 6.3.2). A community 

member recalls staying up to watch the explosion on television and being disappointed by the 

anticlimactic result. 

4.3.3.6 Applications of learnings

The scientists we spoke with were mostly students during this eruption and observed the 

diversion experiment. They said that they implemented the lessons learned from this eruption 

during the 1991-1993 eruption (Section 6.3.4) based on their personal documentation and 

memories.

4.3.4  1991-1993 Etna eruption, Sicily, Italy

4.3.4.1  Eruption summary

On 14 December 1991, a new eruption began at Mt. Etna after a short period of uplift and 

seismic unrest (Barberi et al. 1993). Two lava fl ows formed from a vent at 2700 m and advanced 

for up to 800 m (Barberi et al. 1993). A new vent, which created a lava fl ow, opened at 2200 m 

on 15 December (Barberi et al. 1993; Calvari et al. 1994). This fl ow became channelised with 

rubbly and slabby pāhoehoe being seen in places, including near the earth barriers that were 

built (see below). Numerical modelling was carried out during the fi rst week of the eruption 

(Dobran and Macedonio 1992; Barberi et al. 1993), revealing that Zaff erana Etnea (a village 9 

km downslope) could be inundated if the eruption were large enough. The lava fl ow remained 

in two large valleys on Etna’s eastern fl ank until the end of 1991 (Barberi et al. 1993; Calvari et 

al. 1994). One valley was uninhabited while the other contained a spring and agricultural land. 

By the beginning of January 1992, the fl ow had advanced 6.5 km from the vent, prompting the 

construction of an earthen barrier intervention (Barberi et al. 1993; Calvari et al. 1994). The 

fl ow front reached the earthen barrier on 14 March (Fig. 3.2; Barberi et al. 1993; Calvari et al. 

1994) and overtopped it on 7 April (Barberi et al. 1993). Due to the overtopping of the earthen 

barrier, a national emergency was declared. The fl ow began encompassing buildings on the 

outskirts of town on 12 April, and military helicopters dropped concrete and explosives on the 
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fl ow (Bompard and Philips 1992) to slow the fl ow front’s advancement. During this time, three 

more earthen barriers were constructed downslope (Barberi et al. 1993). The fl ow front was 

within 1 km of Zaff erana Etnea when it stopped advancing (Calvari et al. 1994). 

A new breakout fl ow began advancing towards the village on 5 May along the same path as the 

preceding fl ow (Calvari et al. 1994). By 12 May, the lava fl ow front had advanced to within 1 km 

of the village outskirts (Barberi et al. 1993). A lava fl ow diversion structure, similar to the 1983 

structure without the water cooling system, was built close to the vent and implemented on 27 

May (Barberi et al. 1993; Calvari et al. 1994). By the end of May, the lava fl ow fronts stopped 

advancing towards Zaff erana Etnea. The eruption was declared over on 31 March 1993 (Calvari 

et al. 1994).

4.3.4.2 Past work grouped by data types identifi ed in Chapter 3

This eruption has been well documented both in academic journal articles and in popular 

media such as the newspaper and television. Published accounts, such as Barberi et al. (1993) 

and Calvari et al. (1994), have documented the monitoring prior to the eruption, the eruption 

narrative, lava fl ow attributes, and the response narrative. The combination of these studies 

have merited an asterisk for eruption narrative in Table 4.2. Dobran and Macedonio (1992) have 

supplemented the response narratives by detailing the how and why of the lava fl ow modelling 

undertaken during this eruption. Similar to the penultimate Etnean lava fl ow crisis, there were 

no physical impacts resulting from this eruption, and although people prepared to evacuate, an 

evacuation was never implemented. Since there were not physical impacts nor evacuations in 

this eruption, a recovery narrative has not been published. As so many aspects of this eruption 

have been previously published, our discussions primarily focused on lava fl ow attribute data, 

response in the form of mitigation, community reactions to the eruption, and applications of 

the learnings from this eruption. An overview of this eruption is included in Chapter 3; the 

following subsections refl ect the themes of our fi eld trip data.

4.3.4.3 Lava fl ow attribute data

This lava fl ow was rigorously documented with one unpublished dataset and many published 

datasets. One of the scientists we spoke with said they took daily eff usion rate measurements 

to identify any eruption slowing, although the data set has never been published. Calvari et 
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al. (1994) describe the lava fl ow and fl ow front dimensions, and some velocity measurements. 

Barberi et al. (1993) provide two temperature measurements in addition to the runout length, 

area of the fl ow, viscosity range, density, average eff usion rate, and total volume of the fl ow.

4.3.4.4 Response narrative

The scientists we spoke with also recalled being asked by the people of Zaff erana Etnea during a 

community meeting to stage an intervention similar to that of the 1983 eruption. A scientist we 

spoke with described how the modelling and eff usion rate measurements indicated there was a 

high risk that Zaff erana Etnea could be inundated by lava. They commented that this prompted 

the lava fl ow response mitigation measures. A diversion channel and explosion similar to the 

1983 experiment was implemented. Our interviewees noted that the location of the diversion on 

Etna’s southern fl ank was selected to ensure that the area would not be permanently snowy (i.e. 

down the fl anks) but would also be located in and divert the lava into publicly owned land (i.e. 

still in the national park which only encompasses the upper fl anks of the volcano). Additionally, 

they noted that the experiment was implemented in the spring for more favourable weather 

conditions (i.e. less precipitation, especially snow). A series of earthen walls approximately 

perpendicular to the fl ow direction were built to protect Zaff erana Etnea while the diversion 

channel was being constructed. According to government scientists, these walls were never 

meant to stop the advancement of the lava fl ow, rather they were only meant to extend the 

amount of time before the fl ow front would reach Zaff erana Etnea. The response mitigation 

measures worked so well that some scientists, and contemporary television documentaries, 

referred to this eruption as “perfect.”

4.3.4.5 Recovery narrative

The only physical impacts were the inundation of land. Two types of land were inundated: 

national park lands and agricultural lands. The national park land has been left to recover 

naturally, and a scientist we spoke with commented that the agricultural fi elds have been 

abandoned because the local water source was buried by lava. As of 2018, the scientist who 

commented on the agricultural valley noted that the valley is empty of vegetation and would 

continue to be barren for years to come.
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4.3.4.6 Community reactions

Although the earthen retaining walls may have aided in saving Zaff erana Etnea from inundation, 

valleys were fi lled with lava. An interviewee noted that the population in Zaff erana Etnea 

seemed more relaxed and relieved every time a new wall was erected. They laughed that there 

was a coff ee index during this eruption: when going into town, the community’s mood could be 

gauged by how many off ers of coff ee the scientists received. A television documentary produced 

at the time noted that there were citizens who simply wanted to be paid for their land so they 

could move out of town (Bonaccorso et al. 2003). A diff erent scientist noted that one of the 

fi lled valleys used to be fertile agricultural land with a natural artesian well. Water now has to 

be piped up to fertile areas because the spring was inundated by lava. 

4.3.4.7  Application of learnings

The scientists we spoke to mentioned that this was the fi rst successful lava fl ow diversion 

scheme; some even called it the “perfect” eruption or diversion. They said they would be able 

to implement the diversion scheme again, but that once a diversion is implemented, more 

diversions will have to be implemented until the eruption ends. Although a future diversion is 

technically possible, all of the scientists we spoke with agreed that they would not be willing to 

advise on such a project because the liability is too high now, especially after the manslaughter 

trial after the L’Aquila earthquake. Despite the great hesitance expressed by the scientists we 

spoke with, several researchers in university engineering departments have been working to 

optimise diversion structures and believe in the future diversion structures may be constructed 

privately.

4.4  Discussion

While infrequent, lava fl ows can cause devastating damage that can aff ect an area for decades 

after the eruption ends. Since 1950, 38 eff usive eruptions have threatened and/or inundated 

inhabited areas or their supporting networks (Chapter 3). In order to determine how best to 

respond to a threatening lava fl ow, some basic questions, such as how lava fl ows cause damage 

and what mitigation measures have been tested, need to be answered. In Chapter 3, we analysed 

all 38 eff usive eruptions for lessons learned. The lessons were grouped into fi ve broad themes: 

community understanding of the hazard, hazard modelling to inform planning, evacuations, 

mitigation, and recovery. Here, we have supplemented the data from four of these eruptions 
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with interviews and focus groups with local professionals, representing a second step towards 

answering the question of how to best respond to (and recover from) a threatening lava fl ow.

4.4.1  Lessons from case study eruptions

Here, we use the themes of the lessons learned from Chapter 3 to present additional lessons 

learned from our qualitative fi eld campaigns. In addition to the fi ve themes presented in 

Chapter 3, a new theme arose from our discussions: friction with the media. In the following 

subsections, we describe each theme and note eruptions where the theme is especially obvious.

4.4.1.1  Community understanding of the hazard

The locations described in this paper are well known globally for their volcanic eruptions (e.g. 

Blong 1984; Oppenheimer 2011). Residents we spoke to who have grown up on the eastern fl ank 

of Kīlauea recall many eruptions which they have had to adapt to and expect to have to adapt to 

again in the future. Likewise, scientists who study Etna lava fl ows predict the city of Catania will 

be inundated again one day. Although all of these actions, memories, and predictions suggest 

that people are aware of the lava fl ow risk, everyone we spoke to commented on how the onset 

of an eruption was a surprise. Even scientists monitoring Kīlauea volcano expressed surprise at 

the onset of eruptions. Furthermore, despite this awareness, community members rarely had 

personal or community-level volcanic response plans. This inaction suggests that a stronger 

and more active awareness and understanding of local volcanic hazards could lead to earlier 

preparation actions, i.e. prior to the onset of precursory activity. 

Active awareness and understanding are necessary for planning to take place, and planning can 

take on many forms at diff erent levels. At a company level, planning often involves training staff  

to respond to lava fl ow crises. Our data from Hawaii and Italy suggest that lava fl ow specifi c 

trainings do not exist at the vast majority of organisations. Rather, companies tend to hold 

emergency response trainings, which employees tend to believe is suffi  cient for responding to 

any type of emergency. The notable exceptions to this trend include governmental departments 

and response non-governmental organisations (NGOs) such as the Red Cross. Our participants 

noted that governmental departments may not always train their employees about volcanic 

contingency plans, but they do develop documents and emergency management plan appendices 

related specifi cally to volcanic activity. NGO employees and volunteers in Hawai’i that we spoke 
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to noted that NGO response agencies who work closely with emergency management agencies 

do tend to educate their employees and volunteers about volcanic contingency plans. This has 

led to a close working relationship between emergency management agencies and response 

NGOs that could be emulated elsewhere. 

4.4.1.2  Hazard modelling to inform planning

On a community level, planning frequently involves land use planning and the development of 

volcanic contingency plans, which can be based on lava fl ow modelling results (e.g. Bonne et 

al. 2008; Chirico et al. 2009). Although the importance of land use and contingency planning 

discussions cannot be stressed enough, the lava fl ow modelling justifying these decisions needs 

to examined closely. Lava fl ow models are currently most suited to simulating ‘a’ā lava fl ows 

(Kauahikaua 2007; Cordonnier et al. 2016). Additionally, most lava fl ow models have been 

developed based on Etna (e.g. MAGFLOW (Capello et al. 2016), SCIARA (Rongo et al. 2016), 

and DOWNFLOW (Tarquini and Favalli 2016)) or Mauna Loa (e.g. FLOWGO (Chevrel et al. 

2018)) lava fl ows. Thus, the lava fl ow modelling being used in such discussions is important, 

but more work needs to be undertaken to improve lava fl ow modelling. This is especially 

apparent in eruptions such as the 2014-5 lava fl ow at Kīlauea, Hawai’i when lines of steepest 

descent were used because an appropriate lava fl ow model (i.e. a pāhoehoe lava fl ow model) 

did not exist. HVO scientists commented that a pāhoehoe lava fl ow model that could predict 

advancement rates would help in public outreach. HVO scientists believe that improving lava 

fl ow modelling in such a way would require additional datasets such as advancement rate 

coupled with underlying slope and temperature of the fl ow to enable more refi ned studies of 

lava fl ow emplacement.

4.4.1.3  Evacuations

Two types of response actions in lava fl ow crises- evacuation/exclusion orders and physical 

mitigation schemes- are routinely reported on in the literature. Evacuations and exclusion 

zones are typically called before a community is inundated. How evacuations are set, who is 

allowed back into evacuation zones, and when evacuation orders are lifted vary from location to 

location but can create consternation among community members. In the 2018 Lower East Rift 

Zone eruption in Hawai‘i, evacuation orders and access after such orders were announced varied 

from community to community according to community members. This inconsistency drew the 
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ire of community members who felt that exclusion orders could have been implemented more 

smoothly with prior planning. Maritime exclusion zones were implemented in Hawai‘i (US Coast 

Guard 2017) and were based on scientifi c data. In comparison to terrestrial exclusion zones, 

maritime exclusion zones were well received, with captains in Hawai‘i we spoke to voicing their 

support for the implemented exclusion zone distances. Creating best practice guidelines based 

on scientifi c studies that can be applied consistently may help justify evacuation/exclusion zone 

orders. 

4.4.1.4  Physical mitigation

Lava fl ow physical mitigation measures have been attempted with varying degrees of success 

in Iceland and Italy and have generated heated discussions in other locations. Some scientists 

and engineers involved in developing mitigation measures believe they have found one method 

to success while others proclaim they simply were lucky. Regardless of whether mitigation 

measures can be successfully implemented in every eruption, liability is always a key discussion 

point. Some scientists and emergency managers in Hawai‘i say locations that are vital to the 

entire community merit consideration of mitigation measures (e.g. Kauahikaua and Tilling 

2014) while others deem the liability of interfering with a lava fl ow too high. In Italy, Italian 

scientists fi rmly commented that they will not implement lava fl ow diversion structures in the 

future, citing the liability as too high. Since the early 2000s, scientists on the Italian High Risk 

Commission were charged with manslaughter based on comments made during the L’Aquila 

earthquake sequence (Amos 2012). Although the scientists have since been acquitted (Cartlidge 

2015, 2016), scientists commented to us that they believe the liability is too high to risk 

constructing a diversion structure. Despite the scientists’ hesitance to implement a diversion 

structure in the future, the engineers we spoke with are still researching how to optimise 

diversion structures. They believe their research could aid private diversion structures in the 

future. The same Italian scientists who have implemented mitigation measures now fear that 

the communities on the fl anks of Etna expect always to be saved from lava fl ow inundations 

despite community members expressing a desire to be paid for their land and to leave during 

the 1991-1993 Etna eruption (Tomarchio n.d.). Scientists commented that the liability during 

the 1991-1993 Etna eruption, which is generally heralded as the most successful of the Italian 

diversions, was limited because the fl ow was diverted into publicly owned land.
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4.4.1.5  Recovery

No additional recovery lessons were garnered from our data collection although Italian scientists 

commonly commented that inundated national park land has been left to recover naturally.

4.4.1.6  Friction with the media

Volcanic eruptions impacting society capture the public’s attention, so the media frequently 

arrive to report on eruptions (e.g. Huntington 1972). Some scientists routinely work with media 

personnel (e.g. Volcano Watch in the Hawaii Tribune Herald and Big Island Now) leading to 

a strong working relationship with media personnel; some journalists are also well educated 

about volcanic hazards. Despite this, friction between scientists and journalists during lava 

fl ow crises was a common theme during our interviews. Italian scientists comment that 

journalists do not understand what they are writing about; Hawaiian scientists comment 

on how media, especially those based far away, tend to over-sensationalise events. In Italy, 

scientists’ invitations to journalists to come see the lava fl ow diversion structures were refused 

while non-local journalists blatantly skirted access rules during recent Hawaiian eruptions. 

However strong the scientist-journalist relationship is prior to the eruption onset, eruption 

conditions strain the relationship such that additional strategies should be implemented before 

the next eruption.

4.4.2  Lessons regarding data collection

Although the four eruptions described in this paper have been very well-documented compared 

to many other eff usive eruptions, our discussions elicited still more important lessons that can 

aid in future eruptions. This demonstrates that even well studied eruptions could be documented 

more rigorously, until every box in Table 4.1 is fi lled with an asterisk. One way to ensure 

consistent data is collected and stored in such a way that it can be used by researchers around 

the world would be to establish a database of eff usive eruptions and their impacts, similar to 

the Critical Infrastructure Volcanic Impacts Database proposed by Wilson (2015).  A database 

would not only provide a central storage location for data but would also help standardise 

the data collected, enabling easier comparisons between eruptions. Creating consistent data 

collection across eruptions is not meant to exclude the collection of a data type unique to an 

eruption. Rather, a type of data unique to one eruption may spark interest in collecting similar 

data in other eruptions. 
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4.4.2.1  Perishable data

In Chapter 3, we identifi ed several research threads that could benefi t from more rigorous 

data collection. Some of these data types, including impact data, could be deemed perishable. 

Thus, the timing of data collection is highly important. For example, we inquired about specifi c 

data sets that were referred to during our discussions about the June 27th Lava Flow. By 2017, 

multiple groups remembered the data being collected, but no one could fi nd the dataset any 

more. By 2017, the data in question (e.g. daily temperature measurements from inside the 

power pole protection measure) could not be re-collected.  We acknowledge that the period 

during and immediately after an eruption is very sensitive and might be challenging to collect 

data. Thus, while we suggest collecting perishable data as quickly as possible after an eruption, 

we stress that this should be carried out following accepted ethical protocols in crisis situations 

(e.g. Newhall et al. 1999; Giordano et al. 2015). “As quickly as possible after an eruption” is 

likely to vary from one place to the next and is likely months (to years) after an eruption ends.

Data that would be useful to collect includes qualitative and quantitative data. Table 4.3 

provides potential data types to be collected as recommended by Chapter 3 with examples from 

both Chapter 3 and this chapter. For more information about why certain data is useful and/or 

examples of how to use such data, see Wilson (2015). 

4.5  Conclusion

In order to address the research gaps in documenting eff usive eruptions and crises identifi ed in 

Chapter 3, we undertook interviews and focus groups in Hawaii and Italy relating to six basaltic 

eff usive eruptions. We found that people who had lived through the lava fl ow crises appreciated 

the chance to refl ect on the research gaps we have identifi ed and saw merit in probing these 

research gaps. Through these discussions, additional lessons related to how community 

understanding of the hazard infl uences planning, lava fl ow hazard modelling, evacuations, and 

media relationships became apparent. All of these lessons could benefi t from additional data. 

Thus, we recommend the establishment of a database to catalogue the suggested data.
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Table 4.3: Table indicating data types that could be useful to future hazard and risk studies with 
an explanation of the data type and an example.

Data type (qualitative 
or quantitative)

Explanation Example text, based on Chapter 2 and our case 
studies (except for italicised examples)

Preparatory narrative 
(qualitative)

This is an extended narrative that combines 
both monitoring data and actions undertaken to 

prepare for the eruption based on the monitoring 
data. It should ideally include the rationale for 

each action. 

Because of the increased frequency of the 
localised earthquakes in Lower Puna, HVO 

contacted HCCD and Lower Puna communities 
to alert them of the heightened possibility of a 

new eruption in the area.

Lava fl ow hazard 
modelling (qualitative 

and quantitative)

The physics of lava fl ow models are well-
documented, but the rationales behind decisions 

to use specifi c a specifi c model or specifi c 
parameters are not commonly included. Each 

lava fl ow model has its own strengths and 
weaknesses, and parameter selection can greatly 

aff ect the outputs of the model. The rationale 
behind these decisions should be published in 

order to make this process transparent.

DOWNFLOW was selected both because of 
scientists’ familiarity with the model and 
because of the ease of its implementation.

Eruption narrative 
(qualitative)

This is an extended narrative that details the 
eruption.

A vent on the southern fl ank of Etna at 2250 m 
opened at 2300 hr.

Lava fl ow attributes 
(quantitative)

Lava fl ow attributes, such as temperature, 
velocity of a fl ow, and local fl ow thickness, can 

inform lava fl ow modelling. This data combined 
with physical impact data can also enable the 

creation of vulnerability models.

On 4 November, the temperature was 
measured 5 km down fl ow from the vent. The 
measurement was taken 3 m from the edge of 

the 7 m wide fl ow, 1 m from the top of the fl ow. 
It measured 982°C (Chapter 2).

Detailed, physical 
impact data 

(qualitative and 
quantitative)

This is a description of any damaged that 
occurred. Ideally, it would include quantitative 

descriptions and images. The vulnerability of the 
asset should also be included.

The treated wood house had black singe marks 
in locations where the lava fl ow was less than 
1 m away. The lava came within 20 cm of the 
house but never came into contact with it. The 

house is still structurally sound.

Response narrative 
(qualitative)

This is an extended narrative that combines both 
eruption data and actions undertaken to respond 
to the eruption based on specifi c events. It should 

ideally include rationales for each action.

Lava fl ow modelling was undertaken daily 
to determine areas that could be inundated 

in so that extra support could be provided to 
communities that may be aff ected in the near 

future.

Communication 
strategies (qualitative)

Communication between scientists, stakeholders, 
local communities, and the media can become 
tense during eruptions. This data documents 
strategies that have been tried and provides 

details about what worked well, what did not, 
and why. 

HCCD used a moderator at community meetings 
to decrease the emotional tension in the 

question and answer period.

Evacuation data 
(qualitative)

How and why to announce and implement 
evacuations can have a large impact on how the 
community responds. This type of data can help 
offi  cials implement an effi  cient evacuation and 

maintain an exclusion zone.

The evacuation was completed by industrial boat 
and included people and livestock. It took 12 

hours to evacuate 1200 people (95% of the local 
population; Chapter 2).

Recovery narrative 
(qualitative)

This is an extended narrative that details actions 
undertaken to recover from the eruption. It 

should ideally include rationales for each action.

Two years after the lava fl ow stopped advancing, 
ferns already established themselves on top of 

the fl ow. 

Community reactions 
(qualitative)

Community reactions to the eruption and 
actions taken because of the eruption are rarely 
documented but provide an important source of 
information about how well data and decisions 

are being communicated and implemented. 
Additionally, this data could also provide crow-

sourced suggestions.

Messaging about how the June 27th Lava Flow 
could isolate Lower Puna was eff ective because 
up to 10% of the population at least temporarily 

relocated (Ching et al. submitted).

Applications of 
learnings (qualitative)

This data shows how responsive areas are to 
lessons learned. It also provides data on how to 

implement the lessons learned.

Friction between community members and out-
of-state volunteers prompted the Red Cross to 
develop an induction focusing on local culture. 

The induction included lessons on….
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Chapter 5:

The heating of substrates beneath basaltic lava fl ows
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Preface to Chapter 5

This chapter addresses objective 2: to develop a substrate-lava computational heat transfer 

model based on laboratory and fi eld data. During project-scoping discussions, infrastructure 

providers in Hawaii (USA) and Auckland (New Zealand) expressed an interest in developing 

an understanding of potential lava fl ow impacts to buried infrastructure. In this chapter, 

we present a series of laboratory molten rock fl ows to determine how much heat lava fl ows 

transfer into the ground below. As natural lava fl ows are considerably larger than the molten 

rock fl ows produced, a computational heat transfer model was fi t to the temperature-time 

series data. The heat transfer model was validated using a peak temperature profi le from 

under a Hawaiian lava fl ow was heated as determined by magnetic and palaeomagnetic 

analyses of soil samples from below the fl ow. This chapter has been published as a paper in 

the Bulletin of Volcanology:

Tsang SWR, Lindsay JM, Coco G, Wysocki R, Lerner GA, Rader E, Turner GM, Kennedy B 

(2019) The heating of substrates beneath basaltic lava fl ows. Bull Volcanol 81. doi: 10.1007/

s00445-019-1320-y

Chapter 5 is summarised visually below.

Why?!
How? So?

Results!

...our cities rely on.

We don’t know...

how lava flows could
 damage...

the buried infrastructure

We created
lava flows in the lab...

and then tried 
to recreate the 
temperatures 

on a computer.

    we measured 
below the lava...

potentially damaging
buried infrastructure.

Lava flows transfer 
heat into the ground...

Most buried 
infrastructure...

will likely only 
function for the 
beginning of an 
eruption with a
lava flow.

All icons sourced from flaticon.com Paper DOI: 10.1007/s00445-019-1320-y
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5.1   Introduction

The substrate beneath lava fl ows and around intrusions is frequently discoloured and/or 

desiccated, indicating signifi cant heat transfer from the molten rock into its surroundings (e.g. 

Lovering 1955; Bell et al. 1993; Baker et al. 2015). Recent eruptions, such as on Fogo, Cape 

Verde in 2014–2015 and on Hawai’i in 2014 and 2018, illustrate the impact of lava fl ows on 

communities (Jenkins et al. 2017; Harris 2015) and infrastructure (Patrick et al. 2017; Big 

Island Now 2018 May 6). Heat transferred into the ground can aff ect the operation of buried 

infrastructure due to exposure to high temperatures from overriding lava fl ows. Indeed, 

infrastructure providers have expressed concern about potential impacts to their assets, 

including water and electricity networks (Hawaiian Electric Light Company (HELCO) pers. 

comm.; Hawai‘i County Department of Water Supply (DWS) pers. comm.). Infrastructure 

providers thus require temperature profi le estimates below the fl ow to make decisions (HELCO 

pers. comm.; Hawai‘i County DWS pers. comm.). Furthermore, excessive heat has the potential 

to destroy microbial and plant life (e.g. Blong 1984; Goodhue and Clayton 2010; Rumpf et al. 

2013). Despite the range of potential temperature-related subterranean impacts, the amount 

of heat transferred by a lava fl ow into the substrate and the rate at which it is transferred have 

not been well constrained. 

Temperature distributions surrounding intrusive features have been numerically modelled 

using the Fourier heat conduction equation for nearly a century (Lovering 1935). Early work 

modelled instantaneously emplaced magma into dry country rock and showed that the release 

of latent heat of crystallisation can increase the magma-country rock contact temperature by 

up to 100°C and double its cooling duration (Jaeger 1957; Reilly 1958). Later work determined 

that the country rock’s temperature profi le is primarily determined by the ratio of the magma’s 

solidifi cation to intrusion temperatures (Delaney and Pollard 1982). Computers allow for more 

complex calculations, such as those that consider temperature-dependent properties that 

can span multiple orders of magnitude (Delaney 1987; Hort 1997). Using such approaches, a 

modelled temperature profi le surrounding a sill in Idaho revealed that convection dominates 

the heat transfer in waterlogged soil (Baker et al. 2015). Previous work shows that sediments 
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under lava fl ows can experience higher temperatures than sediments surrounding intrusive 

features at equal distances with other variables being similar (Wilson 1962), suggesting 

that intrusive heat transfer studies cannot be applied accurately to lava fl ows. Additionally, 

the scarcity of experimental and fi eld data from beneath lava fl ows necessitates exploring a 

numerical modelling approach.

Previous work on thermal budgets of lava fl ows has primarily focused on the upper half of the 

fl ows (e.g. Ishihara et al. 1989; Patrick et al. 2004; Keszthelyi et al. 2005). Field data shows that 

convection in the air above a lava fl ow is the dominant cooling mechanism when the lava fl ow 

is below 520°C and that free convection in the air can be as eff ective as forced convection when 

the lava is below 400°C and wind speeds are low (Keszthelyi et al. 2005). Numerical modelling 

of the 1997 Okmok lava fl ow revealed that either convection or radiation dominates cooling, 

depending on meteorological conditions (Patrick et al. 2004). Many models also acknowledge 

that heat must also be transferred into the ground (Ishihara et al. 1989; Patrick et al. 2004) 

although they do not model the ground temperatures. There have been attempts to measure the 

basal temperatures of lava fl ows, but the few fi eld datasets available are too short to constrain 

modelling. The longest continuous record is 400 hours, with temperatures collected in the 

crust of the fl ow and at 10 and 20 cm depth from the crust (Hon et al. 1993; Keszthelyi 1995; 

Keszthelyi and Denlinger 1996). These surface and interior temperature records allow for 

inferences on cooling and the evolution of the fl ow’s thermal history. However, only Keszthelyi 

(1995) presents direct measurements of temperature beneath an advancing lava fl ow, and those 

datasets range from only 2 to 8 minutes long. Laboratory datasets are all shorter (Edwards et 

al. 2003) and have only been used to model temperature gradients inside lava fl ows, not in 

the country rock. Previous lunar lava fl ow-regolith heat transfer modelling (Rumpf 2015) has 

not been constrained by fi eld data and is not applicable to terrestrial settings since diff erent 

atmospheric and gravity conditions will aff ect convective heat transfer rates. Most lava-substrate 

heat transfer modelling has focused on thermal erosion processes, and suggests signifi cant heat 

transfer must occur to initiate thermal erosion (Bussey et al. 1995; 1997). Most recently, Fagents 

and Greeley (2001) used computational fl uid dynamics modelling to determine that the ideal 

conditions for thermal erosion by a basaltic lava fl ow are uncommon on Earth, although they 

are potentially more common on other planetary bodies (Fagents and Greeley 2001) and in lava 

tubes (e.g. Greeley et al. 1998; Kauahikaua et al. 1998; Kerr 2009). 
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This chapter focuses on lava-substrate heat transfer during the period before the lava-substrate 

contact reaches the substrate’s solidus (i.e. the time domain before thermal erosion could 

commence). We present a lava fl ow-substrate heat transfer model constrained with molten rock 

experiments that simulate pāhoehoe lava fl ows. Furthermore, the model is validated through 

magnetic and palaeomagnetic measurements on soil samples heated by overlain past lava 

fl ows. Heating to several hundred degrees is known to enhance the ferrimagnetic mineralogy 

of soils (Evans and Heller 2003). In addition, during the subsequent cooling in the ambient 

geomagnetic fi eld, a thermoremanent magnetisation (TRM) is imparted to the soil in the 

interval of its magnetic blocking temperature spectrum below the peak temperature reached 

(e.g. Evans and Heller 2003; Butler 2004; Tauxe 2010). Thus, the stability and intensity of the 

magnetic fi eld can be used to infer the relative extent to which materials have been heated. The 

utility of the heat transfer model is then demonstrated by modelling the temperature profi le 

under a hypothetical pāhoehoe fl ow.

5.2   Methods

5.2.1  Molten Rock Experiments

We undertook molten rock experiments at the Syracuse University Lava Project (http://

lavaproject.syr.edu/) by pouring molten basaltic material into steel pipes fi lled with substrate 

material(s) and collecting temperature data using k-type thermocouples and a FLIR T300 

(spatial resolution: 1.36 mrad; thermal image size: 320 pixels by 240 pixels) thermal camera. 

Molten rock and soil temperatures were collected once per minute, in the centre of the substrates, 

every 20 cm below the molten rock-substrate contact. Eight Omega data loggers (accuracy: 

within 1% of measured temperature + 0.7°C) took temperature measurements every minute 

until two conditions were met: 1) the molten rock-substrate contact temperature dropped 

below 200°C and 2) all the soil temperatures were decreasing. The thermal camera was used to 

take approximately level, still images of the molten rock from 2–5 m away. 

At the Lava Project, a natural gas Gasmac tilt-furnace has been repurposed to melt a meta-

basalt in the greenschist facies sourced from the Chengwatana Volcanics (Lev et al. 2012; 

Dietterich et al. 2015; Rumpf et al. 2018) in the Midwestern USA; see Wirth et al. (1997) for 

bulk geochemistry. In our experiments, we heated the metabasaltic material to 1300°C for at 
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Figure 5.1: a) Two pipe sections created to simulate a 1-metre thick lava fl ow. The molten rock 
section of each pipe was lined with ceramic blanket to minimise the heat loss (Figure 5.2). b) Pipe for a 
10-cm thick molten rock experiment positioned in the sand pit. Note the position of the thermocouples.

least four hours to ensure a uniform temperature and to minimise the volatile content in the 

resulting molten rock (Dietterich et al. 2015). The tilt-furnace was positioned to pour the molten 

rock into a steel pipe, which was positioned in a sand pit under the furnace’s spout (Fig. 5.1b).

We conducted four experiment types to determine temperature profi les beneath molten rock 

fl ows in substrates consisting of dry soil, wet soil, soil under footpaths, and soil under roads. 

Topsoil sourced from the local garden store was used in all experiments. The footpath and road 

cross-sections were constructed according to Auckland (New Zealand) standards (Auckland 

Transport 2013a; Auckland Transport 2013b). We used a 10-cm-thick layer of concrete and an 

8-cm-thick layer of granular base on top of dry soil in the footpath experiments. In the road 

experiments, the concrete and granular base were replaced with a 3-cm layer of bitumen and a 

35-cm-thick sub-base layer. For dry soil and wet soil experiments, we tested three molten rock 

thicknesses—10 cm, 50 cm, and 100 cm—three times each. For footpath and road experiments, 

we tested a molten rock thickness of 50 cm twice each. All experimental data are included in 

Appendix 1.
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Figure 5.2:  a) Outside of pipe with 10 cm of molten rock inside. When the image was taken, the 
temperature at the contact between the soil and the molten rock was 896.3°C while the upper crust 
was 739°C. The temperature of the pipe containing the molten rock was less than 100°C. b) Outside of 
pipe with 50 cm of molten rock inside. The soil-molten rock contact temperature was 1016°C while the 
upper crust was 604°C. The outside of the pipe holding the molten rock was 229°C.

We designed and fabricated a series of steel pipes 20.3 cm in diameter for the experiments 

(Fig. 5.1a). The pipe diameter ensured the temperature measurements could be taken at least 

10 cm from the edge of the pipe (Fig. 5.2). This diameter was selected to balance practical 

concerns (i.e. thermocouple could reach centre of pipe and fi lled pipes could be moved) and 

maximise the distance from the pipe walls to the measurement locations. The pipes were lined 

with compacted Fiberfrax® (2 cm thick prior to compaction) to insulate the molten rock and 

prevent heat loss to the pipe walls. Each experiment consisted of two sections of pipe: an upper 

lava pipe and a lower substrate pipe that were bolted together using welded steel L-brackets 

(Fig. 5.1a). The physical separation of several millimetres aff orded by the brackets between the 

sections limited the heat transferred from the upper pipe (containing the molten rock) to the 

substrate below via the lower pipe (Fig. 5.2).
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We produced the lower sections in two lengths (70 cm and 1 m long) to allow for a range of 

diff erent substrate thicknesses. We drilled holes into the side of each pipe every 20 cm to enable 

thermocouples to be inserted (Fig. 5.1b). Thermocouple placement was determined by the 

expected range of heating and the number of available data loggers. We made the upper sections 

in three sizes (10 cm, 50 cm, and 100 cm) to allow for diff erent molten rock thicknesses. We then 

fi lled the lower sections with substrates that are commonly found in urban areas. We packed 

the topsoil into the bottom steel pipes until the bulk density was 1400 kg/m3, approximately 

the same as the measured soil density in Auckland, New Zealand (Atlas Concrete Ltd 2011; 

Rifareal 2011). For the soil experiments, we fi lled the pipes to the top with soil. For the dry 

soil experiments, we poured the topsoil onto a dry surface inside the laboratory near two fl oor 

furnaces and allowed it to desiccate for at least 12 hours before fi lling the pipes. For the wet 

soil experiments, we fi lled the bottom steel pipes with topsoil. We then added water to the pipe 

until the soil was fully saturated to create a wet soil endmember. The resulting bulk density was 

approximately 1800 kg/m3. For the footpath and road experiments, we fi lled the bottom pipes 

with 52 cm and 32 cm of soil, respectively, and then covered the soil with the surfi cial covering 

being tested in that experiment. For the footpath experiment, we added an 8-cm-thick layer 

of gravel equivalent in diameter to granular sub-base on top of the soil (mean grain size: 1.6 

cm (Rumpf et al. 2018)). Granular sub-base is defi ned as sand, gravel, crushed rock, slag, or 

other durable material that is densely graded and has at least 50% coarse material (the latter 

to promote drainage, among other characteristics). Coarse material is defi ned as material with 

a maximum grain size of 50 mm and with less than 8% fi ne material (less than 0.075 mm; 

Federal Highway Administration Research and Technology 2016). We then placed a 10-cm-

thick slab of concrete on top of the sub-base. For the road experiment, we added a 35-cm layer 

of gravel, equivalent in size to granular base, on top of the compacted soil (mean grain size: 2.9 

cm (Rumpf et al. 2018)). Granular base is similar to granular sub-base except it consists of fi ner 

materials (nominal maximum size of up to 100 mm with less than 12% fi ne material; Federal 

Highway Administration Research and Technology 2016). Finally, we added a 3-cm layer of 

commercial grade asphalt patch (bitumen). 

The pipes were then placed in the sand pit below the Gasmac tilt-furnace (Fig. 5.1b), and the 

tilt-furnace was rotated to pour molten rock into the pipe until the molten rock level was fl ush 

with the top of the pipe (Fig. 5.1b). Because the molten rock began cooling as soon as it left the 
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furnace, these pours could be considered equivalent to when a lava fl ow is no longer supplied 

lava, i.e. is stagnant and cooling. It is thus henceforth referred to as the “cooling-only phase”. 

Once the molten rock had formed a stable crust, we removed the pipes from the sand pit and 

placed them in a more stable location. The thermocouple records showed some anomalous 

data in which the temperatures recorded changed more rapidly than physically possible. These 

anomalous data were all generated while the pipes were being moved, which typically occurred 

within the fi rst half hour of the experiment (Appendix 1). These data points remain in the data 

(Appendix 1) although were ignored when constraining the heat transfer model.

In every experiment, we placed a k-type thermocouple in the centre of the pipe at the contact 

between the molten rock and the soil, bitumen, or concrete. We also inserted thermocouples 

into the pipes every 20 cm below the molten rock-substrate contact. The initial surface 

temperature of the molten rock as it was poured into the pipes was measured by the thermal 

camera (Fig. 5.2) and ranged from 1018°C to 893°C (Appendix 1). Videos of the molten rock 

pours are included in Appendix 1.

5.2.2  Magnetic and palaeomagnetic analyses

Soil samples were collected from depths of 3–5, 8–10, 13–15, and 23–25 cm in the substrate 

beneath a Kīlauea Volcano, Hawai’i, lava fl ow named the June 27th Lava Flow (sample location: 

19.4946°N 154.954°W; lava fl ow active: 2014-2015). A control sample was also collected from 

material that had not been covered by lava. Standard 6.9 cm3 cubic plastic boxes were used 

for sample collection, with the vertical direction being recorded. All samples originated from 

a man-made soil berm constructed from poorly-sorted soil sourced locally, i.e. derived from 

basaltic lava fl ows. 

Ideally, to obtain a palaeomagnetic estimate of the maximum temperature reached, it is 

necessary to progressively demagnetise a sample by incrementally heating and cooling it in 

a magnetic fi eld-free environment and measuring the consequent loss of magnetisation. By 

repeating this process to progressively higher temperatures, the unblocking temperature 

spectrum of the natural remanent magnetisation (in this case a TRM) is recovered. Assuming 
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reciprocity of blocking and unblocking, the maximum temperature reached in the magnetisation 

process is estimated as the highest unblocking temperature (Paterson et al. 2010). This method 

is frequently used to estimate emplacement temperatures of both clasts and matrix material in 

pyroclastic fl ows (Kent et al. 1981; Turner et al. 2018; Lerner et al. 2019). In the present study 

it was impractical to use thermal demagnetisation as described above since the samples are 

unconsolidated and in plastic boxes. We therefore decided to trial progressive demagnetisation 

by the analogous alternating magnetic fi eld (AF) technique, which is carried out at room 

temperature. This method involves studying the coercivity spectrum of a sample as opposed to 

the blocking temperature spectrum (As and Zijderveld 1958). Analyses were carried out at the 

Palaeomagentism Laboratory at Victoria University of Wellington, New Zealand.

A Molspin AF demagnetiser was used to carry out the AF demagnetisation. The peak alternating 

fi eld was incremented in steps of 2.5 mT until the remaining remanence was less than 5% of the 

original. After each step, the remanence was measured using an Agico JR-6 spinner magnetometer 

(sensitivity: 2 × 10-6 A/m). Visualisation and principal component analysis of the data were 

carried out using the Remasoft software package (Chadima and Hrouda 2006). After removing 

the samples from their plastic boxes, we recorded the variation of magnetic susceptibility from 

room temperature to 700°C (this being above the Curie temperatures of all naturally occurring 

ferro/imagnetic minerals), and back to room temperature using a Bartington Instruments MS2 

magnetic susceptibility system and furnace. Magnetic susceptibility depends on the magnetic 

mineral(s) present in a sample and their concentration, being in general dominated by ferri- or 

ferro- magnetic minerals such as magnetite, maghaemite and haematite (Thompson et al. 1980; 

Evan and Heller 2003). Monitoring the variation of magnetic susceptibility with temperature 

reveals thermally-induced changes in the magnetic mineralogy and the Curie temperature(s) of 

constituent ferri- or ferro- magnetic minerals.

5.2.3  Heat transfer modelling

We used ANSYS, Inc.’s (https://www.ansys.com/) Mechanical ANSYS Parametric Design 

Language (APDL) software package to simulate the heat transfer between lava fl ows and 

the underlying substrates. The APDL software package uses the strong formulation of the 

partial diff erential equations describing heat transfer (ANSYS 2017). Programs by ANSYS are 
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Figure 5.3: Schematic diagram of 10 cm fl ow experiment used for heat transfer modelling.

The data from our laboratory molten rock experiments and Auckland soils guided the 

modelling of the cooling-only phase. We “fi lled” the bottom sections of the model with soil 

that had properties similar to the topsoil used at the Lava Project and the measured properties 

of Auckland soils (Tables 5.1, 5.2, and 5.3; Taihan New Zealand Ltd 2010; Rifareal 2011). The 

thermal properties of the simulated steel and insulation were sourced from industrial material 

data sheets (Tables 5.1 and 5.2; Lide 2005; Bergman et al. 2011; Zicar Ceramics 2016). The 

natural convection of air at the outer boundaries of the pipes was calculated by APDL using 

commonly used by stakeholders, such as the engineering departments at utility providers (e.g. 

Transpower in New Zealand), which allow our results to be integrated into stakeholder models 

easily. The geometry of the model and heat transfer across boundaries is shown in Fig. 5.3. Heat 

is transferred in both directions across all boundaries. In a given material, conduction was the 

only heat transfer mechanism considered. We conducted a mesh refi nement study to determine 

the uncertainty arising from the discretisation of the partial diff erential equations. The grid 

convergence index was 0.015% while the approximate relative error and extrapolated relative 

error were 0.220% and 0.012%, respectively. Other uncertainties include measurement error of 

the material properties and heat transfer mechanisms not considered by the model.
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the ambient temperatures when the laboratory experiments were run (Table 5.1). We set the 

initial temperature of the lava to match the lava temperature measured by the thermal camera 

(Appendix 1). The thermal properties of the lava were initially set to match those used by 

Patrick et al. (2004; Table 5.1) in their modelling of the 1997 Okmok (Alaska, USA) lava fl ow. 

The properties of the lava and the lava-soil contact were varied until the modelled temperatures 

were within 10% of the temperature and time of the experimental data. We were unable to 

remove the eff ects of the ambient temperature (i.e. to attribute a portion of the temperature 

changes measured to ambient temperature changes). To be able to do so, a sub-hourly dataset 

of ambient temperatures that matched our initial measured temperatures would be required. 

Such data could not be found within 10 km of the experimental location. The input properties 

used to recreate our laboratory data are displayed in Tables 5.1, 5.2, and 5.3. We considered 

heat transfer by conduction in the system, natural convection of air at the boundaries of the 

system, and radiation both at internal material boundaries and at the upper lava crust. We 

initially tested how the release of the latent heat of crystallisation aff ected soil temperatures by 

adding a heat generation source to the lava nodes when their temperature was 1050°C. Since the 

eff ect was minimal, subsequent tests did not include this heat source. This is probably because 

of the small lava volume being simulated: the heat source did not represent a large increase in 

the overall thermal budget. Other phase transitions (e.g. water vaporising) were not modelled. 

Additionally, ambient temperatures were treated as constant, although these could be varied in 

future modelling if ambient temperatures fl uctuated signifi cantly.
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 Temperature in Celsius* 127 227 327 427 527 627 727 827 927 1027

Lava Thermal 

Conductivity (klava) 

[W/(mC)]**

7.5 6.5 6.4 6.3 5.5 4.8 3.5 2.4 2.23 2.2

Lava Specifi c Heat (Cp,lava) 
[J/(kgC)]**

520 600 680 710 735 1000 1100 1100 1100 1100

Lava Density (ρlava) [kg/
m3]

(Patrick et al. 2004)

2600

Lava Emissivity (εlava)

(Patrick et al. 2004)

0.95

Soil Density (ρsoil) [kg/m3]

(Taihan New Zealand Ltd 
2010; Atlas Concrete Ltd 

2011; Rifareal 2011)

1437.9

Steel Specifi c Heat (Cp,steel) 
[J/(kgC)]

(Lide 2005)

434

Steel Density (ρsteel) [kg/
m3]

(Lide 2005)

7900

Insulation Specifi c Heat 
(Cp,insulation) 

[J/(kgC)]

(Zicar Ceramics 2016)

1047

Insulation Density 
(ρinsulation) [kg/m3]

(Zicar Ceramics 2016)

35

Contact Pair Conductance 
[W/(m2C)]**

6.5 (Lava-Soil) 1.5 (Insulation-Soil)

Convection (h) [W/(m2C)]

calculated

8.41 (top) 2.0 (side)

Mesh Size [m]

selected by researchers

0.01

Lava Temperature (Tlava) 
[°C]

measured

800-1150

Ambient Temperature 
(Tamb) [°C]

measured

varied from 15-28 during experimental data collection period

*Ansys APDL interpolates the properties between the temperatures provided.

**Parameter varied to fi t heat transfer model to experimental data.

Table 5.1: Input parameters for ANSYS APDL heat transfer modelling.
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 Model Dry Wet

Temperature in 
Celsius

-- 20 80

Soil Thermal 
Conductivity (ksoil) 

[W/(mC)]

0.75 1.5 2.8

Soil Specifi c Heat 
(Cp, soil) [J/(kgC)]

425 450 325

Table 5.3: Input parameters for ANSYS APDL heat transfer modelling that changed based on 
whether the simulated soil was dry or wet.

 Temperature in 
Celsius

315 540 760 980 1200

Steel Thermal 
Conductivity 

(ksteel) [W/(mC)]

0.10 0.09 0.13 0.17 0.23

Table 5.2: Steel temperature-dependent input parameters for ANSYS APDL heat transfer 
modelling.

The palaeotemperatures recorded in the soils under lava fl ows refl ect the maximum temperature 

reached under the lava fl ow during both the warming and cooling phases of the fl ow. Thus, we 

altered the initial cooling model to simulate the heat transfer while the lava fl ow is still fl owing 

(i.e. being supplied with new material), creating a fl owing phase model. To simulate this time 

domain, we held the lava temperature constant, similar to Fagents and Greeley (2001). In order 

to model a lava fl ow, we created a combined model by running the fl owing model and providing 

the resulting temperature profi le to the cooling model as initial conditions. No cooling was 

applied to the vertical surfaces of the lava and soil as these are artifi cial boundaries in the model. 

In a lava fl ow, these boundaries would be insulated by surrounding lava and soil, respectively.

5.3   Results

5.3.1  Laboratory molten rock experiments

In all the experiments, the temperature at the molten rock-substrate contact rose to within 

310°C of the molten rock temperature, although the diff erence between the contact and molten 

rock temperatures was often less. In one experiment, the temperature diff erence was less than 

3°C. After, the molten rock-substrate contact temperature gradually fell to ambient temperature 

(varying between 16°C and 28°C depending on when the experiment was conducted), roughly 

following Newton’s Law of Cooling (e.g. Adams and Rogers 1973; Arpaci et al. 2000; Holman 

2010).
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In the suite of soil experiments, the maximum soil temperatures measured 20 cm under the 

molten rock were less than 100°C (Appendix 1). The maximum temperature reached at 20 cm 

was 73.8°C at 2.25 hours under 100 cm of molten rock and remained within a degree of this 

value for half an hour (Fig. 5.4). In comparison, the maximum temperature reached at 20 cm 

under 10 cm of molten rock was 47.5°C, reached after 3.2 hours. It remained within a degree of 

this for 0.6 hours. The soil temperature at 60 cm did not change due to the presence of molten 

rock in 9 of the 13 experiments. Indeed, at this distance, diurnal ambient temperature changes 

could be discerned (e.g. 60 cm below 10 cm of molten rock in Fig. 5.4a). There were a couple of 

notable diff erences between the wet and dry soil experiments. First, steam escaped the lower 

pipe in the beginning of the wet experiments. Second, the temperatures in the wet soil under the 

fl ows were up to 78°C higher in corresponding dry soil experiments at 20 cm. The temperature 

diff erences were most apparent at 20 cm below the molten rock-soil contact although they 

could also be discerned at 40 cm. The temperature diff erence at 40 cm was up to 9°C.

The second suite of molten rock experiments was set up to simulate 50 cm thick fl ows over urban 

ground coverings (i.e. footpaths and roads; Fig. 5.4b). The results from this suite of experiments 

diff ered from the soil experiments in a few key ways. First, the temperature of the granular base 

at 20 cm beneath the road covering peaked at 269.5°C at the beginning of the experiment. The 

substrate at 20 cm then cooled to 43°C after 1.25 hours before following a heating and cooling 

trend similar to the other experiments (Appendix 1). Maximum temperatures reached at 20 

cm in the dry soil, wet soil, and footpath experiments were all similar, ranging between 53°C 

and 59°C; the maximum temperature under the road at 20 cm was 71.8°C. This temperature 

was attained after 4.7 hours and was steady (within one degree) for 15 minutes. Additionally, 

green-tinged smoke was emitted as the lava came into contact with the bitumen, corresponding 

in time to the initially high temperatures. The uppermost granular base, naturally light gray, 

was stained black by dripping bitumen. The temperature spike was not measured below 20 

cm in the road experiment. Finally, the substrates in the ground covering experiments took 

longer to heat and cool than in the dry soil experiments with the same molten rock thickness, 

indicated by the numbers at the top of each bar in Fig. 5.4b, despite ultimately displaying 

similar maximum temperatures. The time it takes the soil to reach the maximum temperatures 

is greatly dependent on the substrates’ properties especially their thermal conductivities, which 

vary substantially.
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Figure 5.4 a) Example time series graph showing the dry soil experimental and model tempera-
tures at 20 cm and 60 cm deep for 10 cm and 100 cm thick molten rock experiments plotted over elapsed 
time. b) Example bar graph comparing the maximum temperatures reached in 50 cm thick molten rock 
experiments. The number above each bar indicates the elapsed time in hours for the soil at the given 
depth to reach the plotted temperature. A bar is not shown for 60 cm under the road as the temperature 
never increased, and both the ambient and measured temperatures were continually falling.
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5.3.2  Palaeomagnetic analysis

To validate the heat transfer model constrained by the laboratory experiments, we used 

magnetic properties to investigate the peak temperatures reached beneath a 40-cm-thick 

solidifi ed portion of the June 27th Lava Flow (2014-2015) at Kīlauea Volcano. The control 

sample, from a site unaff ected by the lava, had a weak initial magnetic susceptibility (~ 4 × 

10-6 m3kg-1) at ambient temperatures, which increased fourfold after laboratory heating (Fig. 

5.5a). In comparison, the initial susceptibility of sample MS3B from 5 cm beneath the lava was 

four times stronger and rose to a marked Hopkinson peak followed by a sudden drop indicating 

a Curie temperature of 580°C (Fig. 5.5b). This is characteristic behaviour for fi ne-grained 

magnetite formed by intense heating (e.g. King and Ranganai 2001; Evans and Heller 2003; 

Butler 2004; Tauxe 2010; Dunlop 2014). Heating and cooling curves are reversible, showing 

that no further thermal alteration occurred during laboratory heating. Curves for sample MS3F 

from 23–25 cm beneath the lava fl ow fell between these two extremes. Some natural magnetic 

enhancement was evident, but the magnetic enhancement had not proceeded to an endpoint, 

since further enhancement took place during the laboratory heating. Consistent behaviour was 

seen in the NRM and demagnetisation of the samples. While the control did not carry any 

coherent magnetisation (Fig. 5.5c), the samples from beneath the lava all carried relatively 

strong, coherent remanent magnetisations with low inclinations. Their magnetisations were 

consistent with having been acquired during cooling in the geomagnetic fi eld at the site at the 

time of eruption (From the International Geomagnetic Reference Field, the fi eld direction at 

the site in 2014 had a declination of 9.6 and inclination of 35.9°; Thébault et al. 2015; Fig. 

5.5d). The intensity of the NRM of the samples decreased with increasing depth below the 

fl ow, indicating a decreasing degree of magnetic enhancement, consistent with interpretation 

of the susceptibility vs. temperature experiments. Further, the stability of the magnetisation, 

measured by the maximum coercivity and the median destructive fi eld (fi eld at which NRM 

is reduced by 50%), decreases with depth (Fig. 5.5e). This is also compatible with a profi le of 

decreasing peak temperature with depth below the lava fl ow.
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Figure 5.5 a) and b) Variation of magnetic susceptibility with temperature on heating from 
room temperature to 700°C (red) and subsequent cooling (blue). c) and d) Vector component plots of 
data from progressive alternating fi eld demagnetisation of the same samples. Solid black symbols are 
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Progressive decrease of remanent intensity with alternating fi eld demagnetisation for samples MS3B-F 
showing lower NRM intensity and stability with increasing depth below the lava fl ow. The control, MS1, 
is shown for comparison. All data have been normalised to Mmax, the NRM intensity of MS3B.
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5.3.3  Heat transfer modelling

Our inputs are displayed in Tables 5.1–5.3, and model results are plotted in Fig. 5.4a (also 

see Appendix 1). The experimental results in one of the 100 cm dry soil experiments is lower 

than those calculated by the model due to a thin crust of rock between the thermocouple and 

the molten rock. The crust formed while there was a fi re in the sand pit. The fi re temporarily 

suspended the molten rock pour while we extinguished it.

 

The heat transfer model was validated using the peak temperatures reached under the June 27th 

Lava Flow. To do so, we modelled a 40-cm-thick lobe of lava on dry soil. The lava temperature 

was set to 1150˚C based on the Kīlauea lava fl ow temperature data collected by Hon et al. (1993). 

The owner of the land on which this lobe was emplaced observed that the primary fl ow, to which 

this lobe was connected, was active for a week (M. Sugimoto pers. comm.). This is the only 

duration constraint available. The APDL modelling predicted that a two-day cooling duration 

was adequate for substrate temperatures to have fallen to below 100˚C after the cooling-only 

phase commenced. This duration agrees with our 50-cm dry substrate experiments. The heat 

transfer model calculated the peak temperature at 3 cm to be 788°C after 8 days and 50 minutes 

and was maintained for 1.9 hours. This is consistent with the palaeomagnetic data from 3–5 

cm, which revealed the temperature should be above 580°C.

5.3.3.1  Applications of the heat transfer model

The heat transfer model enables quantitative estimates of heat transfer from lava fl ows, off ering 

infrastructure providers the temperature profi le estimates needed to make decisions. For 

example, we have calculated the maximum temperature and depth of dry Auckland soil (Tables 

5.1–5.3; Taihan New Zealand Ltd 2010; Atlas Concrete Ltd 2011; Rifareal 2011) that would 

be heated by a 2-m-thick lava fl ow that is active for four weeks (Table 5.4). In this scenario, 

no heat is removed from the sides of the lava fl ow (i.e. the sides are insulated). Although this 

assumption will lead to over-predictions, it can be justifi ed because the centre of a lava fl ow 

would be well insulated by surrounding lava, especially in a wide fl ow. In the fi rst week, 1.7 m of 

soil are heated to 100°C or above while 3.8 m of soil are hotter than 100°C after four weeks (Fig. 

5.6). Such results suggest that water could boil and that electricity cables would be exposed 

to temperatures higher than standard operating temperatures (100°C, R. Joyce, pers. comm.; 
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 Duration of Flowing 
Phase (weeks)

Depth of 100°C Contour at End 
of Flowing Phase (m)

Total Depth of 
Substrate Heated 

(m)

Maximum Temperature within 2.5 cm 
of lava-soil contact (Celsius)

1 1.7 3.1 695

2 2.3 4.8 775

3 3.2 6.5 851

4 3.8 7.6 885

Table 5.4: Table showing the depth to which dry soil would be heated to 100°C by a hypothetical 
lava fl ow for a given fl owing phase duration, the total depth of substrate heated by the lava fl ow, and 
the maximum temperature reached in the soil. The lava fl ow was assumed to be a 2 m thick pāhoehoe 
lava fl ow traversing dry Auckland soil.

5.4  Discussion

By collecting a suite of temperature profi les under cooling molten rock generated in laboratory 

experiments, it is possible to begin to infer the heat transfer mechanisms under lava fl ows. The 

initial temperatures at 20 cm below the molten rock-soil contact in the dry soil were warmer 

than those in the equivalent wet soil at corresponding times (Appendix 1). This could be 

attributed to pore water boiling, as evidenced by the steam release at the beginning of the wet 

soil experiments. The formation of hydrothermal convection cells is possible, similar to those 

surrounding sills (Baker et al. 2015). Such convection cells could circulate heat more deeply 

over the course of the experiment and explain why the wet soil peak temperatures are warmer 

than the dry soil peak temperatures at corresponding depths (Fig. 5.4; Appendix 1). The wet 

soil results are likely more applicable to natural settings where the water table is close to the 

surface. The dry soil results could represent locations that are more arid and/or constrain the 

minimum limit on temperature increases in the substrates below lava fl ows.

In urban locations, the temperature profi les are altered by artifi cial ground coverings, 

which signifi cantly alter the peak temperatures reached under the molten rock. The highest 

temperatures recorded in all the experiments were under the road ground covering in the base 

layer at 20 cm. This is likely due to the heat of combustion produced by the bitumen layer (the 

uppermost layer of the road) burning when the lava fi rst made contact, as evidenced by the 

green smoke. Since a temperature spike was not measured below 20 cm, the heat likely diff used 

out of the pipe system in the base layer and did not cross the gravel-soil boundary effi  ciently 

due to the gravel’s porosity.

Hawai‘i County DWS pers. comm.). These results represent an example output that can be 

tailored for a specifi c eruption and can be used in decision-making.
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Figure 5.6 a) Aerial photograph of the June 27th Lava Flow taken by the U. S. Geological Survey 
(public domain). Line AA’ shows where the cross-sectional thermal profi le was modelled. b) & c) The 
modelled temperature profi le under a 2 m thick pāhoehoe lava fl ow after 1 and 4 weeks, respectively. 
Lava fl ow cross section shown for illustrative purposes, only. Lava fl ow crust growth not modelled.

It is important to consider the applicability of such analogue experiments to natural processes. 

This is especially important given the large diff erences between the temperature profi les from 

under the Kīlauea lava fl ow lobe and under the Lava Project molten rock experiments with 

similar lava thicknesses. The Kīlauea lava fl ow lobe transferred heat to the substrate for one 

week (M. Sugimoto pers. comm.). In contrast, the analogue experiments were, active, for up to 
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ten minutes and then cooled. This shows that the peak temperature is very strongly controlled 

by duration of the activity. Other factors infl uencing peak temperatures include where along 

the cross-sectional transect of the lava fl ow measurements are made, the thermal properties of 

the materials, weather conditions (Patrick et al. 2004), and the position of the water table (i.e. 

dryness of the substrate). While there are many factors that infl uence the peak temperatures 

under lava fl ows, a comparison of our experimental temperature profi les to the temperature 

profi le under a lava fl ow emphasises the importance of the duration of the activity to model the 

heat transfer accurately.

We tried to control experimental factors to mimic the volcanic case as closely as possible. 

The temperature of the molten rock when it enters the pipes is important. Thus, the lava was 

heated above volcanic basaltic temperatures (i.e. to 1300°C; Dietterich et al. 2015) so it would 

be at suitable volcanic temperatures (i.e. 1200°C) when it entered the pipes (Appendix 1). Lava 

fl ow thicknesses can vary with time (i.e. they can infl ate; Hon et al. 1993), but the molten rock 

experiments were a constant thickness, which meant the heat transfer model also used a single 

thickness for all calculations. Additionally, not all lava fl ows display pāhoehoe morphotypes. As 

‘a‘ā lava fl ows currently cannot be made in a laboratory setting, more outcrops under ‘a‘ā lava 

fl ows need to be identifi ed and the underlying soil conditions thermally constrained to enable 

an ‘a‘ā heat transfer model. This work provides a method to create such a heat transfer model. 

Alternatively, creating a laboratory methodology to simulate ‘a‘ā lava fl ows would enable similar 

analogue experiments. 

The coherence and strength of the magnetisation of the samples under the June 27th Lava 

Flow indicate that the remanent magnetisation in the soil was produced in a single cooling 

event from elevated temperatures. It is the strongest and most stable in the uppermost sample, 

with both strength and stability decreasing with depth (Fig. 5.5d and e). This indicates that 

deeper samples were heated to lower temperatures. Evidence for heating-induced magnetic 

enhancement also decreases with increasing depth, as displayed by the weakening trends of both 

magnetisation and susceptibility with depth (Fig. 5.5e). Taken together, magnetic susceptibility 

and remanence data suggest that the peak temperature was above the Curie temperature at a 

depth of 5 cm below the fl ow, with peak temperatures decreasing to possibly 200–300°C at 

25 cm. The heat was suffi  cient to produce a signifi cant (partial) TRM but not to complete the 
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magnetic enhancement process. Better temperature estimates would be possible if a method 

were developed to prepare oriented soil samples for thermal demagnetisation treatment. 

5.5  Conclusion

Natural lava fl ows are often thicker and active for longer durations than can be modelled in 

experiments necessitating fi eld studies to supplement analogue studies. However, the heat 

transfer modelling presented in this paper represents a step towards defi ning the hazards posed 

to buried infrastructure in the path of lava fl ows. Our results suggest that many assets are likely 

buried deeply enough to continue functioning, at least during the beginning of an eruption, 

as heating to non-operable temperatures aff ects less than 2 m of the substrate over the fi rst 

few days of heating. As the fl ow continues to be supplied with lava, the substrates continue 

to heat, possibly reaching conditions that would promote thermal erosion. Prior to a crisis, or 

after the initial onset of the eruption, the heat transfer model presented here could be run by 

stakeholders to determine how to best protect their systems.
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Chapter 6:

An outputs-focused framework for selecting lava fl ow 
models: The importance of hazard intensity metrics and 
surface model choice
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Preface to Chapter 6

This chapter addresses objective 3: to develop a process to aid lava fl ow model selection for a 

given project. There are a multitude of lava fl ow models which can calculate the probability of 

lava fl ow inundation in a location or simulate the fi nal areal footprint of a lava fl ow. Selecting 

the appropriate lava fl ow model, or ensemble of lava fl ow models, for a given location 

and purpose can be a daunting task. Here, we develop a selection framework to aid in the 

selection process. The framework focuses on ensuring the model or model ensemble produces 

the necessary outputs. We apply the framework to three case studies. In each, we produce 

two sets of areal footprints to demonstrate how using a digital surface model (rather than a 

digital elevation model) can aff ect the resulting areal footprint. A modifi ed Jaccard coeffi  cient 

is introduced to enable a quantitative comparison of the two sets of areal footprints. Part of 

this chapter has been accepted for publication in the Journal of Applied Volcanology:

Tsang SWR, Lindsay JM, Coco G, Deligne NI (in press) The infl uence of surifi cal features 
in lava fl ow modelling.

It is summarised below visually.

Why?!
How? So?

Results!

All icons sourced from flaticon.com

    There are many 

lava flow models... 

each with 

   its own strengths.

Outputs

Inputs:
geology 

Select 

Apply 

We created

a selection

workflow 

to aid help

modellers

decide.

Inputs:
stakeholder

Compare

We demonstrated
its utility in the 
Auckland Volcanic
Field (AVF).

           AVF lava flow
coverage will be 
influenced by 
anthropological
changes to the 
land. 

Photo by: B. Tsang
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6.1   Introduction

Recent eff usive volcanic eruptions such as the 2018 Kīlauea eruption in Hawaii, USA, have 

reminded the global community how disruptive lava fl ows can be. Although few deaths are 

attributed to lava fl ows (Harris 2015; Brown et al. 2017), they can have severe, immediate 

impacts to the built environment and prolonged economic and societal consequences. For 

example, the 1973 Vestmannaeyjar Volcanic Field eruption on the Icelandic island of Heimaey 

threatened the local fi shing harbour (e.g. Williams and Moore 1983; McPhee 1989) and had 

lasting fi nancial impacts on the Icelandic economy (Morgan 2000). More recently, lava fl ows 

during the 2002-2003 eruption of Mt. Etna (Sicily, Italy) partially inundated tourist facilities 

and road networks on the volcano’s southern fl ank (Villa 2002; Bonaccorso et al. 2016; Rongo 

et al. 2016). In yet another example, over the course of three months in 2018, the development 

of the lava fl ow fi eld on Kīlauea’s Lower East Rift Zone (Hawai’i, USA) destroyed over 700 

houses (Neal et al. 2019) and the local government has reported small business closures over a 

year later (County of Hawai‘i 2019). These consequences have been recognised for decades. In 

fact, Thomas Jaggar devised ways to protect Hilo Harbour (Hawaii, USA) in future eruptions 

in the 1940s (Jaggar 1945). Such planning continues to this day (CDEM 2015). As with all 

hazards, pre-crisis planning can minimise the psychological and physical impacts and recovery 

costs for communities aff ected by lava fl ows (UNDDR 2019). Preparation and mitigation 

actions can take many forms, such as the development of plans and policies (e.g. the creation 

of the Auckland Volcanic Field contingency and evacuation plans (CDEM 2015; Wild et al. 

2019)), lava fl ow modelling (e.g. the DOWNFLOW modelling undertaken by Favalli et al. 

(2006, 2009a) and Chirico et al. (2009) in Goma, Democratic Republic of Congo), volunteer 

and professional trainings (e.g. the electricity utility on Hawai’i Island creating trainings about 

how to strengthen their networks to withstand the high temperatures of lava fl ows (Tsang et 

al. 2019)), and exercises (e.g. Exercise Ruamoko, a New Zealand all-of-nation desktop exercise 

focused on unrest in the Auckland Volcanic Field (Brunsdon and Park 2009; Lindsay et al. 

2010)). All these actions rely on understanding the potential hazard(s), in this case when and 

where lava fl ows can occur.
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Assessing the potential lava fl ow hazard to a community can be diffi  cult for a variety of reasons. 

Many volcanoes have not been studied in detail, and even well-studied volcanoes commonly 

lack extensive research on specifi c characteristics of previous individual eruptions; metrics 

such as recurrence interval or average lava fl ow episode volume are often unknown (e.g. Mt. 

Cameroon, Cameroon; Bonne et al. 2008; Favalli et al. 2012). Additionally, predicting the 

location of the next volcanic vent is critical to predicting lava fl ow inundation areas (Connor et 

al. 2012; Bilotta et al. 2019); this can be especially challenging in volcanic fi elds where the area 

under consideration for vent opening may be particularly large with few spatio-temporal trends 

(e.g. Allen and Smith 1994; Gallant et al. 2018). 

In some volcanic regions the natural topography has been anthropologically altered during 

urbanisation (e.g. Al-Madinah, Saudi Arabia (Runge 2015), Auckland, New Zealand (von 

Hochstetter 1859; Searle 1964)). In these cases, the increasing number of obstacles (i.e. 

elements in the built environment) a lava fl ow may encounter may be increased; in other words, 

lava fl ows will not simply follow the natural topography (Tsang et al. 2019). Additionally, some 

volcanoes and their deposits have been signifi cantly modifi ed (i.e. quarried away or built on 

top of) in the intervening years since the last eruption (e.g. Al-Madinah, Saudi Arabia (Runge 

2015), Auckland, New Zealand (Searle 1964), cones at the Sand Mountain Volcanic Field, 

USA (Deligne et al. 2017b)), changing the natural topography and leading to potential gaps 

in understanding of past activity due to destruction of the geologic record. Despite substantial 

anthropogenic alteration to some natural topographies, lava fl ow modelling is still normally 

conducted on digital elevation models (DEMs) that do not consider such alterations (e.g. 

Kereszturi et al. 2014). 

Digital elevation models are commonly used when modelling volcanic hazards. One modern 

method to create a DEM is using a LAS dataset, which is created using a Light (intensity) 

Detection and Ranging (LiDAR) system (e.g. White and Wang 2003; Favalli et al. 2009b). To 

create the dataset, a LiDAR system is fl own over the area of interest while a laser in ultraviolet, 

visible, or infrared wavelengths is directed at the ground (e.g. Wagner et al. 2006; Heidemann 

2018). As the LiDAR system fl ies over the area of interest, it measures the refl ectance of the 

original wave emitted (e.g. Axelsson 1999; Wagner et al. 2006; Favalli et al. 2009b). Several 

returns are measured (e.g. Wagner et al. 2006), with each return providing diff erent information 
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about the ground below. The returns are numbered based on the order in which they are 

sensed (e.g. Heidemann 2018). The number of returns measured depends on the system being 

used, but the early returns detail surfi cial features while later returns describe lower features 

(e.g. the bare ground; Axelsson 1999). The fi rst return is commonly used to create a digital 

surface model (DSM), which includes the bare ground and surfi cial features including trees, 

buildings, etc. (e.g. Wagner et al. 2006; Heidemann 2018). One of the later returns is used to 

create a DEM. In-between returns can be used to create hybrid surface models (e.g. a DSM 

that does not include trees) through the process of classifi cation or fi ltration (e.g. Axelsson 

1999; Wagner et al. 2006). A second modern method to create a DEM is using Structure-from-

Motion photogrammetry (e.g. Westoby et al. 2012; Ouedraogo et al. 2014). In this method, a 

set of overlapping but off set photographs is taken (e.g. Westoby et al. 2012; Dietrich 2015). 

Algorithms can then identify features from multiple images at diff erent angles to create a three-

dimensional surface. Suffi  cient images are taken to blanket an area with images, enabling a 

DEM (or DSM) to be created (e.g. Westoby et al. 2012; Ouedraogo et al. 2012; Dietrich 2015).

Both probabilistic and deterministic approaches have been applied to assess and characterise 

lava fl ow hazard. Probabilistic hazard assessments provide information about where a hazard 

could occur and how frequently areas may be aff ected by the given hazard. Most probabilistic 

models require extensive information about the volcanic area and frequently do not consider 

multiple, interacting hazards, such as how the growth of a scoria cone could aff ect lava fl ow 

emplacement. While probabilistic hazard assessments have limitations, they provide useful 

information (such as identifying areas most likely to be inundated in a future eruption) that can 

support decision-making for land use planning (e.g. siting critical infrastructure). Deterministic 

hazard assessments, on the other hand, provide details about a single potential hazard, and can 

support planning in ways that probabilistic hazard assessments cannot (Davies 2015; Hayes 

et al. 2019). For example, emergency managers can use scenarios for impact assessments, 

trainings, and evacuation drills. 

 

Hazard assessments alone, however, may be insuffi  cient for stakeholders to prepare for an 

eruption; it is also important to understand how the hazard could aff ect the surrounding 

environment. Relating hazards to probability of damage requires a vulnerability function, 

i.e. a model that relates a hazard intensity metric to the likelihood of damage (Jenkins et al. 



148

2014; Wilson et al. 2014). A hazard intensity metric describes a characteristic of a hazard that 

could cause damage or have other adverse eff ects. For example, the pressure exerted by a 

lava fl ow is a hazard intensity metric because it is a measurable quantity that can damage the 

built environment. Hazard assessments that provide information on multiple hazard intensity 

metrics can facilitate more in-depth risk or impact analyses than assessments that only yield 

results for one hazard intensity metric. 

Here, we summarise methods for assessing lava fl ow hazards in the context of possible 

application to impact assessments in Sction 6.3. We also examine in detail one type of input data 

required for almost all models, namely the surface model.  In Section 6.4, we discuss key model 

characteristics to consider to ensure a selected model is fi t for purpose. Finally, we present 

lava fl ow hazard modelling for three eff usive eruption scenarios in the Auckland Volcanic Field 

(AVF), which underlies the city of Auckland, New Zealand, to illustrate the process of selecting 

a lava fl ow model for a specifi c purpose (in this case to assess impacts to the built environment), 

and to highlight the eff ects of using diff erent elevation models, namely DEMs and DSMs. In 

Section 6.5, we provide an overview of the AVF and the scenarios used, which were created in 

the context of the Determining Volcanic Risk in Auckland (DEVORA) research programme. 

In Section 6.6, we describe our methods, including how we selected the MOLASSES lava fl ow 

model and how we compared our modelling results. In Section 6.7, we present the MOLASSES 

results from modelling the DEVORA Scenarios on both a DEM and a DSM. Finally, in Section 

6.5, we detail some of the implications of modelling lava fl ows on a DEM versus a DSM and 

compare our modelling results to the lava fl ow hazard footprints developed in an earlier version 

of the DEVORA scenarios. We do not review the accuracy nor precision of any of the lava fl ow 

models included; see Cordonnier et al. (2016) and Dietterich et al. (2017) for such analysis. 

Rather, we focus on the application, and thus utility, of the models. Throughout this paper, 

we use the terms stakeholder and modeller. Stakeholders refer to people and entities that are 

interested in using the outputs of the lava fl ow model(s) while modeller refers to the person 

undertaking the modelling exercise. In some cases, the modeller could also be a stakeholder.
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6.2   Methods

Although lava fl ow models have frequently been developed for or validated on a specifi c volcano, 

the processes governing lava fl ows are universal. Indeed, validation studies have shown that 

lava fl ow models developed for one volcano can also be applied to other analogue volcanoes 

(e.g. Rowland et al. 2005; Favalli et al. 2012; Richter et al. 2016). 

We began with an extensive literature search to catalogue lava fl ow models. We initially used key 

phrases “lava fl ow model” and “lava fl ow simulation.” Cross-referencing the models mentioned 

in Harris et al. (2016a), Cordonnier et al. (2016), and Dietterich et al. (2017) with our literature 

search confi rmed that we had captured all current lava fl ow models. Where available, we 

acquired the code to run the lava fl ow models. In some cases, this involved downloading models 

from repositories such as Github. In other cases, authors were contacted for access to their 

model; we were not able to obtain copies of all of the models identifi ed. For each model, we also 

catalogued published model applications, input parameters, and model outputs.

In total, we identifi ed 31 models and approaches that have been or could be used to simulate 

lava fl ows. After a thorough process of evaluation, explained below, 16 models were selected 

for further review. We excluded models that: are obsolete in terms of needing to be updated 

for modern computers, have been replaced by a newer version of the model, and/or have never 

been adapted for lava fl ows. If a model had been replaced, the newer version of the lava fl ow 

model is one of the 16 selected models. If we were not sure whether a model fi t the exclusion 

criteria, the model was included.

To develop a selection framework for lava fl ow models, we created a workfl ow based on the 

process followed to write business requirements documents (e.g. Macaulay 1996; Annacchino 

2003; Dick et al. 2017; Stroud n.d.). When a new product is conceived, a fi rst step to realising the 

product is to create a product business case that involves generating a business requirements 

document and a functional requirements document. The former is a high-level document 

that outlines what the product aims to achieve, what outputs the product needs to create 

to be successful, the product scope, and available funding. The latter provides more details 

such as resources and inputs available, deadlines, assumptions, and a cost-benefi t analysis. 
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Our workfl ow takes aspects of this approach to guide the lava fl ow modeller in their selection 

of a lava fl ow methodology. We focus on two typologies that are both necessary elements of 

requirements documents: inputs and outputs of the lava fl ow methodologies.

6.3   Existing methods and models for assessing lava fl ow hazard

Lava fl ow hazard assessment approaches can generally be divided into qualitative and 

quantitative approaches. The most common qualitative method is expert judgement and/or 

elicitation, a method in which experts on lava fl ow hazards and/or on the target volcanic region 

are informally or formally polled for opinions on topics such as where lava fl ows may traverse, 

how long an eruption could last, or how likely a lava fl ow may be. The experts’ opinions are 

then combined to create a hazard assessment. This approach is especially common in areas that 

may be inundated by pāhoehoe lava fl ows since there are very few quantitative models for this 

lava fl ow morphotype. Although qualitative approaches can be useful, particularly in data poor 

environments, they are not the focus of this paper. 

Quantitative methods take the form of numerical models that may be probabilistic or 

deterministic. Table 6.1 lists the fi fteen numerical models that have been developed or adapted 

to simulate lava fl ow movement that we include in our review. An additional lava fl ow hazard 

assessment method (lines of steepest descent) is also incorporated in Table 6.1 as it has been 

widely and successfully used on Hawai’i (Kauahikaua 2007; Brantley et al. 2019); this method is 

neither probabilistic nor deterministic as it produces a map of potential lava fl ow paths without 

indicating which path is most likely. Table 6.1 also includes where to access the models, whether 

the models are still supported by the model developer or laboratory group, and references case 

studies in which each model has been applied. We have created a rating system to describe the 

models’ accessibility (Table 6.1): open, controlled, and limited. Open-access models are open 

source and available by download from the internet. Controlled-access models are available by 

contacting the developer/research group to gain access. Finally, limited-access models require 

that the model be run onsite at a specifi c super-computer at the developer/research group’s 

institution, and/or that the developer/research group requires signifi cant input into the 

modelling. Tables 6.2 and 6.3 list model outputs and natural inputs to the models, respectively. 

More detail on the models in Table 6.1 is provided in Chapter 2.
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Identify candidate
models (Table 2)

Determine stakeholder & 
computational restrictions

Determine available inputs 
(Table 3)

Step 1 Step 2

Select final 
model(s)

(Tables 1, 2, & 3)

Step 3

Apply model(s)

Jaccard coefficient to
select result(s) (Eq. 1)

Step 4

Figure 6.1: Flowchart of the lava fl ow model selection process. Items in parentheses can be found in 
the text.

6.4.1  Step 1: Identify candidate models

Lava fl ow hazard assessments are frequently part of a larger hazard assessment project with 

specifi c desired outcomes, which will inform what outputs are needed from the lava fl ow model. 

For example, a lava fl ow hazard assessment might be being undertaken to assess impacts to 

roading infrastructure to develop evacuation plans for a given eruption. In such a case, the 

areal footprint of a lava fl ow would be important as the lava fl ow’s presence could mean certain 

roads are unpassable or unsafe to use. The temperature, thickness, and duration of the lava 

fl ow might also be relevant if the modeller wishes to determine the eff ects of lava on the buried 

electricity cables responsible for functioning traffi  c lights (Chapter 5). This example illustrates 

the importance of identifying the desired outputs prior to selecting a model, as models output 

diff erent hazard intensity metrics. 

Once required model outputs have been determined, one can identify which models produce 

such outputs. Table 6.2 lists lava fl ow models that are supported at the time of writing (December 

2019), along with each model’s outputs and associated hazard intensity metrics.  Since the 

6.4  Select appropriate method(s) for purpose

It is important to select a lava fl ow model based on the required model outputs. In some cases, 

such as developing a worst-case scenario for stakeholders, a deterministic model can provide all 

the necessary information needed for the intended use. In other cases, such as land use planning 

eff orts, a probabilistic model may be more suitable. Thus, in order to select an appropriate lava 

fl ow model, one must fi rst determine how the lava fl ow model will be used. This might be clearly 

defi ned as part of a larger project, or may require considering the motivations to simulate lava 

fl ows. Here, we present a workfl ow (Fig. 6.1) to aid in the lava fl ow model selection process, 

which we discuss in more detail below.
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accuracy of a model’s outputs can greatly aff ect the outcome of a project, we have indicated 

models that were included in at least one comparative benchmark test in Cordonnier et al. 

(2016) or Dietterich et al. (2017), the two published lava fl ow model benchmarking studies to 

date, by bolding their names in Table 6.2. It is important to note that benchmark tests have not 

been developed for all of the output parameters listed in Table 6.2. There are many reasons why 

a model may not have been included in a benchmark study, including having controlled access 

or being published subsequent to the most recent benchmarking study. Additionally, many of 

the models listed in Table 6.2 have been validated on their own, i.e. they have been validated 

on an eff usive eruption without comparing the results to another model validated on the same 

eruption (e.g. Barca et al. 1994; Damiani et al. 2006; Del Negro et al. 2008).

6.4.2  Step 2: Other requirements

Note: The order in which Step 2 requirements are determined does not matter.

6.4.2.1  Available inputs

Each model requires a set of input parameters (e.g. topographical model, vent location, volume 

of eruption; Table 6.3). At well-characterised volcanoes, most or even all of the input parameters 

may be available. Most volcanoes, though, require additional research or supplemental data 

from an analogue volcano. Not all input parameters are of equal importance. For example, 

moving a vent location even a short distance can profoundly change the outputs of a model 

whereas changing the lava fl ow’s temperature by a few degrees can have a minimal eff ect on the 

results. Thus, we have divided the input variables into two classes. The fi rst class of parameters 

(indicated by bold text in the second column of Table 6.3) are volcano specifi c, i.e. are more 

important and therefore analogue values should not be used. Analogue and/or default values 

can be used in the second class of parameters (indicated by standard formatting in the second 

column of Table 6.3). We do not indicate the accuracy and precision needed for each input 

parameter as this will depend on a) the sensitivity of the model to that parameter and b) the 

project requirements; it is the responsibility of the modeller to consider these aspects.  

Selection of the input surface or elevation model can have a substantial eff ect on the model 

outputs. Traditionally, modellers use a DEM when modelling lava fl ows, but hazard assessments 

are increasingly being undertaken in areas that have signifi cant anthropogenic modifi cation
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(e.g. Deligne et al. 2015; Dietterich et al. 2018a, 2018b). Human modifi cations to the landscape 

can greatly infl uence the path along which a lava fl ow will advance (F. Trusdell pers. comm.). 

Thus, the modeller must consider if a DEM is the best representation of the elevation in the 

area of interest. It is important to note that a high spatial data resolution is required to create 

an accurate DSM. Therefore, DSMs may not be a feasible surface map for all areas.

Table 6.2: Table of reviewed lava fl ow models and generated outputs generated by each model. 
Hazard intensity metrics related to specifi c outputs are included in parenthesis. Bolded models are 
included in  Cordonnier et al. (2016) and/or Dietterich et al. (2017). 
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Spatial Probabilistic map x x x x x x

Map of potential 
fl ow paths

x

Areal footprint 
(i.e. inundation 

map)

x x x x x x x

State of cell over 
time (Duration of 

exposure)

x x

Thermal Temperature 
(Temperature)

x x x x x

Heat loss x

Cooling rate x

Temporal Time to reach 
location (arrival 
time- aff ecting 

duration exposed)

x

Crystallisation Crystallisation 
rate

x

Crystal content x

Dimensional Channel width 
(Presence)

x

Thickness 
(Vertical 
presence)

x x x x x x x

Other Viscosity x

Yield strength x

Velocity of fl ow 
(Pressure exerted 

by fl ow)

x x x x

*Q-LavHA is a GUI-based model that implements DOWNFLOW and FLOWGO in Q-GIS. Although Q-LavHA has 
not been included in a benchmark study, the models it is based on have been.
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6.4.2.2 Stakeholder and computational restrictions

It is also important to consider practical matters, including stakeholder and computational 

requirements. Some lava fl ow models account for many physical relationships at the cost of 

being slow to run. Thus, they may be inappropriate if the intention is to run them during time-

sensitive situations, such as during volcanic eruption crises. Additionally, lava fl ow models may 

have topographic resolution/fi le size constraints, and so may have limited capability for high 

resolution or large fi le size DEM/DSM (see comments column in Table 6.1). Other common 

considerations include the accessibility of the lava fl ow model and the computing power 

required to run the model.

Some of the models have graphical user interfaces while others require the use of a command 

line and/or a specifi c geographical information system. When selecting a model, it is also 

important to consider how familiar the modeller is with the model implementation.

6.4.3  Step 3: Select fi nal model(s)

In this step, information gathered in Step 2 (Section 6.4.2) is used to select an appropriate 

model(s) for the volcano and application in question. Prioritising desired requirements, such 

as processing time and accuracy, may help with deciding which model to use. The lava fl ow 

benchmarking papers by Cordonnier et al. (2016) and Dietterich et al. (2017) are valuable 

references. In some cases, a single lava fl ow model may not produce estimates of all required 

hazard intensity metrics, in which case an ensemble of lava fl ow models may be necessary. 

Using multiple models will increase the computational time, but it will also enable fi t-for-

purpose hazard assessments. 

One may arrive at this point and fi nd that all existing lava fl ow hazard models have been 

eliminated. In such cases, the requirements created in the previous steps need to be critically 

reconsidered. As the outputs (set by the stakeholder) and computational requirements (practical 

considerations) are central to the success of the fi nal product, we recommend leaving these 

unchanged and rather progressively relaxing the input requirements until a suitable lava fl ow 

model is identifi ed. 
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Table 6.3 : Lava fl ow hazard models and input requirements. For information on computational 
requirements and accuracy, see Cordonnier et al. (2016). Analogue values should not be substituted for 
bolded input parameters (in column 2).
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Topographical 
parameters

Topography 
(Shuttle imagery, 

DEM and/or DSM)

x x x x x x x x x x x x x x x

Slope x

Satellite imagery x

Channel cross section x

Vent conditions Vent location x x x x x x x x x x x x x

Vent shape x

Eff usion rate x x* x x x x x x x x

Extrusion 
temperature

x x x x x x

Thickness at vent x x

Lava properties Chemical 
composition

x x

Crystal content x

Vesicularity x

Water content x

Yield strength x x

Viscosity x x x x x

Rheological 
properties

x x

Cooling parameter x

Specifi c heat x x x x

Enthalpy x

Thermal conductivity x

Solidus x x

Density x x x x

Flow properties Limit of velocity x

Emissivity x x x x

Thickness x x x

Volume x x x

Ambient 
conditions

Ground temperature x x

Atmospheric 
temperature

x

Atmospheric 
pressure

x

Atmospheric heat 
transfer coeffi  cient

x

Lava-substrate 
contact temperature

x

*Pulse volume required, not eff usion rate, which are related yet diff erent parameters. The pulse volume is a 
variable used to code MOLASSES.
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6.4.4  Step 4: Apply model(s)

Once a model or a model ensemble has been selected, the modelling can be undertaken. If 

both DEMs and DSMs are available for the area of interest and DSM results may potentially be 

useful, we recommend the model(s) of interest should be run once on the DEM and once on the 

DSM and the results compared in order to determine which is more appropriate. We suggest a 

method for this comparison below using a modifi ed Jaccard coeffi  cient. Once a surface model 

or elevation model has been selected, the necessary comprehensive modelling can be carried 

out.

6.4.4.1  Jaccard coeffi  cient to select results

We are unaware of published work presenting lava fl ow modelling using a DSM. The closest 

equivalent is Charbonnier et al. (2018)’s study that models lahars. Charbonnier et al. (2018) 

found that when the lahar model FLO-2D is calibrated with geological data, a modelled lahar 

can be highly sensitive to sub-meter obstacles. We present lava fl ow modelling that considers 

urban development in our case study (Section 6.5) and provide a quantitative measure of how 

the built environment alters the lava fl ow model results. There are locations where a DSM is 

unnecessary, and indeed its inclusion could needlessly increase processing times. For example, 

a DSM is unlikely to be required if the area modelled coincides with a park; indeed, a DSM of a 

forested park would include combustible trees which would be treated as permanent barriers, 

which likely does not refl ect reality. In order to determine whether the results from a DSM or 

DEM are more appropriate to use given the wider hazard assessment context of the modelling, 

we propose using two measures to compare the DEM and DSM results. The fi rst measure is a 

modifi ed version of the Jaccard coeffi  cient:

           (Eq. 1)

where ADEM is the area covered by the lava fl ow when modelled on the DEM and ADSM is the area 

covered by the lava fl ow when modelled on the DSM. When the resulting overlap is high, then 

the DSM is not adding value to the simulations run on the DEM. Conversely, when the overlap 

is low, the implication is that human modifi cations to the land are resulting in a diff erence in 

the modelled lava fl ow areal footprint. Thus, the lower the percent overlap, the more important 
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it is to consider what is causing the diff erence between the two footprints. If structures included 

in the DSM are likely to behave as barriers (e.g. concrete buildings), then the modeller should 

critically consider if modelling on a DSM is possible. The second measure compares the 

maximum run out lengths of the footprints: 

           (Eq. 2)

where LDSM is the runout length of the DSM results in the direction of the maximum runout 

length of the DEM results and LDEM is the maximum runout length of the DEM results. The 

lower the percentage is, the less overlap of the results there is in that direction.

6.5  Case study: Auckland Volcanic Field, New Zealand

To illustrate lava fl ow and elevation model selection following our methodology, we provide a 

case study in the Auckland Volcanic Field (AVF). The AVF is a monogenetic, basaltic volcanic 

fi eld situated on the North Island of New Zealand (Fig. 6.2). It has been active for approximately 

190kyr with the most recent eruption 550 yr BP (Leonard et al. 2017). Since the last eruption, New 

Zealand’s largest city, Auckland, has been built on top of the volcanic fi eld, and consequently, 

Auckland could be severely impacted by a future AVF eruption (Deligne et al. 2015; Hayes et 

al. 2017). There are neither strong spatial-temporal or spatial-volumetric trends in the AVF 

(Bebbington and Cronin 2011; Bebbington 2015), although there are trends correlating bulk 

rock chemistry with distance to neighbouring vents, volume, and time (Le Corvec et al. 2013; 

McGee et al. 2015). Without clear spatial-temporal or spatial-volumetric trends (Bebbington 

and Cronin 2011; Bebbington 2015), it is diffi  cult to assess probabilistic hazard for the city, 

including location and probability of the next vent opening (Lindsay et al. 2010; Sandri et al. 

2012; Hayes et al. 2018). The Determining Volcanic Risk in Auckland (DEVORA) research 

programme (http://www.devora.org.nz/) was established in 2008 to study the volcanic risk 

in the city from local and distal volcanoes. To aid stakeholders in preparing for an eruption, 

the DEVORA research team developed eight hypothetical AVF eruption scenarios (Hayes et al. 

2018, 2019), four of which include lava fl ows (Fig. 6.2).
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Figure 6.2:  Map showing Auckland with the volcanic centres of the AVF. The oval shows the 
possible boundary of the AVF based on the known eruptive centres (Runge 2015). The DEVORA 
scenario vents that are used as case studies in this paper are denoted with solid, red triangles; the 
letters in each triangle indicate the scenario. B is for Birkenhead; the Birkenhead scenario has two 
vents, both of which fall within the northernmost red triangle. M is for Mount Eden; O is for Ōtāhuhu. 
Inset shows the North Island of New Zealand and major cities; Auckland is boxed. Figure modifi ed 
from Bebbington (2015) and Hayes et al. (2018). Data from DEVORA and LINZ. 
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Table 6.4: Table summarising the rationale and scenario storyline for the three DEVORA 
scenarios being used here as case studies, after Hayes et al. (2018).

Scenario Rationale Precursory 
Sequence 
Duration

Eruption 
Duration

Eruption Description Number of 
Lava fl ows

Mt. Eden Large volume eruption 
in a residential area, 

requiring a large-scale 
evacuation

1.5 months 10.5 months Magmatic eruption 1

Birkenhead Eruption on North 
Shore of Auckland, 
near the Auckland 

Harbour Bridge (a major 
transport link)

2 weeks 5 months Phreatomagmatic 
eruption transitioning 

to a magmatic eruption

2

Ōtāhuhu Eruption near major 
infrastructure hub

2 weeks 1 month Phreatomagmatic 
eruption transitioning 

to a magmatic eruption

1

6.5.1  DEVORA scenarios

The DEVORA scenarios are hypothetical eruption sequences, incorporating multi-hazard 

modelling (Hayes et al. 2018, 2019). The hazards were modelled to represent the full range of 

possible eruptive phenomena and hazard intensities (Hayes et al. 2018, 2019). Not all hazards 

are included in every scenario; rather, hazards are included based on how frequently they 

have occurred in past AVF eruptions, and the local environmental conditions at the scenario 

vent area (e.g. onshore/off shore, depth to water table). The resulting DEVORA scenarios 

have been or will be used in a variety of projects conducted by DEVORA researchers and their 

stakeholders, including calculating the impact of an AVF eruption on electricity transmission 

networks (Chapter 7), reviewing the local government volcanic contingency plan (A. Doherty, 

pers. comm.), assessing waste disposal during the recovery phase of an AVF eruption (Hayes 

2019), considering how long it will take roads to clear during an evacuation (e.g. Wild et al. 

2019; Wild in prep.), and modelling multi-year economic impacts to the area (Cardwell et al. 

2020).
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Four of the scenarios in Hayes et al. (2018) include lava fl ows: Mt. Eden, Birkenhead, Ōtāhuhu, 

and Rangitoto Island. In these scenarios, lava fl ow hazard was represented by a temporal series 

of hand-drawn areal lava fl ow footprints, following the precedent of hand-drawing an areal 

footprint set by Deligne et al. (2015). In Hayes et al. (2018), topography maps were used to 

estimate the steepest gradient at the fl ow front’s location. The fl ow front was then drawn to 

advance a short distance in the direction of the steepest gradient. Once the footprint had been 

drawn, the volume of lava represented on the map was calculated using the area of the fl ow’s 

footprint and an average thickness determined by analogue lava fl ows. This process was used 

until the total volume had been distributed. One of the motivations of our study was to update 

the hand-drawn lava fl ow hazard footprints in these scenarios using numerical modelling. 

To analyse the infl uence of the built environment on lava fl ow modelling, we quantitatively 

model the lava fl ow hazard for three of the DEVORA Scenarios (Mt. Eden, Birkenhead, and 

Ōtāhuhu; Table 6.4) on both a DEM and a DSM, following our selection approach detailed in 

Section 6.4. A quantitative lava fl ow hazard assessment for Rangitoto Island was not undertaken 

because the scenario vent is within 25 metres of the ocean (the Hauraki Gulf), minimising the 

possibility of built environment impacts. Although the vent in the Ōtāhuhu scenario also lies at 

the edge of a tidal area, the closest body of water is very shallow. 

6.5.2  Applying the selection framework to the AVF

In this section we will step through the selection process described in Section 8.4; this is 

illustrated in Figure 6.3. In Section 6.2.4, we will use the most suitable model, identifi ed using 

our methodology, to produce lava fl ow hazard assessments for the three scenarios of the AVF 

described in Table 6.4.

 

As our modelling results are intended to replace the hand-drawn hazard footprints presented in 

Hayes et al. (2018), our model selection was guided by the lava fl ow characteristics included in 

the original scenarios together with DEVORA stakeholder and research programme guidelines 

in place for selecting volcanic hazard models for the Auckland Volcanic Field. 

6.5.2.1  Step 1: Identify candidate models

The fi rst set of requirements we focus on are what outputs the lava fl ow model needs to produce 
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Figure 6.3: Two fl owcharts summarising the model selection framework and the requirements 
used to select models in the presented case studies.

in order to be useful to the larger project. In our case study we wish to update the lava fl ow 

hazard information in three of the DEVORA scenarios. One of the main reasons for developing 

the DEVORA scenarios is to enable assessment of impacts to the built environment (e.g. 

Deligne et al. 2015; Hayes et al. 2018). Lava fl ow presence (areal footprint) and thickness will 

thus be important outputs to enable assessment of above-ground impacts. Having determined 

the two desired outputs, we consult Table 6.2, and identify seven candidate models: LAVASIM, 

MAGFLOW, MOLASSES, MULTIFLOW, SCIARA, and VOLCFLOW.

Model Selection Framework

Step 3

Select final model(s)
(MOLASSES)

Step 4

Apply model(s)
(Figure 4)

Select result(s)
(Mt Eden & Birkenhead: DSM results

Ōtāhuhu: DEM results)

Worked AVF Example
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 thickness of flow: 
MOLASSES,

MAGFLOW, LAVASIM,
SCIARA, MULTIFLOW,

VOLCFLOW)

Step 1

Determine stakeholder & computational
restrictions (Locally run, open source, 

moderate to fast processing, 
limited modifications,

high resolution)

Determine available inputs 
(Topography, previous channel cross 

sections, vent location, vent shape,
chemical composition, crystal/phenocryst 

content, vesicularity, water content, 
visocisity, rheological properties, 
thermal resistivity, solidus, bulk

density, DRE density, volume, ground
temperature, local weather)

Step 2

Identify candidate
models (Table 2)

Determine stakeholder & 
computational restrictions

Determine available inputs 
(Table 3)

Step 1 Step 2

Select final 
model(s)

(Tables 1, 2, & 3)

Step 3

Apply model(s)

Jaccard coefficient to
select result(s) (Eq. 1)

Step 4

Candidate models (MOLASSES,
MAGFLOW, LAVASIM, SCIARA,

MULTIFLOW, VOLCFLOW)

Locally run 
(MOLASSES,

SCIARA,
MULTIFLOW, 
VOLCFLOW)

Open source* 
(MOLASSES)

Moderate to fast processing
(MOLASSES)

Limited modifications
(MOLASSES)

High resolution
(MOLASSES)

*This considers both the model itself and the licenses on which it depends (e.g. Matlab license).

Stakeholder  & Computational Restrictions
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6.5.2.2  Step 2: Other requirements

Because we are modelling published deterministic scenarios (Hayes et al. 2018), many of our 

inputs are established, including vent location, the number of fl ows, and the volume of each 

fl ow. Kereszturi et al. (2013) calculated minima, maxima, and mean values of AVF lava fl ow 

lengths, areal extents, thicknesses, bulk eruptive volumes, and DRE eruptive volumes, which 

can be used to supplement the information in Hayes et al. (2018). Previous studies on AVF 

lava fl ow geochemistry (e.g. Smith et al. 2009), vesicularity (e.g. Kereszturi et al. 2013), water 

content (e.g. Smid et al. 2015), and viscosity (e.g. Nowak 1995; Rhode 2016) provide AVF-

specifi c information. Additionally, ambient air temperatures in Auckland are well documented 

and have been for decades (NIWA 2019). When necessary, the DEVORA research team 

regularly supplements AVF data with data from analogous volcanoes (e.g. Hayes et al. 2018). 

In summary, available input parameters are: DEM, DSM, vent location, volume, dimensions 

of previous lava fl ows, chemical composition, viscosity, thermal resistivity (from analogue lava 

fl ows), core to base distance, bulk density, DRE density, local weather, phenocryst content, 

satellite imagery, vent shape, vesicularity, and ground temperature.

The next set of requirements we detail covers any additional limitations or preferences. In our 

case study, the wider DEVORA research team have expressed the following preferences for all 

hazard models used for the AVF: 

 • Ideally, hazard models should be explored that can be run in-house in a reasonably 

short timeframe should an eruption begin. 

 • Since DEVORA researchers and stakeholders are spread across multiple institutions, 

codes should ideally be open access, i.e. not dependent on a paid software license. 

If necessary, models that are dependent on proprietary software (e.g. ArcGIS) can be 

considered if the software is available to the majority of DEVORA researchers and 

stakeholders. 

 • Since we are modelling processes in a highly topographically modifi ed and densely 

populated area, codes that can handle data with high spatial resolutions are preferred.

 • Preference is given to codes that do not need to be signifi cantly modifi ed to be applied 

to Auckland context. 

 • The code(s) (with minimal or no modifi cation) must be executable on a modern 

computer. 
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• Finally, there is a preference for codes that have already been validated on natural case 

studies.

Our fi nal consideration in Step 2 concerns the availability of a DSM. Auckland is a populous city 

built directly on top of the volcanic fi eld; thus, the natural environment has been extensively 

modifi ed (e.g. von Hochstetter 1865; Searle 1964; Allen and Smith 1993; Kereszturi et al. 2012; 

Deligne et al. 2015). Indeed, Kereszturi et al. (2012), who undertook past lava fl ow modelling 

for the AVF, suggested that their results were likely inaccurate due to the numerous tall 

buildings in the central Auckland area unaccounted for in their modelling.  Given this, and the 

fact that Auckland Council has commissioned a LiDAR survey of the entire region every 2 years 

since 2013, using a high-spatial-resolution DSM of Auckland may be feasible. To explore the 

usefulness of DSMs in our case study, we model lava fl ows both on DEMs and on DSMs.

6.5.2.3  Step 3: Select fi nal model(s)

After considering all our available inputs, other requirements, and available topography model, 

we used the information presented in Tables 6.1 and 6.3 to select a suitable model. Through this 

process we are able to narrow our choices from seven to one, namely MOLASSES (Fig. 6.3). 

MOLASSES determines an areal footprint and the thickness of the lava fl ow at given locations, 

yielding the required outputs for our case studies, and can be run on both a DSM and DEM 

without requiring international travel or a proprietary license.

6.5.2.4  Step 4: Apply model(s)

Having selected MOLASSES, we will present its application in three subaerial eruption scenarios. 

We have run MOLASSES six times here to illustrate how results can diff er if a surface model is 

used instead of an elevation model. All three scenarios were run twice in MOLASSES, once on 

a DEM and once on a DSM. The DEM and DSM used in this project are publicly available from 

Land Information New Zealand (LINZ) and were created using the same LAS dataset captured 

by Auckland Council during the second half of 2013. They both have a resolution of 1 m and 

a vertical accuracy of ±0.2 m and a horizontal accuracy of ±0.6 m (both at a 95% confi dence 

level). The same source DEM and DSM were used for all model runs although the DEM and 

DSM were cropped to the area of interest in each scenario. No special processing was applied 

to either product; thus, the DSM includes all surfi cial features, including trees. In our DSM, 
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Table 6.5: Input parameters for the MOLASSES lava fl ow modelling for three DEVORA scenarios. 
Coordinates are provided in New Zealand Transverse Mercator (2000).

Parameter Scenario Value Source/Justifi cation

Easting (m) Mt. Eden 1757370 Hayes et al. (2018)

Ōtāhuhu 1765010

Birkenhead Lava Flow 1 1755916

Birkenhead Lava Flow 2 1755914

Northing (m) Mt. Eden 5916250

Ōtāhuhu 5909090

Birkenhead Lava Flow 1 5923738

Birkenhead Lava Flow 2 5923767

Volume (m3) Mt. Eden 59871290

Ōtāhuhu 450970

Birkenhead Lava Flow 1 960810

Birkenhead Lava Flow 2 8647290

Modal thickness 
(m)

all 17.5 Hayes et al. (2018)

Pulse Volume 
(m3)

Mt. Eden 1000 Based on authors’ 
available computational 

memoryŌtāhuhu 10

Birkenhead Lava Flow 1 10

Birkenhead Lava Flow 2 100

many of the buildings in the localised areas of interest are used as housing and generally vary 

from approximately the lava fl ow’s mean thickness to many metres above the lava fl ow’s upper 

crust. Since modal lava fl ow thicknesses in the AVF are unknown, we use values set in Hayes 

et al. (2018). The input parameters for the MOLASSES modelling are included in Table 6.5. 

Since the lava fl ow modelling results presented in this paper eff ectively update the qualitative 

footprints in Hayes et al. (2018), the lava fl ow hazard outputs presented should be referred to as 

the DEVORA scenarios, version 1.1. See Appendix 1 for the shapefi les of the modelling results.

6.5.2.4.1 Case 1: Mt. Eden

The Mt. Eden scenario lava fl ow model inputs are in Table 6.5 while the model outputs are 

in Figure 6.4a. The modifi ed Jaccard coeffi  cient is 63%, indicating that only a quarter of the 

inundated area overlaps in this scenario.

6.5.2.4.2 Case 2: Ōtāhuhu

The Ōtāhuhu scenario lava fl ow model inputs are in Table 6.5 while the model outputs are in 

Figure 6.4b. The modifi ed Jaccard coeffi  cient is 90%, indicating that the vast majority of the 

inundated area overlaps in this scenario.

6.5.2.4.3 Case 3: Birkenhead

The Birkenhead scenario lava fl ow model inputs are in Table 6.5 while the model outputs are 

in Figures 6.4c, d. In this scenario, there are two lava fl ows, fl ow 1 and fl ow 2. For fl ow 1, the 
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Figure 6.4: Results of lava fl ow modelling using MOLASSES on a DEM (results shown in pink) and 
a DSM (results outlined in white) with scenario vent indicated with a red triangle for a) the Mt. Eden 
scenario. b) the Ōtāhuhu scenario. c) the fi rst lava fl ow in the Birkenhead scenario and d) the second lava 
fl ow in the Birkenhead scenario. Note diff erent scales in each fi gure. 

modifi ed Jaccard coeffi  cient is 40%, indicating less than half of the inundated area overlaps, 

while for fl ow 2, the modifi ed Jaccard coeffi  cient is 65%, indicating two thirds of the inundated 

area overlaps.
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6.5.2.4.4 Select topography model

The lava fl ow model outputs are visually shown in Figure 6.4 and compared in Table 6.6.

Table 6.6: Comparison of the DEM and DSM modelling results, including median and thicknesses 
in metres, the Jaccard coeffi  cient, and the runout length. Thicknesses have been rounded to the nearest 
quarter metre.

Scenario Median thickness (m) Mean thickness (m) Jaccard 
Coeffi  cient (%)

Runout Length 
(%)

DEM DSM DEM DSM

Mt. Eden 17.75 17.5 17.5 16.75 63 89

Ōtāhuhu 17.5 17.5 16.75 16.75 90 98

Birkenhead Lava Flow 1 17.0 17.5 16.5 16.75 40 76

Birkenhead Lava Flow 2 17.75 17.5 17.5 17.5 65 79

In our case studies, the Ōtāhuhu scenario has the highest overlap (90%), leading us to infer 

that the results generated on the DEM are adequate. The Birkenhead lava fl ows resulted in less 

overlap, 40% in the fi rst fl ow and 65% in the second, and the choice is less clear. In this scenario, 

we posit that the DSM results should be used, since the presence of the highway has suffi  ciently 

changed the local topography to infl uence the direction of the lava fl ow advancement (Fig. 6.4c, 

d), as seen in previous eruptions such as the June 27th Lava Flow from Kīlauea Volcano as it 

approached the Solid Waste Transfer Station in Pāhoa, Hawaii in 2014 (Tsang et al. 2019). 

Finally, given that the Mt. Eden DSM run exhibited 63% overlap with the DEM run, we conclude 

that here it is important use the DSM results.

6.6  Discussion

Lava fl ow modelling and the methodologies to create lava fl ow hazard assessments have greatly 

improved over recent decades. Lava fl ow hazard models and computing power have greatly 

improved over recent decades, allowing for more detailed lava fl ow hazard assessments to be 

conducted on a variety of surface models.

6.6.1  Towards application-based selection of hazard models

Currently, lava fl ow models are commonly selected based on model availability and/or which 

model has been developed/customised for the volcano in question (e.g. Fujita et al. 2008; 

Dietterich et al. 2018b; Brantley et al. 2019). However, most volcanoes do not have dedicated 

lava fl ow models. In such cases, we have presented the fi rst available selection process to 

guide a modeller to an appropriate lava fl ow model. Considering required outputs is especially 

important; a model that is perfect for one project may never work for another. Thus, modellers 
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likely need to select diff erent models for various projects, especially as new models are developed 

and become more sophisticated.

6.6.2  Importance and implications of surface model selection

Although the selection of a lava fl ow method is important, choosing the correct elevation model 

for the project also greatly infl uences the accuracy of the model’s outputs. When modelling 

hazards, it is standard to use a DEM (e.g. Barca et al. 1993; Scifoni et al. 2010; Favalli et al. 2012). 

Occasionally, the DEM may be modifi ed to incorporate a man-made barrier to determine if the 

barrier could protect an area of signifi cance (Fujita et al. 2008; Scifoni et al. 2010). Although 

using a modifi ed DEM is not common practice, the topography in some volcanic areas has been 

extensively modifi ed (e.g. Charbonnier et al. 2018; Hayes et al. 2018). Thus, DEMs may not be 

the most accurate representation of the obstacles a lava fl ow may encounter (Kereszturi et al. 

2012), and a DSM may be more appropriate.

In our AVF case studies, we presented lava fl ow hazard footprints on both DEMs and DSMs. 

In each case, the hazard footprint generated on the DEM had a longer runout length (≥2% to 

24% longer) than the corresponding DSM results (Fig. 6.4; Table 6.6). The DSM results also 

frequently had a corresponding equal or thinner lava fl ow thicknesses the DEM results (Table 

6.6). The shorter runout length and thinner footprints in the DSM results both have implications 

for evacuation zones and expected building damage. Shorter runout lengths may necessitate 

smaller evacuation or exclusions zones. However, thicker lava fl ows are more likely to overtop 

single or double storied buildings, increasing expected damage. Additionally, thicker lava fl ows 

would have a larger surface area in contact with large structures, which in turn would increase 

the pressure exerted on the structure by the lava fl ow (likely increasing expected damage) and 

potentially increase combustion rates.

However, lava fl ows frequently damage the built environment they encounter (e.g. Harris 2015; 

Neal et al. 2019), so obstacles such as timber-framed buildings, represented in the DSM (Fig. 

6.5), may be destroyed during the eruption and no longer aff ect lava fl ow path (e.g. Williams 

and Moore 1983; Jenkins et al. 2017). Conversely, natural obstacles are unlikely to disappear 

during an eruption. Therefore, for lava fl ow modelling, a surface model that combines a DEM 

with aspects of a DSM (i.e. a DSM that does not include buildings where the primary building 
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material has a low combustion point) may be the most accurate representation of a modifi ed 

terrain. The original LAS dataset would be needed to develop such a hybrid DSM, and the 

endeavour is likely to be time consuming and to require familiarity with local construction 

practices. Ideally, lava fl ow models would allow for changes of the surface model from one 

iteration to the next to represent progressive damage to the built environment. This will require 

further research about lava fl ow impacts. Thus, we suggest that DSMs should be strongly 

considered when simulating lava fl ows advancing through heavily modifi ed areas. In lightly 

modifi ed areas and in areas where the dominant construction material has a low combustion 

point (i.e. timber-framed buildings), a DEM could still be more appropriate, especially if the 

fi nal areal footprint is important. 

Figure 6.5:  A closer look at MOLASSES lava fl ow modelling results from a portion of the 
Birkenhead fl ow 1 from Fig. 8.4b, illustrating how the DSM results diff er from the DEM results (in 
blue). White fi lled in areas indicate obstacles that the lava would potentially fl ow around, according to 
the MOLASSES run on the DSM. It is important to note that not all of the buildings would necessarily 
survive the eruption as many are residential timber-framed structures that have relatively low 
combustion points.

60 m

Using a DSM can have important planning implications, but using a DSM also comes with a 

computational cost. DSMs are frequently produced using much higher resolution data than 

DEMS as surfi cial features tend to be on metre scales. Most lava fl ow models were not created 

with metre scale surface models in mind (Mossoux et al. 2016). Thus, processing times are 

often substantially longer when modelling on a high spatial resolution surface model than the 

low-resolution surface models traditionally used. Depending on the model used and computing 

power available, rapidly generating lava fl ow model outputs, as is required during a crisis, 

may not be possible on a DSM due to the higher resolution required of the topography model 
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(or a DEM with equivalent spatial resolution). Despite these drawbacks, DSMs may be more 

appropriate input data in certain circumstances, such as when planning exercises.

6.6.2.1  Quantitative evaluation of surface model selection

Previous applications of the Jaccard coeffi  cient in the context of hazard modelling has been 

used to assess how accurately a hazard model’s output matches the scenario the model is 

attempting to replicate (Favalli et al 2012; Cordonnier et al. 2016; Mossoux et al. 2016). We 

have adapted it to analyse the overlap between the DEM areal footprint and the DSM areal 

footprint. Following the lead of Cordonnier et al. (2016) and Dietterich et al. (2017), we do not 

provide guideline Jaccard coeffi  cient percentages to determine when to use a DSM versus a 

DEM, as the appropriate cut-off  percentage undoubtedly varies from one project to the next. 

The Jaccard coeffi  cient indiscriminately calculates the overlap between two areas. If one is 

modelling on a DSM, it is important to note that the size of the kipuka (an area that is not 

inundated but is surrounded by a lava fl ow) in the results. If a building survives an eruption 

(forming an anthropogenic kipuka (e.g. the kipuka formed by a church during the eruption that 

began at Paricutin in 1943 (Luhr and Simkin))) but is surrounded by lava, it will be diffi  cult 

to access. Thus, some may consider such buildings to be useless. A kipuka can also be large 

enough to enclose multiple buildings, though (Neal et al. 2019). In such cases, the buildings 

may not sustain any damage although would still be diffi  cult to access during and after the 

crisis. Both natural and man-made diversion structures could likely create such kipuka. 

Additionally, buildings surrounded by lava that survive an eruption and can still be entered 

may preserve smaller assets that can be evacuated when the lava fl ow is safe to cross. No matter 

the kipuka size, the kipuka will infl uence the Jaccard coeffi  cient results (e.g. Fig 6.2a). For 

the aforementioned reasons, we feel that the Jaccard coeffi  cient calculation should include 

the DSM areal footprint as is, i.e. with the kipuka created by the buildings. While including 

the diversion structure and building kipuka will decrease the total overlap compared to using 

only the perimeter of the areal footprints to calculate the Jaccard coeffi  cient, the kipuka have 

planning implications. In some instances such as evacuation planning, the outer perimeter of 

the areal footprint is of more interest than the entire footprint.
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6.6.3  Comparison of results with qualitative footprints in Hayes et al. (2018)

Most of the input parameters used by Hayes et al. (2018) are the same as those used here. In 

fact, Hayes et al. (2018) used a surface model, rather than an elevation model, to draw their 

qualitative lava fl ow footprints. The volume pulse is the only input parameter that is not shared 

between Hayes et al. (2018) and this chapter. Despite very similar starting points, the resulting 

areal extents of the lava fl ows in Hayes et al. (2018) (Fig. 6. 6) and this paper are quite diff erent. 

First, the extents in Hayes et al. (2018) are notably longer (Fig. 6.7). This is likely because 

eff usion rates, represented by the pulse volume parameter in MOLASSES, are not directly 

considered in Hayes et al. (2018). Discontinuous lava eff usion was considered in Hayes et al. 

(2018) and represented by the stalling of the lava fl ow fronts; variations in eff usion rates were, 

otherwise, not considered. In order to create MOLASSES footprints with similar extents to 

Hayes et al. (2018), a lower pulse volume would be necessary. Second, the surface models used 

in this paper had a higher spatial resolution than the surface model used by Hayes et al. (2018) 

enabling more precise topographic gradient calculations than were used in Hayes et al. (2018). 

Assuming accurate representation of the physical process, the paths lava followed in our case 

studies (Fig. 6.4; Fig 6.7b) are more realistic than those drawn in Hayes et al. (2018; Fig. 6.6). 

Although both the eff usion rate and spatial resolution discrepancies suggest that the areal 

extents presented here consider more nuanced data than those in Hayes et al. (2018), inputs to 

the MOLASSES modelling undertaken here could be improved. For example, we used the AVF 

lava fl ows’ mean thickness, rather than the requested modal thickness, due to availability of 

data, but this assumes the AVF lava fl ow thickness distribution is perfectly normal, which we 

deem unlikely. Thus, the lava fl ow modelling in this chapter can be further updated as we learn 

more about AVF lava fl ows.

The case studies presented here provide more information (i.e. thickness maps on a metre scale) 

on the lava fl ows in the DEVORA scenarios than previously existed, so our model results can 

be used in a variety of preparedness activities including stakeholder workshops and evacuation 

and contingency modelling.
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0.3 km1.5 km

a) Mt Eden b)  Ōtāhuhu

0.3 km

c) Birkenhead
Figure 6.6: Final volcanic hazard areal footprints in Hayes et al. (2018) for a) the Mt. Eden 
Suburb scenario. This is the same footprint as shown in Fig. 6.7a. b) the Ōtāhuhu scenario and c) the 
Birkenhead scenario. In the Birkenhead scenario, fi rst lava fl ow advanced south, and the second lava 
fl ow advanced north before advancing east into the water. The lava fl ow footprints are shown in red 
with the source scoria cone shown in pink. Note diff erent scales in each fi gure. 

6.6.4  Adapting the framework for future lava fl ow models

Although many new models have been released over the past few years, there is still a lot of 

simplifi cation in lava fl ow modelling (see Chapter 2 for simplifi cations by model), and many 

situations (e.g. pāhoehoe lava fl ows or the formation of a lava delta) still cannot be adequately 

simulated by existing models. As models are developed to simulate additional processes, Tables 



174

Figure 6.7: Comparison of the Mt. Eden lava fl ows created a) for Hayes et al. (2018) where the lava 
fl ow eff uses from the bottom of the cone (a large area represented by the brown circle) and b) using 
MOLASSES where the lava fl ow eff uses from a point source vent (orange star).

1.5 km

a) b)

6.1 to 6.3 can be updated. A larger selection of models may mean an increased number of fi nal 

models at the end of Step 3, which would indicate that additional constraints can be considered 

in Steps 1 and 2 without eliminating all candidate models. Alternatively, this situation implies 

that more model constraints, such as accuracy of the model or decreased computational time, 

can be applied. In this instance, benchmarking papers, such as those by Cordonnier et al. 

(2016) and Dietterich et al. (2017), provide extensive testing of lava fl ow hazard models and 

can supplement Tables 6.1 to 6.3. 

When such additional constraints are applied, it is important to consider the balance between 

an accurate output and a conservative one. Benchmarking exercises, such as those undertaken 

by Cordonnier et al. (2016) and Dietterich et al. (2017), test how closely a model replicates a 

given scenario without distinguishing between overestimates and underestimates. Although 

accuracy is of great importance, for some uses, a model that routinely overestimates a hazard 

footprint may be more useful than a model that routinely underestimates said footprint, even if 

the overestimate is slightly less accurate. This is especially true when model outputs are being 

used in projects that set exclusion zone boundaries or in similar situations.



175

6.7  Conclusion

As settlements continue to encroach upon volcanoes, it is important to prepare for future 

eruptions. Lava fl ow modelling has become increasingly sophisticated over the past few 

decades, but with the proliferation of models, selection of the most suitable model for a specifi c 

purpose becomes more diffi  cult. We have presented a selection process to guide modellers to 

a suitable model or ensemble of models. The process is based on what outputs the modeller 

needs, what inputs are available, and practical considerations including stakeholder input. 

Additionally, the process considers what type of elevation model, DEM or DSM, is appropriate 

for a given application. Although most lava fl ow models have been developed to run on DEMs, 

DSMs capture all obstacles (irrespective of their physical properties) the fl ow may encounter. 

Thus, when lava fl ow hazard models are run on a DSM, the results will have considered the 

obstacles encountered by the fl ow. We demonstrate an implementation of the selection process 

and illustrate the diff erence using a DSM makes in three case studies in the AVF. In our case 

studies, we found that lava fl ows modelled on a DEM consistently have a longer runout length 

compared to lava fl ows modelled on a DSM. We use a modifi ed Jaccard coeffi  cient to quantify 

the diff erence between using a DEM and using a DSM. The most overlap (90%) occurred in the 

Ōtāhuhu scenario which is located in an area with minimal anthropogenic modifi cations. Thus, 

a DEM adequately portrays the topography in this scenario. Since there is signifi cantly less 

overlap in terrestrial areas with generally high levels of urban development (e.g. the Birkenhead 

and Mt. Eden scenarios), we would recommend using the DSM results. A similar decision would 

likely be made in most of the terrestrial AVF. Our outputs-focused framework is likely to save 

time and resources for lava fl ow modellers by encouraging careful selection of lava fl ow models 

based on required outputs, available inputs, and stakeholder requirements, rather than using 

the most convenient model, or using all possible lava fl ow models before determining which 

results to use.
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Chapter 7:

Thermal impacts of basaltic lava fl ows to buried 
infrastructure: Workfl ow to determine the hazard
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Preface to Chapter 7

This chapter addresses objective 4: to develop a method to determine the thermal hazard 

posed by lava fl ows to buried infrastructure and objective 5: to trial the method described in 

Objective 4 to Auckland.  Impact assessments require an understanding of the hazard, what 

elements are exposed to the hazard, and the exposed elements vulnerabilities to the hazard. 

In previous chapters, the thermal hazard posed by lava fl ows to buried infrastructure is 

explored, and a selection framework to choose relevant lava fl ow models has been presented. 

This chapter demonstrates how the previous hazard and exposure chapters, respectively, can 

be used to create impact assessments by detailing a lava fl ow thermal hazard workfl ow. The 

workfl ow is illustrated using the Birkenhead Scenario from the suite of DEVORA Scenarios. 

We produce an example set of streamlined results that could be provided to stakeholders to aid 

in decision making and suggest mitigation measures based on discussions with stakeholders. 

This chapter is a manuscript under revision for the Journal of Applied Volcanology:

Tsang SWR, Lindsay JM, Kennedy B, Deligne NI (resubmitted) Thermal impacts of 
basaltic lava fl ows to buried infrastructure: Workfl ow to determine the hazard.
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7.1   Introduction

Lava fl ow modelling has been undertaken for decades and, among other things, has been 

used during eruptions to assess the hazard posed by lava fl ows to the built environment. For 

example, lava fl ow modelling during the 1991-1993 Mt. Etna eruption (Dobran and Macedonio 

1992) was used to assess whether the town of Zaff erana Etnea could be inundated. Results 

indicated the town was at risk if a large enough volume of lava were erupted, prompting the 

design and construction of a lava fl ow diversion scheme (Barberi et al. 1993). Some lava fl ow 

modelling is conducted prior to an eruption to determine which areas could be threatened in a 

future or hypothetical eruption (e.g. Harris and Rowland 2001; Kereszturi et al. 2012; Mossoux 

et al. 2016; Gallant et al. 2018; Hayes et al. 2018; Cappello et al. 2019; Chapters 3 and 4). 

The results from lava fl ow modelling allow for deeper analysis (beyond inundation) given the 

additional time available during times of quiescence. One use of lava fl ow modelling results 

prior to an eruption is in impact assessments (e.g. Deligne et al. 2015), which determine the 

level of damage particular exposed elements would experience in a future or hypothetical lava 

fl ow event. 

An impact is generally defi ned as the result of a hazard interacting with an exposed asset where 

the interaction is governed by the asset’s vulnerability (Wilson et al. 2014). Lava fl ows generally 

advance slowly enough that they do not pose a threat to life (Harris 2015; Kilburn 2015; 

Brown et al. 2017). However, immobile objects can be severely damaged by lava fl ows’ high 

temperatures and pressures (Jenkins et al. 2017). In most impact assessments, lava fl ows are 

considered to cause complete damage if the fl ow comes in contact with an object (e.g. Wilson et 

al. 2014; Deligne et al. 2015; Hayes et al. 2018; Mossoux et al. 2019). However, anecdotes from 

the literature about global lava fl ow inundations, and from discussions with communities that 

have been impacted, suggest that destruction is not always complete (Chapter 3). For example, 

after the 1973 Eldfell eruption in Iceland, fi sh factories were able to be remediated and used 

again (Williams and Moore 1983). Similarly, a solid waste transfer station in Hawaii, USA was 

partially inundated in 2014 and returned to service in 2015 (Tsang et al. 2019). Damage can 

also be caused when assets are not in direct contact with a lava fl ow. For example, lava fl ows 
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have previously ignited forest fi res that have damaged areas far from the fl ow itself (e.g. Suh et 

al. 2003; Davoine and Saint-Marc 2016; Staudacher et al. 2016). 

Stakeholders with assets near eff usive volcanoes have expressed concern about the possibility 

of lava fl ows causing damage to buried infrastructure (Chapters 3 and 5; Tsang et al. 2019). 

Stakeholders in Hawaii and New Zealand have identifi ed that possible impacts to buried 

infrastructure are poorly understood despite their potential importance (Hawaiian Electric 

Light Company pers. comm.; Hawai‘i County Department of Water Supply pers. comm.; 

Auckland Council pers. comm.). This chapter presents a workfl ow to assess the thermal hazard 

posed by lava to buried infrastructure. Damaged or operationally compromised infrastructure 

can result in service disruptions during and/or after an eruption.

A HIM is a characteristic of a hazard that can be measured and correlated to impact (Jenkins 

et al. 2014; Wilson et al. 2014). In the case of lava fl ows, the presence of lava (spatially defi ned 

by an areal footprint) is the most often used HIM as it is common to classify all assets in 

contact with the lava as fully damaged. Other HIMs commonly associated with lava fl ows are 

the pressure exerted by the fl ow and the temperatures to which the asset is exposed. In the 

case of buried infrastructure, the gravitational basal pressure exerted by the lava fl ow would 

be well distributed over the large area covered by the basal crust, and thus, is unlikely to pose 

a substantial hazard. However, the heat transferred from the lava fl ow into the ground can 

be signifi cant (e.g. Fujita and Nagai 2016; Chapter 5) and, therefore, could cause hazardous 

conditions for buried infrastructure. 

Heating of the ground is especially important for buried infrastructure as operating conditions 

are heat-sensitive. Buried infrastructure cannot operate at full capacity above certain 

temperatures (e.g. Rerak and Ocłoń 2017; Ocłoń et al. 2018; Eland Cables n.d.) nor at all above 

maximum operating temperatures (e.g. Evans 1981; Cinquemani et al. 1996; Schneider Electric 

2002; Terpe 2017). The elevated substrate temperatures can also accelerate aging of buried 

infrastructure (e.g. de León et al. 2006; Bustamante et al. 2019). Thus, in the case of buried 

infrastructure, stakeholders responsible for maintaining electricity networks located near 

volcanoes have expressed strong concerns about the extent of lava fl ow-substrate heat transfer 

as elevated temperatures can cause both temporary loss of function and/or long-term damage. 
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The method presented in this chapter is best jointly implemented by scientists and local 

stakeholders to limit how much potentially sensitive data needs to be shared. The method 

creates thermal profi les that can be simplifi ed to make them easy to analyse, and that empower 

and support science-based stakeholder decision-making. We demonstrate how this workfl ow 

can be applied in a deterministic case study in the monogenetic, basaltic Auckland Volcanic 

Field, which underlies the city of Auckland on the North Island of New Zealand.

7.2   Method

Prior to implementing our method, a deterministic volcanic hazard scenario is required (e.g. 

Deligne et al. 2015, 2017; Hayes et al. 2018, 2019). The scenario could be an ongoing eruption 

(in which case the necessary volcanological data relevant to the hazard may be estimated or 

measured; e.g. Ishihara et al. 1989; Dobran and Macedonio 1992; Barberi et al. 1993) or a 

deterministic scenario (in which hazard data can be prescribed; e.g. Hayes et al. 2018). A 

pictorial overview of the method presented in this section is shown in Figure 7.1; Table 7.1 

summarises required data.

Step 1:
Establish lava 

flow dimensions

Step 2:
Overlay infrastructure
& determine operating

conditions

Step 3:
Model thermal

profile of lava flow

Step 4:
Model lava

flow-substrate
heat transfer

Step 5:
Streamline results 

based on operating
conditions

Figure 7.1: Flowchart describing the steps in the workfl ow to determine the thermal hazard posed 
to buried infrastructure.

7.2.1  Step 1: Establish lava fl ow dimensions

Once the scenario being modelled has been defi ned, a lava fl ow model or ensemble of models 

can be selected. A range of lava fl ow models exist, each with its own strengths and weaknesses. 

We direct you to Chapter 6 for advice on selecting an appropriate lava fl ow model and surface 

or elevation model. The selection process in Chapter 6 examines necessary outputs; if using the 

Chapter 6  selection process, the required outputs for this application are an areal footprint, lava 

fl ow thickness, lava fl ow temperature, advancement rate of the fl ow, and duration of the lava 

fl ow’s activity. The advancement rate and duration of the fl ow may need to be approximated 

using analogue eruptions given that, as of early 2020, there are no lava fl ow models that output 

these variables. Based on available models in 2020, the Chapter 6 selection process identifi es 

MAGFLOW (Cappello et al. 2016b), LAVASIM (Fujita and Nagai 2016), Miyamoto and Saski 
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(1997), MOLASSES (Gallant et al. 2018) in conjunction with FLOWGO (Harris et al. 2016b), 

or VOLCFLOW (Kelfoun and Vallejo Vargas 2016) in conjunction with FLOWGO as suitable 

models or model ensembles for this application. 

After a model or model ensemble has been selected, the model providing the lava fl ow dimensions 

should be run. If a model ensemble will be used, FLOWGO should not be implemented in this 

step.

Table 7.1: Table summarising necessary data.

Step Notes

1. Establish lava fl ow dimensions We recommend numerical modelling of the lava fl ow dimensions; required data 
vary depending on the model(s) selected. See Chapter 5 for a model selection 

process. As of 2019, potential models or model ensembles that produce the outputs 
necessary to implement this method all require a topographic model, the vent 

location, and the eff usion rate.

2. Overlay infrastructure and determine 
operating conditions 

Required infrastructure data are the infrastructure locations (ideally as a GIS 
shapefi le) and operating conditions. If a stakeholder(s) is working with the scientist 
and infrastructure data is deemed sensitive, the outputs of Step 1 could be provided 
to the stakeholder for them to indicate the location(s) of interest without releasing 

their location data.  

Required data for operating conditions are: 

1. The upper limit of the standard operating temperature of the infrastructure of 
interest, 

2. The maximum operating temperature if the asset can operate above the standard 
operating temperature.

3. Model thermal profi le of lava fl ow The temperature of the lava fl ow at location(s) of interest are necessary. Some 
numerical models output this information across the entire lava fl ow, in which 

case the local temperature should be extracted at this step. Otherwise, a lava fl ow 
thermal model (e.g. FLOWGO) should be implemented or a temperature estimate 

should be generated. See Chapter 5 for more information.

4. Model lava fl ow-substrate heat 
transfer

Ansys APDL (https://www.ansys.com) has previously been used to model lava 
fl ow-substrate heat transfer; see Chapter 4 for more information.

5. Streamline results based on 
operating conditions

This step combines the outputs of steps 2 and 4 into a user-friendly format. 

7.2.2  Step 2: Overlay infrastructure and determine operating conditions

The lava fl ow hazard model will defi ne where the lava fl ow will inundate, and the spatial 

distribution of the HIMs. One then needs to identify which infrastructure is exposed to or buried 

by lava in the given scenario. In this step, the areal footprint created in Step 1 is overlain with the 

local buried infrastructure network’s location(s) to establish where infrastructure intersects the 

modelled fl ow path. There may be multiple intersection points, all of which should be modelled 

in the following steps. 

Once intersection points have been determined, the length of the path from the vent to the 
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infrastructure’s location can be determined. If the areal footprint is a fl ow fi eld rather than a 

channel, an approximate length along the axis of the fl ow fi eld may be used. Additionally, the 

slope of the identifi ed path should be measured.

To determine how exposed buried infrastructure networks could be impacted by the modelled 

lava fl ow, standard and maximum operating temperatures for each network are required. 

Therefore, Step 2 also determines temperature bounds to target the results to specifi c 

infrastructure. In some cases, both the standard and maximum operating temperatures could be 

the same. The best method to determine these temperatures is to discuss with the infrastructure 

provider, but the following bullet points help provide the basis of a network-specifi c discussion 

about potentially critical temperatures (i.e. standard and maximum operating temperatures) 

for buried infrastructure.

• Electricity: The upper limit of standard operating temperatures is commonly 100°C (R. 

Joyce pers. comm.); electric networks can operate in warmer conditions, though (Eland 

Cables n.d.). Maximum operable temperatures are based on the materials the cables are 

made of, insulated with, and bedded in. 

• Fibre: The operating temperatures of fi bre cables vary based on the materials the cable 

is made of. Coated optical cables and leaded glass fi bre cables operate in environmental 

conditions of up to 200°C (J-Fiber n.d.) and 600°C (Fiberoptics Technology Inc 2019), 

respectively; whereas plastic fi bre cables operate at lower temperatures (Fiberoptics 

Technology Inc 2019). Maximum operating temperatures can vary from 482°C for leaded 

glass fi bre cables to 70°C for plastic fi bre cables (Fiberoptics Technology Inc 2019).

• Potable water: Standard operating temperatures are close to ambient although operation 

can continue above ambient temperatures. Excessive heat could result in melted gaskets 

(Tsang et al. 2019), increased pressure due to boiling, and steam. These eff ects mostly 

occur at 100°C (maximum operable temperature). 

• Storm water & wastewater: Both of these networks have similar considerations to the 

potable water networks. 

• Gas: Standard operating temperatures of plastic gas pipelines in temperate regions is 

49°C (Plastics Pipe Institute 2010). The maximum operating temperature of a plastic gas 

pipeline is 60°C (Plastics Pipe Institute 2010) above which the plastic will begin softening 

(Performance Pipe 2019).
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7.2.3  Step 3: Model thermal profi le of lava fl ow

After the intersection point(s) has been located, thermo-rheological modelling can be undertaken 

along the path identifi ed to determine the fl ow’s temperature at the intersection site. This 

step calculates the fl ow’s core temperature at the point(s) of intersection if such modelling 

has not been already undertaken. If the lava fl ow’s core temperature was calculated in Step 1, 

then the core temperature at the intersection point should be extracted from Step 1’s results. 

Otherwise, input the scenario parameters, the outputs from Step 1, and the topographical 

variables determined in Step 2 into FLOWGO to determine the core temperature of the fl ow 

at the location of interest. The calculated temperature is a key input parameter for the heat 

transfer modelling conducted in Step 4.

7.2.4  Step 4: Model lava-substrate heat transfer

To model the heat transfer from the lava fl ow into the substrate surrounding the asset, we 

recommend using the lava-substrate heat transfer model in Chapter 5, which requires knowing: 

the thickness of the fl ow, the core temperature of the fl ow, the fl ow front’s advancement rate, 

the duration of the activity, and the substrate characteristics (including moisture content). 

The fl ow’s thickness and the temperature at the intersection point were determined in Steps 

1 and 3, respectively. The substrate can be identifi ed using a variety of measures including 

geological maps, fi eld work, geotechnical reports, and satellite imagery. It is also important to 

consider the water table depth to estimate the moisture content of the substrate. The fl ow front 

advancement rate is used to determine how long it would take for the lava fl ow to reach the 

location of interest. Finally, how long lava is supplied to the intersection location needs to be 

determined (duration of “actively fl owing phase” in Chapter 5). Few lava fl ow models calculate 

this, so a fi rst-order estimate can be generated using the total eruption duration minus the 

amount of time it takes the fl ow front to reach the location. The “cooling-only phase” (Chapter 

5) starts when active lava is no longer supplied and ends when the soil is cooling and/or all 

of the lava has cooled. Determining the cooling-only duration may take several iterations of 

modelling.

The temperature profi le under the lava fl ow generated in this step provides more data than 

decision-makers need. The standard and maximum operating temperatures determined in 
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Step 2 will aid in streamlining the results.

7.2.5  Step 5: Streamline results based on operating conditions

Once standard and maximum operable temperatures are known, the results from Step 4 can be 

adapted to a usable format for decision making. Given that temperature profi les change during 

the eruption, we recommend providing stakeholders a temporal series of profi les identifying four 

thermal zones of interest (see Fig. 7.4c for an example diagram). The fi rst zone is likely deepest 

(i.e. farthest from the lava) and represents temperatures at or below the standard operating 

temperature (i.e. the coolest section of substrate). The second zone represents temperatures 

between the standard operating temperature and the maximum operating temperature. The 

third zone represents temperatures above the maximum operating temperature and below the 

substrate’s bulk solidus (if known). The fourth and fi nal zone is the top substrate zone and 

represents temperatures above the substrate’s solidus. This zone corresponds to the thermal 

conditions suitable for thermal erosion, although thermal erosion is also reliant on other 

factors and, therefore, may not occur (as is the case in Fig. 7.4c). It is key to include a legend 

summarising the expected conditions in each zone. 

Lava fl ow inundations and potential mitigation measures will vary from volcano to volcano 

and from one event to the next. This versatile workfl ow can be adapted to determine the heat 

transfer under a basaltic lava fl ow in a wide variety of substrates.

7.3   Results: Auckland Volcanic Field case study

We demonstrate how this workfl ow can be applied in a deterministic case study in the 

monogenetic, basaltic AVF (Fig. 7.2), which underlies the city of Auckland on the North Island 

of New Zealand. The city, built since the last AVF eruption, is home to 1.5 million people (Stats 

NZ 2013) and generates a third of the country’s GDP (Stats NZ 2019). Thus, both Auckland and 

New Zealand could be severely impacted by a future eruption (e.g. Deligne et al. 2015, 2017; 

Blake et al. 2017; Hayes et al. 2017; McDonald et al. 2017). The DEVORA research programme 

(http://www.devora.org.nz) was launched in 2008 to study the volcanic risk posed to the city by 

proximal and distal volcanoes. One research output has been eight hypothetical, multi-hazard, 

deterministic eruption scenarios (Hayes et al. 2018), developed following stakeholder demand 
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(Hayes et al. 2019). 

7.3.1  DEVORA Scenarios

The DEVORA scenarios are eruptive sequences that represent the full range of possible eruptive 

phenomena and hazard intensities that could be expected during an AVF eruption (Hayes et 

al. 2018, 2019). They were developed by the DEVORA research team through multi-hazard 

modelling and a series of workshops. Each scenario is composed of multiple hazards based on 

the hazard’s frequency in past AVF eruptions and environmental conditions (e.g. groundwater 

depth; Hayes et al. 2018).  Lava fl ows have occurred in approximately half of the previous AVF 

eruptions (Kereszturi et al. 2014b), so lava fl ows were included in four scenarios (Hayes et 

al. 2018): Mt Eden suburb, Birkenhead, Ōtāhuhu, and Rangitoto Island. Hayes et al. (2018) 

provided fl ow front advancement rates, a temporal series of areal footprints of the lava fl ows 

and average lava fl ow thickness. The areal footprints and thicknesses in three scenarios were 

subsequently updated by Chapter 6 using MOLASSES, a deterministic lava fl ow model (Gallant 

et al. 2018). 

We selected the Birkenhead scenario for our case study illustrating the initial stages (i.e. fi rst 

lava fl ow of the scenario) of disruption, as the lava fl ows in this scenario could potentially impact 

major buried infrastructure (i.e. national transmission lines). For more details, see Hayes et al. 

(2019). For variables not defi ned in Hayes et al. (2018), data sources are indicated below.
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Figure 7.2:  Map of the Auckland Volcanic Field including all known eruptive vents and volcaniclastic 
deposits (after Kermode 1992), the volcanic fi eld boundary (Runge et al. 2015), and the location of the 
vent in the Birkenhead DEVORA scenario (Hayes et al. 2018). Inset shows location of Auckland on the 
North Island of New Zealand.
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7.3.2  Step 1: Establish lava fl ow dimensions

We followed the outputs-focused framework for selecting lava fl ow models presented in Chapter 

6 to determine that MOLASSES (Gallant et al. 2018) and FLOWGO (e.g. Harris et al. 2016b; 

Chevrel et al. 2019) are best suited to our purposes. We used MOLASSES, a digital surface 

model from Land Information New Zealand, and the values in Table 7.2 to model the areal 

footprint and thickness of the fi rst lava fl ow in the Birkenhead scenario.

Table 7.2: Input values for the MOLASSES modelling, modifi ed from Chapter 6.

Parameter Value Source/Justifi cation

Vent Easting (m) 1755916 Hayes et al (2018)

Vent Northing (m) 5923738 Hayes et al (2018)

Lava Flow Volume (m3) 960810 Hayes et al (2018)

Modal Thickness (m) 17.5 based on Kereszturi et al (2013)

Pulse Volume (m3) 10 based on available computational memory

7.3.3  Step 2: Overlay infrastructure and determine operating conditions

After modelling the expected areal footprint, we used open-access data (Transpower New 

Zealand 2019; Watercare Services Ltd 2019) to overlay the potable water pipes, wastewater 

pipes, and electricity transmission cables in the area. Local government data indicated that 

there are no major (i.e. national transmission) gas pipelines or fi bre cables in the area. Only the 

electric transmission cable, which is located 250 m from the vent, is part of a national network, 

so for illustrative purposes, the remainder of this chapter will focus on the transmission 

electricity cable. There is no local redundancy for the electricity transmission cable, which runs 

under the highway on the right side of Figure 7.3. The average slope between the vent and the 

electric cable location varies between 1.4 and 1.9° based on the fi nal elevations calculated by 

MOLASSES (i.e. the slope of the lava fl ow as simulated by MOLASSES). Above the electric 

cable, the modelled lava fl ow is 17.5-m-thick and 54-m-wide. Given that MOLASSES produces 

a fi nal areal footprint without any temporal dimension, we rely on the advancement rates and 

active durations published in Hayes et al. (2018), which were based on expert judgement.

The upper range of the standard operating temperature of the electric cable is 100°C 

(Transpower New Zealand pers. comm.). Some electric cables can continue operating at a lower 
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Figure 7.3: Map of areal footprint (modelled with MOLASSES) and buried infrastructure networks 
in the Birkenhead suburb on Auckland’s North Shore. Infrastructure data publicly available from 
Transpower New Zealand (2019) and Watercare Services Ltd (2019).

0 50 100 15025

Meters

Legend

Transmission Lines (Transpower)

Main Water Pipes (Watercare)

Wastewater Pipes (Watercare)

Birkenhead Flow

Birkenhead Vent

St
at

e 
H

ig
hw

ay
 1

Intersection
location

X

capacity above 100°C. For illustrative purposes, we will use 150°C as the maximum operating 

temperature, which is the maximum operating temperature of silica cables (Eland Cables n.d.). 
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7.3.4  Step 3: Model thermal profi le of lava fl ow

Because MOLASSES does not calculate lava fl ow temperatures, in this step we model the 

temperature of the lava fl ow using FLOWGO and the values in Table 7.3 along the path described 

in Step 2. 

Table 7.3: Input values for the FLOWGO (e.g. Mossoux et al. 2016; Chevrel et al. 2018) modelling.

Parameter Value Source/Justifi cation

Down-fl ow increment 10 m

Slope Varies between 1.4 to 1.9° Local topography

Channel width Varies between 26 and 54 m MOLASSES modelling

Channel depth Varies between 17.5 and 19.2 m MOLASSES modelling

Viscosity 1000 Pa s default

Emissivity 0.95 Patrick et al. (2004)

Thermal conductivity 4.85 W/m°C Chapter 4

Basal temperature 891°C Chapter 4

Core to base distance 20% Nowak (1995)

Eruptive temperature 1200°C Kereszturi et al. (2014a)

Crustal temperature 827°C Chapter 4

Buff er 140°C Default

Crustal cover 0.6 Default

Crust to velocity relationship -0.00756 Default 

DRE density 2650 kg/m3 Kereszturi et al. (2014a)

Vesicularity 0.15 Keresezturi et al. (2014a)

Bulk density 2490 kg/m3 Kereszturi et al. (2014a)

Wind speed 5.1 m/s Hayes et al. (2018)

Ch 0.0036 Default

Air temperature 15.9°C CliFlo (NIWA 2019)

Air density 1.22 kg/m3

Air specifi c heat 1006

Phenocryst content 0.15 Kereszturi et al. (2012)

Crystals grown during cooling 0.9

Cooling range 300°C Default

Latent heat of crystallisation 3.5 x 105 Default

r 1.51 Default 

FLOWGO calculates the temperature of the core of the lava fl ow at our location of interest (i.e. 

the location marked with an x in Fig. 7.3) to be 1199°C.
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7.3.5  Step 4: Model lava-substrate heat transfer

Using the outputs of the previous steps and the values in Table 7.4, we run the heat transfer 

model described in Chapter 5 to simulate the heat transfer from the lava fl ow into dry soil. 

Due to the proximity of the location of interest to the harbour, the water table is likely close to 

the surface, but the proximity of the lava fl ows to the vent suggests the ground may have been 

desiccated by the eruption, similar to previous AVF eruptions (Kereszturi et al. 2014b). Thus, 

we have opted to model the lava fl ow on top of dry soil. Since the “soil” used in Chapter 5 is 

based on geotechnical reports of soils in Auckland, we use the soil parameters specifi ed in that 

publication without alterations.

Table 7.4: Input values for the lava-substrate heat transfer modelling. The mesh size was doubled 
compared to the mesh size in Chapter 5 given the thicker lava fl ow here. The lava temperature is based on 
Step 3, and the ambient temperature is from CliFlo (a national New Zealand climate database; https://
clifl o.niwa.co.nz/).

Temperature in Celsius1 127 227 327 427 527 627 727 827 927 1027

Lava Thermal Conductivity (klava) [W/(mC)]2 7.5 6.5 6.4 6.3 5.5 4.8 3.5 2.4 2.23 2.2

Lava Specifi c Heat (Cp,lava) [J/(kgC)]2 520 600 680 710 735 1000 1100 1100 1100 1100

Lava Density (ρlava) [kg/m3]3 2600

Lava Emissivity (εlava)
3 0.95

Soil Density (ρsoil) [kg/m3]3 1437.9

Soil Specifi c Heat (Cp, soil) [J/(kgC)]3 425

Soil Thermal Conductivity (ksoil) [W/(mC)]3 0.75

Contact Pair Conductance [W/(m2C)]3 6.5

Convection (h) [W/(m2C)]3 8.41 (top)

Mesh Size [m]3 0.02

Lava Temperature (Tlava) [°C]4 1199

Ambient Temperature (Tamb) [°C] 16

1 Ansys APDL interpolates the properties between the temperatures provided

2 Parameter varied to fi t heat transfer model to experimental data

3 These parameters were not treated as temperature dependent or only a bulk coeffi  cient was used. Thus, a single value at all 
temperatures was used.

4 This is the core temperature of the lava fl ow.
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Hayes et al. (2018) provide a fl ow front advancement rate of 30 m/hr, and state that lava eff uses 

from the vent for 3 days. Assuming the fl ow does not stall, the fl ow front should reach our 

location of interest in 8 hours and 20 minutes, which we rounded to 8 hours to make our 

fl owing phase duration estimate conservative. The fl owing phase at our location of interest 

is, therefore, 64 hours. The cooling-only phase duration was eventually set at nine months 

based on when heat transfer modelling indicated that substantial heat was no longer being 

transferred from the lava to the substrate. (See Chapter 5 for more information about fi rst order 

controls on substrate thermal profi les). 

A temporal series of temperature profi les is shown in Figure 7.4 (full results are shown in 

Appendix 1). By the end of the emplacement of the fl ow and the end of the active fl owing phase, 

the lava fl ow has only heated the upper metre of substrate; the entire substrate column is still 

under 100°C. A week after the lava fl ow emplacement ends, the top 2.5 m of substrate has been 

heated above ambient temperatures while the upper 1.5 m is above 150°C. As the lava fl ow 

cools, it continues to heat the substrate. One month after the emplacement ends, the lava has 

heated the top 3.5 m of substrate above 150°C. Given that buried infrastructure is commonly 

shallow (less than 3.5 m deep), this indicates most buried infrastructure will be surrounded by 

substrates above maximum operating temperatures within a month of lava’s emplacement. By 

the end of six months, the entire 10 m substrate column has been heated to above 150°C. The 

heating continues past 6 months. Nine months after the active fl owing phase ended, the entire 

substrate column is still above maximum operating conditions with the upper few centimetres 

heated above 800°C.

We do not provide a temperature for longer durations because the lava’s maximum temperature 

at 9 months (found in the basal crustal area) is 200°C lower than its original emplacement 

temperature and the temperature in the upper 5 cm of soil has changed less than a degree in 

the fi nal three simulated months. The simulated high temperatures are comparable to those 

found in thick lava fl ows after an eruption; for example, the Eldfell lava fl ow fi eld was still 

cooling ten years after the eruption ended (Williams and Moore 1983). The small temperature 

change in the upper soil during the last three months indicates that heat is being transferred 

into the soil at a slower rate than in the fi rst few days after the eruption ended. Although soil 

temperatures could continue to increase after 9 months, the modelled temperatures in the top 
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10 m of substrate are already more than four times maximum operating conditions, meaning 

the buried infrastructure networks have not functioned in months.

Given that we have increased the mesh size compared to the model presented in Chapter 5, we 

have calculated a grid convergence index, extrapolated error, and approximated error. These 

uncertainties represent the error introduced by turning the partial diff erential equations into 

discrete systems of equations and are 1.1 x 10-14, 8.5 x 10-15, and 0.019 percent, respectively.

7.3.6  Step 5: Streamline results based on operating conditions

In the last step, we adapt the temperature profi les we created in Step 4 with the thermal bounds 

identifi ed in Step 2. We have taken the fi rst four profi les in Figure 7.4b to create Figure 7.4c, 

in which standard operating temperatures are shown in grey, operable temperatures above 

standard are shown in orange, and temperatures too hot to continue operations are in red. In 

this case study, the substrate temperatures are not high enough to initiate thermal erosion, 

so this zone is not displayed or included in the legend. The resulting visual depictions of the 

thermal hazard under the lava fl ow can aid in decision making.

7.4  Discussion

We have outlined a method to evaluate the thermal hazard posed to buried infrastructure by 

lava fl ows in a deterministic scenario using lava fl ow hazard models, heat transfer modelling, 

and stakeholder input. We then applied the model to the fi rst lava fl ow in the Birkenhead 

scenario developed for the AVF by Hayes et al. (2018). We found that within a month, most 

buried infrastructure in the Birkenhead residential area will be exposed to well above operable 

temperatures. The substrate surrounding the electricity transmission cable, assumed to be 

buried within the top 1.5 m of substrate (Transpower pers. comm.) will be above maximum 

operating temperatures in less than a month (Fig 7.4b).
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Figure 7.4: a) Schematic diagram of the process being modelled in Step 4. b) Temperature profi les 
in the 10 metres of dry soil below the Birkenhead case study lava fl ow at 4 days (i.e. the end of the ac-
tively fl owing phase), and at one week, one month, six months and nine months since the start of the 
cooling-only phase. c) Results shown in (b) presented given the operating temperatures of interest at 
the end of the actively fl owing phase (4 days), and a week, a month, and six months after the start of the 
cooling-only phase. Nine months after the start of the cooling-only phase is not shown as it is the same 
as for six months (i.e. also a solid red bar). A schematic diagram along the lines of 4c can be provided to 
stakeholders to aid in decision making.  
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7.4.1  Mitigation measures for buried electricity networks

There are several potential mitigation options to consider to decrease the vulnerability 

of buried electricity infrastructure to lava fl ow thermal hazard. We acknowledge that other 

volcanic hazards in the eruption sequence could also damage buried infrastructure; potential 

impacts posed by other volcanic hazards should be critically considered prior to implementing a 

mitigation option. The following mitigation options are based on discussions with stakeholders 

and published literature, including a review of previous lava fl ow inundations (Chapter 3).

Some mitigation measures can be applied prior to an eruption to prolong network functionality. 

Discussions with electricity providers in Hawaii and New Zealand have prompted suggestions 

such as:

• Burying cables deeper (Klimenta et al. 2018): Burying cables deeper is most easily done 

when a cable is initially laid, but it increases the installation cost and makes maintenance 

more diffi  cult (Salata et al. 2015).

• Wrapping cables in thicker or diff erent insulation (Terpe 2017; Eland Cables n.d.): 

Alternative insulation and bedding materials can be placed during installation. A 

downside is that making the cables more insulated will negatively aff ect the cables’ 

standard operations (de León et al. 2006; Salata et al. 2015; Bustamante et al. 2019). 

• Changing the bedding of the cables (Ocłoń et al. 2015, 2016): Similar to insulation, the 

bedding of the cables can infl uence how the cables heat and cool.

• Using diff erent types of cables: Other cables with diff erent temperature ratings could be 

used (Cinquemanni et al. 1996).

• Considering the siting of buried networks: The siting of the cables is important as cables 

in wet soil will likely heat above operable conditions faster due to convection cells (Baker 

et al. 2015; Chapter 5), suggesting it would be preferable to site cables in areas where the 

groundwater table is deep. Additionally, siting networks under footpaths and roads could 

be a potential mitigation measure as the analogue experiments in Chapter 5 suggest the 

heat dissipates across associated bedding layers. The temperature profi les under molten 

rock on a road profi le measured by Chapter 5 suggest that substantial heat from the lava 

fl ow is initially used to cause a phase transition in the asphalt of the road, rather than 

simply heat the substrate. Eventually, the temperatures followed a similar trend to those 
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without the road, but burying cables under roads may prolong how long the cables can 

function, assuming they are situated suffi  ciently deep below the asphalt layer. The road 

bedding will also impede the heating of the soil surrounding the electric cable. This has the 

added benefi t of being relatively easy to restore after the eruption, given that construction 

contractors in Hawaii have stated that roads can be easy to remediate, especially if they 

have been sealed, as the lava and sealant layer easily peel off  the road bedding (Tsang and 

Lindsay 2019).

• Build redundant systems: Network redundancies allow for damage to one section of the 

network without compromising the entire network.

In summary, initial installation conditions can have considerable infl uence on how resilient the 

network may be to lava fl ow impacts. 

Assuming mitigation measures have not already been implemented prior to an eruption, other 

mitigation measures can also be considered. Some of the following suggestions would aim to 

prolong the electricity cables’ operations while others would involve rapidly building redundant 

systems: 

• The cables’ load could be decreased (Johnson and Propst 1989) and/or the network could 

be cycled on and off , causing brownouts (i.e. rolling blackouts): Since many systems are 

run at the upper limit of their standard operating temperatures to maximise their loads, 

such actions would decrease the heat being released by the electric cable or temporarily 

remove a heat source, respectively. Although this is not ideal, it would enable the network 

to continue functioning for longer. By minimising the heating of the asset, sheathing and/

or gaskets may take longer to melt after lava traverses the ground above, increasing the 

potential the asset may survive the eruption even if it cannot function the entire eruption. 

This could be especially eff ective in lava fl ow events in which the lava fl ow is short-lived 

and/or thin, since less heat will be transferred into the ground in such cases. Once the 

substrate temperature has been elevated above maximum operating temperatures, little 

can be done to maintain service and it is questionable whether the cable can be returned 

to service. 

• Build a redundant electric transmission line (i.e. aerial electrical network): A electricity 

line maintained full functionality while the ground below it was inundated by lava in 

Hawaii in 2014 (Tsang et al. 2019). The continuity of operations has been attributed to 
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the power pole protection measures that were built, the fl ow’s pāhoehoe morphology, 

and its fi nal width. The power pole protection measure increased how long the power 

pole remained standing once the lava fl ow arrived at the location of interest. The fl ow’s 

cohesive pāhoehoe upper crust meant less heat was released into the air above the fl ow 

(i.e. the air surrounding the electric line) compared to an ‘a’ā fl ow. Finally, the fl ow’s 

width meant fewer power poles were required to suspend the line above the lava. Thus, 

if an area is at high risk of being inundated by lava and a transmission line or cable must 

be located in that area, overhead electric lines may function longer than buried electric 

cables will, assuming the fl ows are narrow and pāhoehoe in nature, and that subaerial 

networks are not impacted by other volcanic hazards.

Many of these suggested mitigative measures require forethought to ensure proper materials 

are at hand, so it is important to consider the limitations of the method presented prior to 

implementation.

In the Birkenhead scenario, lava is actively supplied to the location of interest for less than 

three days before the start of the cooling-only phase. Assuming that the transmission cable 

is buried at 1.5 m, a standard burial depth in Auckland (Transpower pers. comm.), a three 

days after the cooling-only phase commences (a week after the fl ow front reaches the cable’s 

location), the temperature at 1.5 m is already over 100°C (Appendix 1). Since this cable has 

already been installed, cycling the network may help maintain service through the fi rst week 

of the hypothetical eruption. Within the fi rst month of the lava fl ow cooling, the transmission 

cable will be surrounded by or in substrates above operable temperatures. At this point, service 

will have to be provided via an alternate route.

7.4.2  Considerations when implementing this method

This method is only as accurate as the data and models used in it. While some data can be 

easily measured or are commonly collected, not all of the required variables (e.g. variables 

listed in Tables 7.2, 7.3, and 7.4) may be known. In many cases, both the lava fl ow and the asset 

characteristic datasets are incomplete. Thus, data for generic basaltic fl ows or from analogue 

volcanoes and eruptions (e.g. emissivity in Table 7.3) may be required. This introduces a source 

of uncertainty. Depending on when the generic or analogue data is used will determine how the 
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uncertainty will propagate. Additionally, the uncertainty will propagate diff erently depending 

on which models are used. 

7.4.2.1. Our model selection

In our case study, we used ANSYS APDL to model the heat transfer, MOLASSES to model the 

areal extent, and FLOWGO to model lava temperature, following Chapters 5 and 6. We briefl y 

comment on model uncertainty here. ANSYS APDL is a commercial fi nite element analysis 

software package that has been extensively verifi ed and validated. Chapter 5 presents an 

additional validation case for our heat transfer scenario. In their implementation, they found 

a grid convergence index (GCI) of 0.015%, an approximate relative error of 0.220%, and an 

extrapolated error of 0.116%. Our implementation is slightly diff erent due to an increased mesh 

size, but our GCI, approximate relative and extrapolated errors are even smaller still. Thus, 

ANSYS APDL is not introducing noteworthy error. We selected MOLASSES and FLOWGO 

according to the process described in Chapter 6; both models have been tested in a variety of 

conditions. Dietterich et al. (2017) benchmarked MOLASSES against four other computational 

fl uid dynamics codes and found that MOLASSES was one of the top two performing codes in 

four of the eight benchmark tests. Less benchmarking has been undertaken on FLOWGO, but 

it has been verifi ed on fi ve volcanoes around the world in 12 eruptions. A sensitivity analysis 

conducted on two Mt. Cameroon eruptions is available in Wantim et al. (2013). 

9.4.2.1.1. Additional notes on ANSYS APDL

A couple of aspects of the ANSYS APDL modelling should be highlighted. First, the ANSYS 

APDL modelling undertaken assumes the sides of the lava and the substrate are perfectly 

insulated. If the fl ow is wide, then the centre of the fl ow and the surrounding soil will be well 

insulated by the surrounding lava and surrounding substrate. Thus, this simplifi cation is 

permissible. If the fl ow is narrow, then the lava and soil would both be less insulated. In such 

cases, two-dimensional modelling may be necessary. Second, ANSYS APDL does not consider 

phase changes. There are two phase changes that could alter the results presented. One would 

be the formation of a basal crust. The thermal properties of the crust would be diff erent than 

those of the liquid lava. Solidifi ed lava is generally considered an insulator, so less heat may 

be transferred into the ground. The second phase change would be the melting of the upper 

substrate, or thermal erosion. Thermal erosion is relatively rare on Earth compared to other 

planetary bodies (Fagents and Greeley 2001), and our results show that the substrate has 
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not been suffi  ciently heated for thermal erosion to occur within nine months (Fig. 7.4). We 

posit that several factors in our model could lead to the onset of thermal erosion more quickly 

than in nature. First, the heat transfer model does not model the growth of a basal crust. If a 

basal crust formed, it would impede the transfer of heat into the substrate. Thus, the model 

is overestimating how much heat is being transferred into the ground, which would result in 

an earlier onset of thermal erosion than is natural. Second, activation energy is required to 

commence thermal erosion. When the heat transfer model indicates a temperature above the 

lava’s solidus, it has not included the activation energy needed to reach that temperature in 

its calculations. Thus, the model will, again, indicate temperatures above what would likely be 

found in nature. Finally, we acknowledge that other substrates could have been used in the heat 

transfer modelling. The electric cables in Fig. 7.3 are on the eastern edge of the highway. We 

have modelled the cable in bare, dry soil. This decision means that additional phase changes, 

activation energies, and heat sources were not considered (e.g. the heat of combustion of the 

asphalt covering the road).

7.4.2..2 Lava fl ow morphotypes

An important note is that the case study illustrating this method used lava fl ow models 

written for multiple morphotypes.  Gallant et al. (2018) do not specify what type of lava 

fl ow MOLASSES models although it has been applied to the Eastern Snake River Plain 

volcanic province (USA; Gallant et al. 2018) and to Mt. Etna (Italy; Dietterich et al. 2017). 

In the benchmark tests undertaken by Dietterich et al. (2017), analogue pāhoehoe fl ows were 

modelled with good agreement. MOLASSES can therefore potentially be applied to ‘ā’a and 

pāhoehoe fl ows. FLOWGO, conversely, can only be applied to channelised ‘ā’a fl ows (e.g. Harris 

et al. 2016b; Chevrel et al. 2018). The ANSYS APDL modelling presented in Chapter 6 has 

only been validated on analogue pāhoehoe experiments and under a pāhoehoe fl ow. Although 

FLOWGO and ANSYS APDL have each been validated on diff erent fl ow types, measurements 

from under lava fl ows indicate that the lava fl ow morphotype does not profoundly infl uence the 

decrease in lava fl ow temperature close to the vent. Hon et al. (1993, 1994) measured the core 

temperature of pāhoehoe Kīlauea fl ows and determined that the fl ow’s core temperature tends 

to drop 1°C per 10 km (Hon et al. 1994). At a distance of 250 m from the vent, this translates to 

a 0.025°C decrease in the lava fl ow’s core temperature. FLOWGO (which is used to model lava 

fl ow channels) calculates a temperature drop of 1°C 250 m from the vent. This demonstrates 



200

that, regardless of which method is used to determine the temperature drop, the lava fl ow’s core 

temperature is 1199°C 250 m from the vent. Therefore, given the core temperature estimates 

are within one degree of each other regardless of the lava fl ow type, FLOWGO results can be 

used with the heat transfer model. 

Although there are numerous caveats to the work presented, this is the fi rst implementation 

of a workfl ow to consider the lava fl ow hazard to buried infrastructure using validated models. 

As described above, the caveats do not seem to introduce enough uncertainty that the results 

change suffi  ciently to greatly aff ect the fi nal zones produced by Step 5.

7.4.3  Future work

While this method enables the lava fl ow thermal hazard to buried infrastructure to be considered, 

more work can be done to improve this method and make it more broadly applicable. For 

example, this method relies on a heat transfer model with several assumptions that could 

be refi ned (Chapter 5) and on lava fl ow footprint models that simulate diff erent types of lava 

fl ows. Assumptions in the heat transfer modelling could be refi ned with additional fi eld work to 

understand ‘a’ā lava fl ows, with more laboratory lava fl ows, and/or with further heat transfer 

modelling. The lava fl ow footprint modelling could be improved if models to simulate pāhoehoe 

lava fl ows were created. All of these models could be further developed to improve hazard 

assessments. In the future, this method could be adapted to simulate lava fl ows and their heat 

transfer more accurately by considering ‘a’ā basal crusts, the advancement of pāhoehoe flows, 

and horizontal heat transfer in the substrate. Documenting error bounds when measuring 

thermal properties of substrates would enable error analyses of the method to be conducted. 

Additionally, the method introduced here could be automated and packaged in a graphical user 

interface. Doing so would allow stakeholders to undertake their own hazard analysis, which can 

be used in business continuity and emergency management planning. As lava fl ow models are 

developed and modifi ed to output additional hazard intensity metrics, such as pressure exerted 

by the lava fl ow on the substrate, the method could also be edited to provide a more holistic 

hazard assessment for assets in the built environment. Buried infrastructure impacts caused by 

other volcanic hazards could also be considered with additional research.
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7.5  Conclusion

In summary, we have presented a method to assess the thermal hazard posed by lava fl ows 

to buried infrastructure. This method draws on knowledge about the local infrastructure 

substrates and networks, areal and thermo-rheological lava fl ow models, and heat transfer 

modelling. We displayed how the method can be applied in a case study in Auckland, New 

Zealand using the Birkenhead DEVORA scenario. The lava fl ow areal footprint created by 

MOLASSES revealed that the national transmission cable in the area could be aff ected in this 

scenario, and subsequent heat transfer modelling determined that if the cable is buried 1.5-m 

deep, the cable would only continue operating between a week and a month after the eruption 

onset. Mitigation measures could be employed to prolong possible operations although have 

not yet been tested. This method can be employed not only by stakeholders to inform decision-

making but can also be used to simulate potential mitigation measures.
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Chapter 8:

Synthesis
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8.1   Dissertation summary

Traditionally, lava fl ows were considered to cause complete damage to assets with which they 

came into contact. Although such a vulnerability model is easy to apply in impact assessments, 

it oversimplifi es a range of potential damage and minimises the possibility of mitigating 

impacts. This damage hypothesis also does not consider assets that would be unlikely to come 

into contact with a lava fl ow but could still suff er at least partial damage. A gap analysis of lava 

fl ow inundation events since 1950 and project-scoping discussions with emergency managers 

and utility company stakeholders in Hawaii and Auckland highlighted how additional research 

about lava fl ow modelling and impacts would help during the planning, response, and recovery 

phases of lava fl ow crises. The importance of buried infrastructure during eruption responses 

and the lack of knowledge about how such systems are aff ected in eff usive eruptions were 

especially common themes in stakeholder discussions. Thus, the primary aim of this project has 

been to model the hazard footprint and consequences of lava fl ows in an urban environment, 

with a special emphasis on buried infrastructure. Five objectives were pursued to support this 

aim. 

8.1.1  Objective 1: To gather data from global lava fl ow inundation case studies 
on preparing for, responding to, and recovering from lava fl ows

First, case studies from around the world were collated to provide data about lava fl ow crises 

(i.e. events in which a lava fl ow has threatened and/or inundated an urban area or its support 

infrastructure network(s)). Thirty-eight case studies were analysed for eleven diff erent types of 

data ranging from narratives about preparation through physical impact data to applications 

of learnings after an eruption. I found that fi ve data types (i.e. lava fl ow attribute data, lava 

fl ow hazard modelling, physical impact data, community reactions, and applications of lessons 

learned) have been recorded in less than a quarter of the crises (Chapter 3). I supplemented 

the literature by conducting targeted, semi-structured interviews and focus groups in Hawaii 

(USA) and Sicily (Italy) about recent eruptions (Tsang et al. 2019; Tsang and Lindsay 2019; 

Chapter 4). In the past decade, Hawaii has had two basaltic lava fl ows threaten and encroach 
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upon towns and infrastructure. Sicily also has an extensive history of lava fl ows threatening 

and inundating the built environment, and a history of undertaking physical mitigation 

experiments. I also held discussions with stakeholders- such as the Hawai’i County Department 

of Water Supply, Hawaii Electric Light Company, and Transpower and Auckland Council in 

New Zealand to determine which elements of the built environment they were most concerned 

about in future eruptions. 

My literature review, qualitative research results, and stakeholder discussions revealed that 

data from lava fl ow crises have not been systematically collected. Accounts examined in the 

literature review varied in terms of detail and data provided, with some accounts documented 

solely in newspaper articles and fi eld notes. Most accounts were qualitative. The lack of detailed 

data means it is currently impossible to create a vulnerability model for lava fl ow impacts to the 

built environment. My discussions in Hawaii and Sicily helped address some of the gaps but also 

revealed that data is often lost quickly after eruptions, making gathering of quantitative data 

diffi  cult more than a few months after an eruption. Thus, similar to Wilson (2015), I recommend 

the standardisation of both data collection and storage to enable future lava fl ow process and 

impact studies. Although quantitative data was limited or not available, many gaps for future 

study and themes were identifi ed. I used stakeholder discussions to guide the remainder of this 

dissertation, which focuses on the question:  

- How quickly and to what extent do lava fl ows damage buried infrastructure?

My discussions with stakeholders in Hawaii and Auckland (New Zealand) emphasised 

that emergency managers and industry partners are deeply concerned about how buried 

infrastructure, which would not fi nd the binary damage paradigm, would fare during an eruption 

(Chapter 5). They stressed that functioning infrastructure can facilitate evacuations, response 

actions, and recovery (Chapters 5, 6, and 7). A binary damage paradigm would suggest that buried 

infrastructure will never be harmed during an eruption, but eruptions from around the world 

suggest otherwise (Chapter 3). Stakeholders seemed most concerned about the temperatures 

to which their systems would be exposed. The remainder of this dissertation addresses the 

quandary of lava fl ow impacts to buried infrastructure, beginning with determining the heat 

transfer into the ground beneath lava fl ows.
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8.1.2  Objective 2: To develop a substrate-lava computational heat transfer 
model based on laboratory and fi eld data

One type of analogue laboratory modelling involves melting rocks in a laboratory and using 

the resultant melts to create small-scale lava fl ows. I conducted a series of small-scale molten 

rock experiments at the Syracuse University Lava Project to create temperature profi les under 

cylinders of molten rock (Chapter 5), to examine how the heat is transferred from the molten 

rock into the ground. The resulting temperature profi les were then used to inform fi nite 

element heat transfer modelling using ANSYS APDL. The resulting model was validated using 

magnetic properties of soil collected from under the June 27th Lava Flow (2014-2015; Hawai’i). 

The magnetic properties of the soil samples provided constraints on the peak temperature the 

samples were exposed to as a lava fl ow inundated the area (Chapter 5).

8.1.3  Objective 3: To develop a process to aid lava fl ow model selection for a 
given project

Many numerical simulations for lava fl ows can predict lava fl ow paths and behaviour, including 

MAGFLOW (Cappello et al. 2016), SCIARA (Rongo et al. 2016), FLOWGO (Chevrel et al. 2018), 

LAZSLO (Bonne et al. 2008), and Q-LavHA (Mossoux et al. 2016). Lava fl ow model selection 

should be based on which model is best suited to the purpose at hand. In Chapters 2 and 6, I 

review the sixteen current lava fl ow models and present a workfl ow to guide a modeller to the 

model that best suits their need(s). The workfl ow is based on output parameters the modeller 

needs for their project, what input data is accessible for the volcano of interest, and stakeholder 

parameters. Many of the lava fl ow models require a representation of the local topography 

on which to model the lava fl ow. Traditionally, a DEM is used, but I demonstrate that DSMs 

are some times more appropriate. I introduce a modifi ed Jaccard coeffi  cient to enable the 

quantitative comparison between using a DEM versus a DSM when modelling lava fl ows to 

determine which is more applicable for a given topographic setting.

8.1.4  Objective 4: To develop a method to determine the thermal hazard posed 
by lava fl ows to buried infrastructure

I have created a methodology (Chapter 7) to assess lava fl ow’s thermal hazard to buried 

infrastructure using lava fl ow areal hazard models (Objective 3), thermo-rheological models 
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(Objective 3), and thermal fi nite element analysis (Objective 2). The heat transfer model 

results are combined with data from stakeholder discussions to create a thermal hazard profi le 

and associated operability profi le (incorporating high hazard, moderate hazard, and outside 

thermal hazard zones) in a given location for specifi c infrastructure. Since this methodology 

demonstrates that lava fl ows can negatively aff ect buried infrastructure operations, potential 

mitigation strategies are discussed based on previous basaltic lava fl ow inundations  (Objective 

1). Our discussions with stakeholders in Hawaii and Auckland also informed the suggested 

mitigation measures presented in Chapter 7.

8.1.5  Objective 5: To trial the method described in Objective 4 to Auckland

The method resulting from Objective 4 was applied to Auckland (Chapter 7). The DEVORA 

research programme has developed eight deterministic eruption scenarios spread across 

the AVF to help local government and businesses assess impacts, and to inform contingency 

planning (Hayes et al. 2018). Four of the DEVORA scenarios include lava fl ows. The selection 

process from Objective 3 is illustrated for the three subaerial DEVORA scenarios, which are then 

numerically modelled (Chapter 6). Eruptive conditions that are not specifi ed in the scenarios 

were gathered from literature, and the results yield possible hazard footprints of lava fl ows in 

Auckland. The generated hazard footprints serve as the basis for a subsequent assessment of 

lava fl ow impacts to buried infrastructure. The heat transfer model from Chapter 5 was applied 

to the hazard footprint of one of the scenarios that could aff ect major buried infrastructure. I 

found that the thermal hazard posed to buried infrastructure in the Birkenhead scenario will be 

too great for the Transpower transmission network to function for more than a month after the 

eruption onset. Finally, I proposed potential mitigation measures to prolong the transmission 

network’s operations.

8.2   Public demand for information

Although this dissertation did not set out to investigate any aspect of science communication, 

it was a theme that arose on multiple occasions (Tsang et al. 2019; Tsang and Lindsay 2019; 

Chapters 3 and 4). I do not assess how eff ectively the scientifi c community is communicating 

with the public, but I acknowledge that the public desires information. Therefore, visual 

abstracts have been developed for in the results chapters of this dissertation (i.e. Chapters 3, 



209

Figure 8.1: Factsheet summarising this dissertation.

4, 5, 6, and 7). Additionally, I developed a factsheet summarising the whole dissertation (Fig. 

8.1). All of the visual abstracts have been or will be shared on social media as the corresponding 

paper is published.

I applied this work to a scenario in Auckland, New Zealand. In an eruption 
with a lava flow of average thickness, electric transmission cables buried in
the ground below the lava flow will likely survive the beginning of an 
eruption but will be surrounded by conditions too hot to continue 
operating less than one month after the lava flow begins. 

Hot infrastructure!
For more information, 

see shorturl.at/cezJY.
This work was funded by 

the New Zealand Earthquake 
Commission and the DEVORA 

research programme.  Icons fromHow lava flows could impact buried infrastructure

Lava flows can cover things, 
making them harder to 

access.

After an eruption in Iceland, the heat from a 
lava flow was used to power new infrastructure.

How would buried 
infrastructure fare 
with a lava flow on top?

Lava flows can cause 
secondary hazards

such as fires.

Lava flow path simulations: I created a lava flow model selection 
process and applied it to an Auckland Volcanic Field case study, which 
demonstrated that buildings can substantially influence 
where the lava advances! 

Heat transfer experiments: I made lava flows in the laboratory and
measured the soil temperatures below them, which allowed me to 
calculate the heat transfer into the ground. This indicated that buried 
infrastructure may not be safe from lava flows.

Global case studies: Communities around the world that have been 
threatened (or harmed) by lava flows can teach the rest of us. For example,
an electric company in Hawaii has successfully protected power poles 
that were surrounded by lava during an eruption! 

Lava flows affect society in many ways...

Lava flows can
block roads.
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8.3   Key fi ndings

The key fi ndings of this dissertation can be grouped into four broad categories: lessons from 

lava fl ow inundations, thermal hazard of lava fl ows, lava fl ow areal footprint modelling, and 

lava fl ows in the Auckland Volcanic Field. Each is expanded on below.

8.3.1  Lessons from lava fl ow inundations

I reviewed literature from 38 eff usive eruptions at 11 volcanoes since 1950 and carried out three 

qualitative fi eld trips to two of these volcanoes to deduce lessons learned that could be applied 

during future eruptions. Six key lessons about lava fl ows and associated crises were gathered. 

1. Increased understanding of the hazard increases a community’s resilience. 

Social scientists studying communities located on the fl anks and around the base of Piton 

de la Fournaise (La Réunion, France) and Kīlauea (Hawai’i, USA) found a correlation 

between the communities’ understanding of the hazard and their resilience to the hazard. 

This was further emphasised by participants in qualitative fi eld campaigns undertaken 

for this dissertation. Community members in Hawai’i not only commented that those 

who had more experience with eruptions tended to be better prepared but also noted that 

native Hawaiian families also tend to be signifi cantly more prepared and evacuate more 

effi  ciently than community members who have arrived more recently. 

2. Hazard modelling enables long-term mitigation options, such as land use 

planning, to be considered by the community. Lava fl ow hazard modelling has been 

used in a variety of planning exercises, including land use planning. Scientists studying 

Nyiragongo have furthered how lava fl ow modelling results can be used to generate 

discussions about implementing lava fl ow diversion barriers as urban areas grow, such as 

whether it is acceptable to plan on inundating specifi c areas. Additionally, HVO scientists 

found that community members who were exposed to and understood lava fl ow hazard 

modelling results demonstrated a deeper understanding of the potential for damage than 

those who had not seen such outputs. 

3. Secondary hazards can be problematic enough to necessitate evacuations. An 

eruption at Mt. Cameroon (Cameroon) which led to extensive laze drew attention to 

how lava fl ow secondary hazards can become big enough to require evacuations. The 
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qualitative research undertaken for this dissertation about the June 27th Lava Flow at 

Kīlauea also emphasised this point as many residents reported moving because of the 

poor air quality or isolation, rather than because of direct impacts caused by the lava fl ow 

itself. 

4. Aquatic evacuations can create more secure exclusion zones than land-based 

localised evacuations. This is well demonstrated by eruptions at Vestmannaeyjar Volcanic 

Field (Iceland) and Izu-Oshima (Japan), which necessitated aquatic evacuations. These 

evacuations were effi  cient, near total, and resulted in easy to maintain exclusion zones. 

Comparatively, impacted community members during the 2018 Lower East Rift Zone 

eruption on Kīlauea (Hawai’i) commented that daylight entry policies increased stress, as 

looting and squatting were more possible. The re-entry policies during the 2018 Kīlauea 

eruption also increased the need for temporary infrastructure, such as temporary cell 

phone repeaters, to support communication between fi rst responders. 

5. Physical mitigation measures can be successfully deployed. The case studies in 

this dissertation indicated that three types of mitigation structures (i.e. diversion barriers, 

redirection channels, and cooling the lava) have all been tested with varying levels of 

eff ectiveness. Although mitigation structures can be successful, the qualitative research 

data from Italy underscored how liability needs to be carefully considered. 

6. Lava fl ow damage is not always complete. Case study eruptions in Iceland, the 

Democratic Republic of Congo, Cape Verde, and the United States of America all indicate 

the lava fl ow damage is not always complete, allowing for some assets to be reused after 

the eruption. 

Lava fl ow crises around the world have informed all of the work undertaken in this dissertation. 

One common diffi  culty is that the data describing lava fl ow crises are not rigorously documented 

and systematically stored. This is especially true of quantitative data. While conducting 

qualitative fi eld campaigns in Hawaii, I found that some of the data collection was conducted 

by stakeholders who do not always maintain strong relationships with the research community. 

To take steps towards addressing this, I support the call of Wilson (2015) to establish a database 

of volcanic impacts data. Additionally, the fi eld campaigns revealed that many organisations do 

not formally debrief and document their actions after an eff usive crisis ended. Thus, additional 

refl ective practice is also encouraged to ensure all lessons learned and best practices from each 



212

eruption are captured.

8.3.2  Thermal hazards posed by lava fl ows

This dissertation examined the thermal hazard posed by lava fl ows to buried infrastructure. 

Laboratory molten rock fl ows and magnetic properties from soil below the June 27th Lava Flow 

provided insight into the thermal hazard posed by lava fl ow. As previously suggested by Ishihara 

et al. (1989) and Patrick et al. (2004), these experiments confi rmed that the ground can be a 

signifi cant heat sink for lava fl ows. By comparing laboratory molten rock fl ows of diff ering 

thicknesses, this dissertation demonstrated that the thickness of the fl ow can substantially 

aff ect the temperature profi le below the fl ow. The laboratory fl ows on diff erent substrates 

also indicated that the material properties of the substrate infl uence how well the heat from 

the lava fl ow transfers into the substrate. Denser, cohesive materials (e.g. a concrete slab like 

those often laid for footpaths) provided a more insulative layer than incohesive materials (e.g. 

soil), slowing the rate of substrate heating. When comparing the temperature profi les under 

the laboratory molten rock fl ows to the palaeotemperature profi les under a lava fl ow, it also 

becomes apparent that the duration that the fl ow is active also exerts a strong control on how 

much heat is transferred into the ground. These experiments further support the case study 

eruptions that lava fl ows can cause a spectrum of impacts that change during the course of an 

eruption. 

Furthermore, this dissertation created a workfl ow to assess the subterranean thermal hazard 

posed by lava fl ows that uses lava fl ow simulation and heat transfer modelling and that can 

be used to predict loss of function and damage to buried infrastructure. Not only is this the 

fi rst constrained investigation of lava fl ow thermal hazard to buried infrastructure, but it also 

enables impact assessments of the local buried infrastructure. 

8.3.3  Lava fl ow areal footprint modelling

This dissertation created an adaptable selection framework to help researchers select the most 

appropriate lava fl ow model for a given purpose and volcano and then demonstrated how the 

framework can be implemented on a case study in the Auckland Volcanic Field. The lava fl ow 

in the case study was simulated twice, once on a digital elevation model (DEM) and once on a 
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digital surface model (DSM). This is the fi rst known use of a DSM in a quantitative lava fl ow 

modelling exercise and demonstrates that lava fl ow models can simulate fl ows on a DSM, and 

that the additional structures depicted in the DSM can infl uence where the lava fl ow advances. 

To quantify the diff erence between using a DEM and a DSM, a modifi ed version of the Jaccard 

coeffi  cient was introduced. When the Jaccard coeffi  cient is high, there is substantial overlap 

between the DEM and DSM results, suggesting that the DSM results do not augment the DEM 

results. Conversely, a low Jaccard coeffi  cient indicates little overlap, i.e. an instance when 

structures could considerably infl uence where the lava will advance. 

Modelling using a DSM revealed that the presence of structures, such as buildings, aff ected 

the thickness and run-out lengths of lava fl ows. The modelling indicated that fl ows in highly 

modifi ed areas tend to be shorter and thicker than fl ows modelled on bare ground. This 

funnelling, thickening eff ect indicates that lava fl ows in built up areas are more likely to overtop 

structures and that high temperatures may extend deeper into the substrate. 

8.3.4  Lava fl ows in the Auckland Volcanic Field

While many of the outputs of this dissertation focused on lava fl ow hazard in general, the 

Auckland Volcanic Field was used as a case study throughout. In the process of illustrating how 

lava fl ows could impact buried infrastructure, lava fl ow footprints of the DEVORA Scenarios 

were revised, modelling of thermal impact to buried infrastructure for the Birkenhead scenario 

was undertaken, and mitigation measures were proposed. The lava fl ow footprints in the 

DEVORA Scenarios were originally hand-drawn based on expert opinion (Hayes et al. 2018). In 

this dissertation, the MOLASSES lava fl ow model was used to simulate the lava fl ow footprints 

in an updated version of the Birkenhead, Mt. Eden, and Ōtāhuhu scenarios. These footprints 

(and corresponding thicknesses) are freely available on the University of Auckland’s Figshare 

database. Heat transfer modelling was conducted to determine the hazard to buried electricity 

cables in the Birkenhead scenario. This allows for consideration of potential mitigation actions. 

A series of mitigation and resilience actions that could be implemented during an eruption or 

when new buried infrastructure is built were proposed. These include considering siting of buried 

infrastructure beneath roads and sidewalks, changing the backfi ll materials when installing 

cables, and decreasing the electrical loads carried by specifi c cables or cycling electricity loads 
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during eruptions. Finally, the Birkenhead case study presented in this dissertation indicates 

that in short duration eruptions that produce thin lava fl ows, buried infrastructure can continue 

to function during the beginning of an eruption and may not be damaged.

8.4   Considerations for stakeholders

This section presents a few questions stakeholders could consider should a lava fl ow be 

threatening their community. The following list of considerations is not exhaustive as each 

situation is unique but should help guide discussions and next steps for the ongoing eruption 

and threatened community.

1) Is there redundancy in the network? If there are redundancies for every part of 

the threatened network, then the inundation of threatened section of the network may 

not be noticeable to the network’s functionality. Turning off  sections of the network may 

still be necessary but could minimise the number of aff ected end-users.

2) Are there cultural sensitivites that will guide any actions taken? Some 

communities, such as the towns on the slopes of Etna, welcome lava fl ow interventions to 

protect villages, infrastructure, and tourist attractions. Other communities, such as native 

Hawaiian communities on Hawai’i Island, feel that lava fl ow mitigation measures are 

disrespectful. Thus, in the latter case, offi  cal lava fl ow mitigation measures are generally 

not considered. It is important to determine if there are cultural sensitivities that will 

limit the possibility of and types of lava fl ow interventions that may be undertaken.

3) How much liability is the group that is constructing any potential physical 

mitigation measures assuming? Lava fl ows cannot be stopped. Rather, mitigation 

measures may increase the amount of time before the fl ow front arrives in a particular 

location, or may divert the lava fl ow into a diff erent area. In most cases, lava fl ow mitigation 

measures would not avert damage. Generally, lava fl ows are considered “an act of God.” 

Once a physical mitigation measure is implemented, humans are now considered to be 

in control. Thus, groups approving or implementing mitigation measures may assume 

liability for future lava fl ow damage. Some entities may not be willing to assume such 

liabilities.

4) Realistically, how much time is there before the fl ow front arrives at the location 

of concern? Most lava fl ow interventions require signifi cant time to plan and implement. 

In many cases, the lava fl ow may arrive before any action could be taken.
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5)  Who is the threatened infrastructure servicing? Does the threatened network 

only service communities that have been evacuated? Are there communities relying 

on the network down-line of the location of concern? If the infrastructure network is 

only servicing local communities that have already evacuated, does it need to continue 

to function? Can the infrastructure continue to function long enough to facilitate 

evacuations? Simply turning off  the network and abandoning it may be the cheapest and 

fastest action. In some cases, this may require valves or switches to be installed.

6) What type of morphology is the lava fl ow showing? Pāhoehoe lava fl ows tend 

to have smooth basal crusts that are fl ush with the substrate below. ‘A’ā lava fl ows more 

frequently have rubbly basal crusts. The pore space in the rubbly layer tends to be fi lled 

with air. Interconnected pore space allows for horizontal heat transfer, allowing some 

heat to dissipate away from the lava fl ow. Additionally, rubbly basal crusts have fewer 

points of contact with the substrate below. Thus, buried infrastructure under an ‘a’ā lava 

fl ow may be exposed to lower temperatures than under a pāhoehoe fl ow if the duration of 

both fl ows is the same.

7) What is the depth of the infrastructure at the location of concern? Infrastructure 

depths can vary from slightly above ground to tens of metres below ground. The shallower 

the infrastructure network is the more vulnerable it is. 

8) What type of infrastructure are you concerned about? Maximum standard 

operating temperatures and maximum possible operating temperatures can vary by 

hundreds of degrees Celsius. The network should be assessed to determine the most 

thermally vulnerable components and determine their maximum possible operating 

temperatures.

9) What type of substrate (including bedding of roads and footpaths and their 

ground coverings) overlie the network of concern? The thermal properties of substrates 

can vary by several orders of magnitude. The amount of pore space between grains will 

also vary between substrates. Both of these factors will infl uence the amount of heat 

transferred by a specifi c substrate layer. The amount of heat transferred down will also 

depend on the number of substrate layers as the contact between each substrate layer 

will have its own conductance, which will limit how much heat is transferred to greater 

depths. This work also found that the bitumen ground covering layer introduces a new 

heat source: as the bitumen burned, the temperature 20 cm below the molten rock-
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bitumen contact spiked.

10) What is the depth of the water table? The presence of water will change a layer’s 

bulk thermal properties and density. This will, in turn, eff ect the heat transfer. 

8.5  Future work

The work presented in this dissertation represents a step towards being able to quantitatively 

predict damage from lava fl ows, moving impact assessments beyond the binary damage 

paradigm. Here, I suggest some avenues to expand this work in the future. 

1) Create a systematic database of lava fl ow impacts. Assessing earthquake, 

fl ooding, and geotechnical damage to buildings post-event has been standardised in New 

Zealand (MBIE 2017). Developing similar protocols to document lava fl ow damage around 

the world would not only ensure more data is collected and preserved post eruption 

(addressing a gap identifi ed in Chapter 3) but would also enable the development of 

vulnerability models allowing quantitative impact assessments (e.g. Jenkins et al. 2014; 

Wilson et al. 2014). 

2) Collect substrate samples after eruptions. In the process of validating the heat 

transfer model described in this dissertation, it became apparent that the magnetic 

properties of the substrate under a lava fl ow record a thermal profi le that can be quantifi ed 

after the lava fl ow cools. Because the ground acts as a substantial heat sink for lava fl ows, 

the substrate below the lava fl ow can be heated enough to alter the substrate’s thermal 

remnant magnetisation. Thus, a temperature record of the thermal profi le below the lava 

fl ow is stored in the substrate and can be determined after the fl ow cools. This means that 

data about the lava fl ow that can aid in hazard studies can be collected after a crisis ends. 

Soil samples from under lava fl ows could inform lava fl ow attribute and heat transfer 

studies.

3) Consider damage to other built environment systems. This dissertation 

focuses on how buried infrastructure will fare during an eff usive eruption, but Hawaiian 

eruptions have shown that functioning infrastructure only matters if the subaerial built 

environment survives or is re-established after an eruption. Damage spectra for other 

built environment systems (such as buildings) need to be developed.

4) Automate the methodology to determine the thermal hazard to buried 

infrastructure. The methodology presented in Chapter 7 is a manual process, which 
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increases the required time to apply the method compared to an automated version 

of the process, in addition to potentially introducing error(s). In order to expedite the 

process and make it more user friendly, the method could be automated, ideally, in such 

a way that the resulting software package could be run by stakeholders on their own 

infrastructure. This could represent the fi rst step towards producing hazard models that 

focus on impacts rather than processes.

5) Improve the heat transfer modelling

a. Refi ne the heat transfer model to consider locations near lava fl ow edges (i.e. 

locations where the fully insulated assumption does not hold). The heat transfer 

model presented in Chapter 5 assumes that the lava above the location of interest is 

well insulated by the surrounding lava. In the centre of a lava fl ow, this assumption 

can be considered true. If a lava fl ow advances along a path that is sub-parallel to 

buried infrastructure, this assumption is unlikely to remain true. Work should be 

conducted to determine how wide a lava fl ow must be for this assumption to remain 

valid. To do so, two-dimensional heat transfer modelling with convection applied to 

one side of the lava fl ow could be undertaken.

b. Modify the heat transfer model to account for infl ation of pāhoehoe lava fl ows. 

In the heat transfer model described in Chapter 5, a single thickness is used to 

represent the pāhoehoe lava fl ow. However, Hon et al. (1993) describe how pāhoehoe 

lava fl ows initially advance as thin lobes that infl ate to their fi nal thickness during 

the course of an eruption. More refi ned thermal profi les could be created if the 

presented heat transfer model were modifi ed.

c. Incorporate phase changes in the heat transfer model. As lava fl ows advance, 

several phase changes (including crustal formation changes at all of the outer edges 

of the fl ow) occur, and correspond to changes in the materials’ thermal properties. 

Such phase changes are not incorporated into the heat transfer model in Chapter 5 

yet infl uence the thermal hazard posed by lava fl ows. To incorporate phase changes, 

agent-based or computational fl uid dynamics modelling is required. Changing the 

type of modelling used would likely improve the accuracy of the heat transfer results 

and enable this work to be linked with previously published thermal erosion models 

(e.g. Bussey 1995, 1997; Fagents and Greeley 2001).

d. Create a heat transfer model for below ‘a’ā lava fl ows. As of May 2020, only 
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pāhoehoe lava fl ows can be simulated in molten rock laboratories. Thus, the heat 

transfer model used to evaluate the thermal hazard to buried infrastructure is based 

on pāhoehoe molten rock experiments (Chapter 5). Because the basal crust of ‘a’ā 

lava fl ows is signifi cantly more porous than the basal crust of pāhoehoe lava fl ows, 

the heat transfer model presented cannot be applied to both lava fl ow endmember 

morphotypes. Given that ‘a’ā lava fl ows commonly occur at basaltic volcanoes 

located near inhabited areas (e.g. Mt. Etna, Italy; MaunaLoa, USA; Miyakejima, 

Japan), a corresponding, validated heat transfer model should be created. In order 

to achieve this, either a laboratory method to simulate ‘a’ā lava fl ows needs to be 

developed or a signifi cant number of fi eld sites where the base of an ‘a’ā lava fl ow is 

exposed need to be found and the substrate sampled to constrain an equivalent ‘a’ā 

heat transfer model.

6) Develop pāhoehoe lava fl ow model(s) Lava fl ow hazard models currently only 

simulate ‘a’ā lava fl ows (Brantley et al. 2019; Chapter 6). There are, however, numerous 

cities around the world that have been or could be threatened by pāhoehoe lava fl ows (e.g. 

Pāhoa, USA; Auckland, New Zealand; Al-Madinah, Saudi Arabia). A pāhoehoe lava fl ow 

model could help these regions prepare for future eruptions.

7) Explore the community’s acceptance of lava fl ow physical mitigation measures. 

One of the most common ways to protect a location from lava fl ow damage is to direct 

the lava fl ow in a diff erent direction (e.g. Barberi et al. 1993; Chirico et al. 2009; Kilburn 

2015). Unless the fl ow can be redirected into empty land, liabilities arise (Tsang et al. 2019; 

Chapters 3 and 4). Additionally, redirecting a fl ow can be culturally sensitive. Discussions 

about what forms of mitigation people fi nd acceptable can become emotionally charged 

(Tsang et al. 2019; Chapter 4). Regions that could face eff usive crises in the future may 

want to have discussions in advance about what the local community deems acceptable. 

Such meetings could also include discussions about recovery priorities.

8) Relate hazard intensity to recovery actions. Mitigation measures address how 

systems can be ready for and operate during an eruption. Sometimes, systems will sustain 

damage from an eruption. The methodology presented in Chapter 7 predicts when buried 

infrastructure might become inoperable if overrun by a lava fl ow and suggests potential 

mitigation measures but does not consider potential post-eruptive actions. This is the 

logical next step after the hazard is well known and constrained and reliably predicted and 
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mitigated. For example, being able to predict how systems will be damaged can enable 

spare, vulnerable parts to be stocked prior to an eruption, allowing recovery actions to 

commence immediately after the eruption.

9) Consider other volcanic processes’ impacts to buried infrastructure. Lava fl ows 

are not the only volcanic process that poses an extreme thermal hazard. For example, 

paleomagnetic analyses have revealed that pyroclastic density currents (PDCs) can 

exhibit temperatures of at least 500°C 2 km from their origin (e.g. Lerner et al. 2019). 

Although PDCs generally exist on shorter time scales than lava fl ows and are less dense, 

their temperatures are still signifi cantly high that their subterranean thermal profi le 

should be modelled to ensure they do not pose a threat to buried infrastructure. Even if 

PDCs do not pose a primary thermal hazard to buried infrastructure, it might be possible 

that they could ignite the bitumen layer of roads, causing a secondary thermal hazard.
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Appendix 1:

Data
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A1.1  Data

 

Appendix 1 is the electronic supplement included with this disseratation. The fi le structure of 

the electronic supplement has been written here to improve the ease of use of the supplement. 

After unzipping the appendix, the following fi les will be found in the named folder. Sub-folders 

are indicated in bold-italics; document names are in bold and arranged alphabetically. Data 

types are indicated in parantheses. A brief summary of each fi le follows the document title. (See 

electronic supplement for fi les.) If the data has been assigned a DOI, the DOI is provided.

Chapter 3- Lava fl ow crises in inhabited areas: Case studies

All of this data has been included as electronic supplements to the Chapter 3 manuscript.

Data access overview (docx): This document directs the reader to the Appendices 

1 and 2 folders to fi nd data management plans for the Hawaiian eruptions. Data itself 

cannot be uploaded due to the requirements of ethics protocol 018183.

Data management plan Etna eruptions (docx): This document provides a data 

management plan for the Italian eruption case studies. The data from Italy is protected 

under University of Auckland’s ethics protocol 020699.

Detailed data (docx): This document provides detailed data that could aid future lava 

fl ow hazard studies but did not fi t into the chapter body.

Tsang et al. (2019) (pdf): This GNS Science Report (2019-61) includes all of the data 

from the fi rst trip to Hawaii, summarised to protect the cofi dentiality of the participants. 

The data is protected under University of Auckland’s ethics protocol 018183. doi: 

10.21420/XPT9-XG94

Tsang and Lindsay (2019) (pdf): This GNS Science Report (2019-75) includes all 

of the data from the second trip to Hawaii, summarised to protect the cofi dentiality of 

the participants. The data is protected under University of Auckland’s ethics protocol 

018183. doi: 10.21420/MW46-NH92

Reference overview (xlsx): This document includes an expanded version of Table 

3.13 to provide the reader with references relevant to each cell.

Chapter 4- Lava fl ow crises in inhabited areas: Case studies

Data access overview (docx): This document directs the reader to the Chapter 3 
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folder to fi nd data management plans for the Hawaiian eruptions. Data itself cannot be 

uploaded due to the requirements of ethics protocol 018183.

Data management plan Etna eruptions (docx): This document provides a data 

management plan for the Italian eruption case studies. The data from Italy is protected 

under University of Auckland’s ethics protocol 020699.

Chapter 5- Heat transfer modelling

All of this data has been included as electronic supplements to the Chapter 5 paper, doi: 

10.1007/s00445-019-1320-y.

Hypothetical heat transfer modelling: This folder contains the ANSYS APDL 

model used to simulate the hypothetical Auckland Volcanic Field case study presented 

in  Chapter 5. All of the listed fi les are necessary to open the ANSYS APDL model and 

read the results; ANSYS v18.2 was used in this thesis. Most of the following fi le types are 

proprietary ANSYS data types; some of the fi les (indicated with an astrix below) can also 

be opened in a basic text reader for limited information.

  model (db) 

  model (dbb)

  model (DSP)

  model (esav)

  model (ldhi)

  model (mntr)

  model (rdb)

  model (vf)

  model0 (err)*

  model0 (esav)

  model0 (full)

  model0 (log)*

  model0 (r001)

  model0 (rth)

  model0 (stat)

  model1 (err)*

  model1 (esav)
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  model1 (full)

  model1 (out)

  model1 (r001)

  model1 (rth)

  model-003 (rth)

Palaeomagnetic data:

MS1 (rs3): This is an output fi le created using the Remasoft software package. 

It contains the alternating fi eld demagnetisation data from the control sample. 

Remasoft is necessary to open this fi le.

MS3B (rs3): This is an output fi le created using the Remasoft software package. 

It contains the alternating fi eld demagnetisation data from the sample from 5 cm 

under the lava. Remasoft is necessary to open this fi le.

MS3C (rs3): This is an output fi le created using the Remasoft software package. 

It contains the alternating fi eld demagnetisation data from the sample from 10 

cm under the lava. Remasoft is necessary to open this fi le.

MS3D (rs3): This is an output fi le created using the Remasoft software package. 

It contains the alternating fi eld demagnetisation data from the sample from 15 

cm under the lava. Remasoft is necessary to open this fi le.

MS3F (rs3): This is an output fi le created using the Remasoft software package. 

It contains the alternating fi eld demagnetisation data from the sample from 25 

cm under the lava. Remasoft is necessary to open this fi le.

Susceptibility vs Temp (xlsx): This fi le contains the magnetic susceptibility 

of MS1, MS3B, and MS3F at temperatures between ambient and 700°C.

Syracuse Lava Project data:

10 cm lava dry run 1 (avi): Video of the beginning of the 10-cm thick molten 

rock experiment on dry soil.

10 cm lava dry run 3 (avi): Video of the beginning of the 10-cm thick molten 

rock experiment on dry soil.

10 cm lava wet run 1 (avi): Video of the beginning of the 10-cm thick molten 

rock experiment on wet soil.

50 cm lava wet run 1 (avi): Video of the beginning of the 50-cm thick molten 

rock experiment on wet soil.
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50 cm lava wet run 2 (avi): Video of the beginning of the 50-cm thick molten 

rock experiment on wet soil.

50 cm lava wet run 3 (avi): Video of the beginning of the 50-cm thick molten 

rock experiment on wet soil.

100 cm lava dry run 2 (avi): Video of the beginning of the 100-cm thick 

molten rock experiment on dry soil.

100 cm lava wet run 1 (avi): Video of the beginning of the 100-cm thick 

molten rock experiment on wet soil.

100 cm lava wet run 2 (avi): Video of the beginning of the 100-cm thick 

molten rock experiment on wet soil.

Maximum temperatures at given depths (docx): Maximum temperatures 

reached at the given depths in the model results and the corresponding 

experiments. The time (in hours) that the substrate reached the maximum 

temperature is provided in parentheses.

Summary table of substrate temperature data (docx): Summary table of 

substrate temperature data over time from the Lava Project experiments and the 

corresponding modelling. The experimental data shown is from the experiment 

on which the model was based. See time series data (xlsx) for extended data.

Thermal camera data summary (docx): Table of molten rock temperatures 

derived from the thermal camera and the data loggers.

Time series data (xlsx): Full data tables and graphs.

Chapter 6- Lava fl ow footprint modelling

The new lava fl ow footprint modelling data has been published on the University of 

Auckland’s Figshare repository, doi: 10.17608/k6.auckland.9962021.v1.

Birkenhead Flow 1

DEM

Birkenhead_fl ow1 (png): Image fi le of the fi rst lava fl ow for the Birkenhead 

scenario simulated using MOLASSES.

Birkenhead_fl ow1 (txt): Output data from MOLASSES for the fi rst lava fl ow 

in the Birkenhead scenario.

Birkenhead_fl ow1_confi g (txt): Summary of the MOLASSES input data for 
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the fi rst lava fl ow in the Birkenhead scenario.

Birkenhead_fl ow1_log (txt): Log fi le documenting the preliminary steps 

in which the MOLASSES pulls in data in the fi rst lava fl ow in the Birkenhead 

scenario.

Birkenhead_fl ow1_output (txt): Log fi le tracking the MOLASSES progress 

as it ran the fi rst lava fl ow in the Birkenhead scenario.

Birkenhead_fl ow1_stderr (txt): Overview fi le from MOLASSES showing 

the results of checks run by MOLASSES prior to simulating the lava fl ow for the 

fi rst lava fl ow in the Birkenhead scenario and the location of the output fi les.

DSM

Birkenhead_fl ow1 (png): Image fi le of the fi rst lava fl ow for the Birkenhead 

scenario simulated using MOLASSES.

Birkenhead_fl ow1 (txt): Output data from MOLASSES for the fi rst lava fl ow 

in the Birkenhead scenario.

Birkenhead_fl ow1_confi g (txt): Summary of the MOLASSES input data for 

the fi rst lava fl ow in the Birkenhead scenario.

Birkenhead_fl ow1_log (txt): Log fi le documenting the preliminary steps 

in which the MOLASSES pulls in data in the fi rst lava fl ow in the Birkenhead 

scenario.

Birkenhead_fl ow1_output (txt): Log fi le tracking the MOLASSES progress 

as it ran the fi rst lava fl ow in the Birkenhead scenario.

Birkenhead_fl ow1_stderr (txt): Overview fi le from MOLASSES showing 

the results of checks run by MOLASSES prior to simulating the lava fl ow for the 

fi rst lava fl ow in the Birkenhead scenario and the location of the output fi les.

Birkenhead Flow 2

DEM

Birkenhead_fl ow2 (png): Image fi le of the second lava fl ow for the Birkenhead 

scenario simulated using MOLASSES.

Birkenhead_fl ow2 (txt): Output data from MOLASSES for the second lava 

fl ow in the Birkenhead scenario.

Birkenhead_fl ow2_confi g (txt): Summary of the MOLASSES input data for 

the second lava fl ow in the Birkenhead scenario.
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Birkenhead_fl ow2_log (txt): Log fi le documenting the preliminary steps in 

which the MOLASSES pulls in data in the second lava fl ow in the Birkenhead 

scenario.

Birkenhead_fl ow2_output (txt): Log fi le tracking the MOLASSES progress 

as it ran the second lava fl ow in the Birkenhead scenario.

Birkenhead_fl ow2_stderr (txt): Overview fi le from MOLASSES showing 

the results of checks run by MOLASSES prior to simulating the lava fl ow for the 

second lava fl ow in the Birkenhead scenario and the location of the output fi les.

DSM

Birkenhead_fl ow2 (png): Image fi le of the second lava fl ow for the Birkenhead 

scenario simulated using MOLASSES.

Birkenhead_fl ow2 (txt): Output data from MOLASSES for the second lava 

fl ow in the Birkenhead scenario.

Birkenhead_fl ow2_confi g (txt): Summary of the MOLASSES input data for 

the second lava fl ow in the Birkenhead scenario.

Birkenhead_fl ow2_log (txt): Log fi le documenting the preliminary steps in 

which the MOLASSES pulls in data in the second lava fl ow in the Birkenhead 

scenario.

Birkenhead_fl ow2_output (txt): Log fi le tracking the MOLASSES progress 

as it ran the second lava fl ow in the Birkenhead scenario.

Birkenhead_fl ow2_stderr (txt): Overview fi le from MOLASSES showing 

the results of checks run by MOLASSES prior to simulating the lava fl ow for the 

second lava fl ow in the Birkenhead scenario and the location of the output fi les.

DEVORA scenarios from Hayes et al. 2018

Scenario_B_Ōtāhuhu: This folder contains 137 geographical information 

system (GIS) fi les that, together, create a time series of the lava fl ow advancement 

during the Ōtāhuhu lava fl ow. The methodology and eruption narrative can be 

found in Hayes et al. (2018).

Scenario_D_Mt_Eden_Suburb

Cone_fed_fl ow: This folder contains 56 GIS fi les that, together, create a time 

series of the lava fl ow advancement during the Mt Eden lava fl ow. The methodology 

and eruption narrative can be found in Hayes et al. (2018).
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Flow: This folder contains 1,016 GIS fi les that, together, create a time series of 

the lava fl ow advancement during the Mt Eden lava fl ow. The methodology and 

eruption narrative can be found in Hayes et al. (2018).

Fountain_fed_fl ow: This folder contains 24 GIS fi les that, together, create a time 

series of the lava fl ow advancement during the Mt Eden lava fl ow. The methodology 

and eruption narrative can be found in Hayes et al. (2018).

Scenario_F_Birkenhead

Northern_fl ow: This folder contains 528 GIS fi les that, together, create a time 

series of the lava fl ow advancement during the second Birkenhead lava fl ow. The 

methodology and eruption narrative can be found in Hayes et al. (2018).

Southern_fl ow: This folder contains 528 GIS fi les that, together, create a time 

series of the lava fl ow advancement during the fi rst Birkenhead lava fl ow. The 

methodology and eruption narrative can be found in Hayes et al. (2018).

Scenario_H_Rangitoto_Island: This folder contains 371 geographical 

information system (GIS) fi les that, together, create a time series of the lava 

fl ow advancement during the Rangitoto Island lava fl ow. The methodology and 

eruption narrative can be found in Hayes et al. (2018).

Mt Eden

DEM

Mteden_fl ow (png): Image fi le of the Mt Eden lava fl ow simulated using 

MOLASSES.

Mteden_fl ow_bottomHalf (txt): Output data from MOLASSES for the 

southern half of lava fl ow in the Mt Eden scenario.

Mteden_fl ow_confi g (txt): Summary of the MOLASSES input data for the 

Mt Eden lava fl ow.

Mteden_fl ow_log (txt): Log fi le documenting the preliminary steps in which 

the MOLASSES pulls in data in the Mt Eden lava fl ow.

Mteden_fl ow_output (txt): Log fi le tracking the MOLASSES progress as it 

ran the Mt Eden lava fl ow.

Mteden_fl ow_stderr (txt): Overview fi le from MOLASSES showing the 

results of checks run by MOLASSES prior to simulating the lava fl ow for the Mt 

Eden lava fl ow and the location of the output fi les.
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Mteden_fl ow_topHalf (txt): Output data from MOLASSES for the northern 

half of lava fl ow in the Mt Eden scenario.

DSM

Mteden_fl ow (png): Image fi le of the Mt Eden lava fl ow simulated using 

MOLASSES.

Mteden_fl ow (txt): Output data from MOLASSES for the lava fl ow in the Mt 

Eden scenario.

Ōtāhuhu

DEM

Ōtāhuhu_fl ow (png): Image fi le of the Ōtāhuhu lava fl ow simulated using 

MOLASSES.

Ōtāhuhu_fl ow (txt): Output data from MOLASSES for the Ōtāhuhu lava fl ow.

Ōtāhuhu_fl ow_confi g (txt): Summary of the MOLASSES input data for the 

Ōtāhuhu lava fl ow.

Ōtāhuhu_fl ow_log (txt): Log fi le documenting the preliminary steps in 

which the MOLASSES pulls in data in the Ōtāhuhu lava fl ow.

Ōtāhuhu_fl ow_output (txt): Log fi le tracking the MOLASSES progress as it 

ran the Ōtāhuhu lava fl ow.

Ōtāhuhu_fl ow_stderr (txt): Overview fi le from MOLASSES showing the 

results of checks run by MOLASSES prior to simulating the lava fl ow for the 

Ōtāhuhu lava fl ow and the location of the output fi les.

DSM

Ōtāhuhu_fl ow (png): Image fi le of the Ōtāhuhu lava fl ow simulated using 

MOLASSES.

Ōtāhuhu_fl ow (txt): Output data from MOLASSES for the Ōtāhuhu lava fl ow.

Ōtāhuhu_fl ow_confi g (txt): Summary of the MOLASSES input data for the 

Ōtāhuhulava fl ow.

Ōtāhuhu_fl ow_log (txt): Log fi le documenting the preliminary steps in 

which the MOLASSES pulls in data in the Ōtāhuhu lava fl ow.

Ōtāhuhu_fl ow_output (txt): Log fi le tracking the MOLASSES progress as it 

ran the Ōtāhuhu lava fl ow.

Ōtāhuhu_fl ow_stderr (txt): Overview fi le from MOLASSES showing the 
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results of checks run by MOLASSES prior to simulating the lava fl ow for the 

Ōtāhuhu lava fl ow and the location of the output fi les.

Lava fl ow model summaries (docx): This document summarises all of the lava fl ow 

numerical models published through the end of 2019.  

Chapter 7- Workfl ow

All of this data has been published on the University of Auckland’s Figshare repository, 

doi: 10.17608/k6.auckland.11406720.v1.

Heat transfer data: This folder contains the ANSYS APDL model used to simulate 

the Auckland Volcanic Field case study presented in this chapter. All of the listed fi les are 

necessary to open the ANSYS APDL model and read the results; ANSYS v18.2 was used in 

this thesis. Most of the following fi le types are proprietary ANSYS data types; some of the 

fi les (indicated with an astrix below) can also be opened in a basic text reader for limited 

information.

  model (db) 

  model (dbb)

  model (DSP)

  model (esav)

  model (ldhi)

  model (mntr)

  model (rdb)

  model (rth)

  model (s01)

  model (s02)

  model (vf)

  model0 (err)*

  model0 (esav)

  model0 (full)

  model0 (log)*

  model0 (r001)

  model0 (rth)

  model0 (stat)
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  model0 (vf)

  model1 (err)*

  model1 (esav)

  model1 (full)

  model1 (out)

  model1 (r001)

  model1 (rth)

Lava fl ow temperature data: 

Flowgo (xlsx): This fi le contains the thermo-rheological calculations performed 

by FLOWGO for this case study.

Areal footprint data (docx): This brief document directs the reader to the Chapter 6 

data folder for the areal footprint data.
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