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ABSTRACT 


Mammoth Lakes, California, USA, is located in an area prone to many hazardous natural 
events, including wildfires, snow avalanches, earthquakes, extreme weather, and volcanic 
eruptions. Volcanic hazards threaten Mammoth Lakes due to the town’s proximity to the 
active Long Valley volcanic system, which includes the Long Valley Caldera and the 
Mammoth Mountain stratovolcano, on which the Mammoth ski area is situated. Because of 
the importance of tourism to the area, levels of business preparedness will affect social and 
economic resilience in the event of a volcanic crisis. To examine this, a face-to-face survey 
of business owners and staff in Mammoth Lakes was undertaken in January 2006 to gauge 
awareness levels of the business and tourism sectors to volcanic hazards. The survey 
results indicated only moderate awareness levels of natural (including volcanic) hazards and 
limited staff training, which suggests a need for ongoing hazard-specific employer and 
employee education.  This case study provides an insight into the level of awareness and 
response training on the part of those who would play a critical role in any response to a 
future volcanic emergency in the Mammoth Lakes area. Suggestions on how to improve 
preparedness and underpin effective emergency management services in a busy destination 
resort area with high numbers of seasonal visitors are also included.   
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1.0 INTRODUCTION 


Mammoth Lakes is located at the intersection of the eastern limit of the Sierra Nevada 
mountains and the western edge of the tectonically active Basin and Range physiographic 
province in Mono County, California (Hill et al., 1985; Figure 1).  Mammoth Mountain is an 
active stratovolcano situated on the physiographic rim of the Long Valley Caldera (broken 
red line, Figure 1). The town spreads over an area of ~65 km2 and has a permanent resident 
population of ~7,000. In the last few years, the ski area built on and around Mammoth 
Mountain has become the most popular ski resort destination in the United States. Over 1.5 
million skier visits were recorded in 2006 (Mammoth Mountain Guest Profile Projections, 
2006). During the peak of the winter ski season, up to 20,000 people can be present in the 
daytime with slightly lower numbers at night in any one of the town’s nearly 4,600 seasonal, 
recreational, or occasional housing units (Mammoth Mountain Guest Profile Projections, 
2006). The economy of Mammoth Lakes is highly dependent on the influx of tourists.  
 
In the event of a natural disaster in Mammoth Lakes such as a large earthquake or volcanic 
eruption, a major facet of the tourist-based economy’s disaster resilience will be the level of 
readiness of local businesses (e.g. Chang et al., 2002), particularly their level of business 
recovery and continuity planning. Furthermore, businesses relying on tourism face issues of 
managing a clientele who are unfamiliar with the area. This makes developing 
comprehensive evacuation plans an integral part of disaster-response planning for 
businesses.  
 


 
Figure 1 Physiographic and location map of Mammoth Lakes (tan area left of centre). The inset 
figure shows the distribution of ash from the Bishop Tuff eruption, after Izelt et al., 1970. 







 


 


GNS Science Report 2008/35  2 


2.0 REGIONAL SETTING 


A range of natural hazards threaten the Mammoth Lakes area. The heavily forested and 
mountainous area is subject to seasonal wildfire and avalanche dangers, as well as heavy 
snowfall events and the potential for volcanic eruptions (Hill et al., 1997). The region has 
seen frequent volcanic activity over the last three million years, varying in duration, style, and 
magnitude. Mammoth Lakes is situated directly north of the southwestern edge of the 
roughly oval-shaped Long Valley caldera (Figure 1, broken red line), which exploded 
catastrophically around 760,000 years ago in a paroxysmal eruption that spread ash over 
much of the western United States  (inset, Figure 1; after Izelt et al., 1970). 
 
2.1 Recent volcanic activity 


Subsequent volcanic activity has affected much smaller areas; the two most recent eruptions 
in the area took place at nearby Mono Craters in the 1800s, and at the Inyo chain of craters 
about 650 years ago (Miller, 1985). Volcanic activity continues through the present day at the 
Long Valley Caldera and beneath Mammoth Mountain in the form of earthquakes and upper-
crustal deformation (Hill and Prejean, 2005). Although no magmatic eruptions have occurred 
in the last 200 years, magma is still thought to underlie the main Long Valley caldera floor as 
well as Mammoth Mountain, manifested as ongoing seismic activity (e.g. Hill et al., 1985), 
surface degassing (e.g. Farrar et al., 1995), and deformation (e.g. Dixon et al., 1997).  
 
Earthquake swarms in 1978 and 1980 caused a great deal of concern within the local 
population, raising public alarm and resulting in threats of harm made to volcano monitoring 
scientists (Mader and Blair, 1987). In 1982, prior to the release of the US Geological 
Survey’s (USGS) official notice concerning volcanic unrest at Long Valley, the Los Angeles 
Times learned of the impending news and published a story about potential volcanic activity 
in the area.  The newspaper article was the first that local population and authorities had 
heard of the official USGS notice; the lack of consultation angered many local residents and 
officials.  Mass cancellation of tourist bookings at Mammoth Lakes followed the initial 
newspaper and radio reports of the possibility of an eruption in the summer of 1982 (Mader & 
Blair 1987). By late 1984, visitor numbers had returned to pre-warning levels (Mader & Blair 
1987).  
 
In 1989, a swarm of three small earthquakes occurred beneath Mammoth Mountain (Hill et 
al., 1990) as magma percolated into the shallow crust beneath the volcano (Hill, 1996). The 
following year, ~ 3.6 km2 of trees around Mammoth Mountain (~3.6) began to “mysteriously” 
die as a result of high levels of carbon dioxide gas being released from the cooling magma 
into the soil of the volcano (Farrar et al., 1995).  
 
The degassing that continues today from fumaroles on Mammoth Mountain constitutes one 
of the most deadly hazards in the area, as rising magmatic fumes expelled from the fumarole 
can become trapped beneath the heavy blanket of snow which coats Mammoth Mountain in 
the wintertime. These hot gases melt upward into the snowpack, but do not always reach the 
surface, causing a collapse hazard to anyone venturing onto the snow above the vent (i.e. 
snow collapsing into holes melted from below).   The Mammoth Mountain ski patrol regularly 
cordons off the area around the fumaroles to prevent skiers from falling in following heavy 
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accumulations of new snow. Despite this, on 6 April 2006, three Mammoth ski patrollers lost 
their lives while trying to barricade off an area of weak snow over one of the volcano’s 
fumaroles (Shirk, 2006). Seven others were hospitalized from injuries sustained while trying 
to rescue their fallen colleagues. 
 
2.2 Potential for future eruptions 


Although less likely than fumarole-related deaths, destructive volcanic hazards could occur in 
Mammoth Lakes as a result of a magmatic eruption at the Long valley caldera, Mammoth 
Mountain, or the Mono/Inyo craters (Hill et al., 1997; Miller et al., 1982). The probability for an 
eruption in any given year is ~1 in 100 (Hill et al., 1997).  While a basaltic eruption could lead 
to lava flows threatening property, a rhyolitic eruption could result in ash-column collapse, 
which would generate devastating pyroclastic flows over widespread areas (Hill et al., 1991; 
Miller et al., 1982); both styles of eruption are possible (Hill et al., 1997).  Possible hazards 
from magmatic eruptions include tephra falls that would impact the town and surrounding 
areas, as well as pyroclastic block-and-ash flows that would emanate from a collapse of 
freshly extruded lava domes during such eruptions (Kaye et al., 2008, in press); both of these 
have the potential to significantly impact Mammoth Lakes.  If such flows were to occur in 
wintertime, they would have the potential to melt snowpack and generate destructive lahars 
(Pierson and Waitt, 1996).  This would also have a significant effect on the economic well-
being of the area, at least over the short term. The importance of winter tourism (e.g., winter 
sports) for the local economy makes levels of business preparedness an important indicator 
of the social and economic resilience of Mammoth Lakes. 


3.0 MATERIALS AND METHODS 


3.1 Hazard Awareness Survey 


Because of the continuing risk of volcanic hazards in and around Mammoth Lakes, a 
volcanic hazards awareness survey of 91 business employees in Mammoth Lakes was 
undertaken in January 2006 to establish present awareness levels. The design of the survey 
was similar in composition and execution to surveys undertaken in 2001 to measure tsunami 
hazard awareness in the tourism sector along coastal Washington, USA (Johnston et al., 
2005; 2007).  
 
A face-to-face, five-minute survey was conducted with 91 business staff and owners at 91 
places of business in January 2006. All businesses in Mammoth Lakes open during the 
daytime survey period were targeted equally; the response rate depended upon staff 
willingness to participate, and was very high. Interview questions focused on employees’ 
understanding of natural hazards in the Mammoth Lakes area, level of employee training for 
emergencies, and sources from which employees had received hazard information (if any).   
 
The survey responses were entered into the SPSS software package for data analysis.  
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4.0 RESULTS 


Acknowledging natural hazard risk is pivotal to taking action to mitigate volcanic hazard 
consequences. Despite efforts to inform the community (see below), only 57% of businesses 
acknowledged the potential threat from volcanic hazards. Of those that did, this did not 
necessarily translate into preparedness. Only 24% of businesses reported receiving 
information and, when summing the ‘No’ and ‘Not Sure’ responses, some 69% reported that 
they had not undertaken any business preparedness measures. Of those that had made 
preparations (31%), most were in the form of fire insurance. Other infrequently reported 
preparations included stockpiling food and water, preparing emergency kits, and making 
emergency plans such as designating evacuation routes, identifying predetermined meeting 
places, and securing household items. 
 
Natural hazards awareness among businesses in Mammoth Lakes overall was moderate, 
and specific awareness of volcanic hazards was low to moderate (Table 1). Of all 
respondents that reported having received information about natural hazards directly 
pertaining to Mammoth Lakes or Mammoth Mountain, most noted the USGS as a primary 
source of information regarding volcanic hazards.  Additional reported sources of information 
included newspapers, brochures, signs, radio and television, along with personal experience 
and general knowledge.  Almost all employees surveyed regarded proper warning of 
hazardous weather events as the most pressing issue with respect to the continuity of their 
businesses’ operations. Notwithstanding, only 37% of respondents reported having received 
information on volcanic hazards. Overall, only 10% of the total sample (i.e., 36% of 22 
respondents) of businesses who reported receiving information found this information useful. 
The total number of employees trained for emergencies was low (34%). Of these, the 
majority had been trained in first aid, with the next highest number having received training in 
fire emergencies. Ten percent of those who had received training reported having been 
trained in emergency evacuation procedures, and 19% in safe earthquake response 
behavior. This translates into only 4% (of 91 businesses) having evacuation planning. This is 
a significant finding in the context of businesses that may have to cater for the needs of 
tourists during a crisis who are unfamiliar with the area (see above). 
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Table 1 Results of Mammoth Lakes business hazard awareness survey. 


 


 


MAMMOTH LAKES BUSINESS SURVEY QUESTIONS 
 
1. What natural 
hazards have the 
potential to 
significantly 
impact your 
business? 


 2. Have you 
received any 
information about 
natural hazards 
specific to 
Mammoth Lakes? 
 


 3. What measures 
have you or your 
business undertaken 
to prepare for hazard 
events? 
 


 4. Have you 
received training 
for dealing with 
emergencies? 
 


 5. Have you 
received any 
information 
about the 
volcanic 
hazards? 
 


 6. Do you believe 
that volcanic 
hazards pose a 
threat to this 
community? 


 7. Do you believe 
that authorities 
are doing enough 
to prepare for 
future volcanic 
activity? 


  Yes=30%, n=27    Yes=34%, n=31  Yes=24%, n=22     
Hazard %  Hazard %  Preparations %  If yes, 


what? 
%  Was it 


Useful? 
%  Answer %  Answer % 


Earthquake 55  Earthquake 22  None 55  First Aid 36  Not sure 48  Yes 57  No 48 
Weather 48  Weather 4  Some 31  Fire 29  Yes 36  No 20  Yes 28 
Volcano 46  Volcano 37  Not sure 14  Other 20  No 14  Maybe 20  Not sure 24 
Fire 14  Fire 0     Earthquake 19     Don’t know 3    
Avalanche 9  Avalanche 0     Evacuation 10        
Don’t know 8  Don’t know 0              


 
 


 
 


Other 4  Other 11              
None 4  None 0              
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Of the total businesses surveyed, only half believed that the authorities were doing enough to 
prepare for future volcanic eruptions.   While some respondents offered the opinion that there 
was “nothing more authorities could do,” others were receptive to the idea of obtaining 
additional training from either authorities or their employers. No business surveyed reported 
any organized employee training for natural hazards. 


5.0 DISCUSSION 


It has been well documented that those in or around tourism-based towns with large transient 
populations will seek out “official” local people (e.g. employees of nearby businesses as well 
as public authorities) for information and appropriate response actions when an infrequent 
hazard event occurs or is imminent (e.g. Drabek, 2000). Nonetheless, staff training for non-
routine emergency response is a commonly neglected activity in the tourism sector (Ritchie 
2004; Johnston et al. 2007).  This is complicated by the high levels of staff turnover 
experienced annually and even seasonally in many centres with a tourism-based economy 
(Johnston et. al 2007, Leonard et. al. 2008).  It is not surprising therefore, to learn that 
despite the strategies developed subsequent to the 1982 incident to prepare the Mammoth 
Lakes community for a future volcanic eruption (e.g. hazard assessments, response plans, 
community talks and table top exercises, Hill et al., 1991; open file reports such as Hill et al., 
1997; USGS Long Valley Observatory website http://lvo.wr.usgs.gov;) volcanic hazard 
awareness levels among tourism and business employees remains low to moderate. The 
onus of hazard education must be shifted from the employees to the employers.  
 
It is important to understand why levels of preparedness remain low despite the attention the 
authorities have given to providing information and to identify how to progress this issue to in 
order to encourage sustained business preparedness. With regard to the former, one reason 
is likely to lie with the way in which the 1982 event was handled. Lack of consultation and 
disclosing a high risk event as a fait accompli is likely to have had the effect of creating 
distrust in formal authorities and thus a reduction in business receptivity to subsequent 
information (Paton, 2008). While additional work will be required to confirm whether this is an 
influence, this possibility suggests that the authorities need to attend as much to developing 
the quality of their relationship with business as they do to making information available 
(Paton, 2008). This will provide a context more conducive to facilitating information uptake 
and business training and planning.  
 
The results of this survey indicate that improving employee hazard awareness via some 
regular training programs would increase resilience across the tourism sector. A possible and 
logical first step would be to conduct a training needs analysis (Paton et al. 1999, Paton and 
Jackson 2002), to determine what precisely is needed to increase disaster response 
capabilities and, as a result, increase the potential for developing resilience in the tourism 
sector. Any analysis used to design staff training would focus at a minimum on evaluating: 
 
• Understanding of hazards, vulnerability, and risk; 
• State of emergency planning, if any; 
• Levels of individual and organizational strengths and weaknesses with regard to specific 


training; 
• Barriers to implementing mitigation; and 
• Ways to ameliorate the negative impact of false alarms. 
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Another interesting outcome was finding a discrepancy in responsibility for action. While 
some 31% of businesses described having undertaken some preparation, in comparison 
(when combining the ‘No’ and ‘Not Sure’ responses) 72% believed the authorities should be 
doing more. This is consistent with other hazard research (e.g., Paton and Wright, 2008) in 
showing a transfer of responsibility onto ‘the authorities,’ which underlines a need for better 
engagement between authorities and business if they are to facilitate business planning and 
preparedness.  
 
One avenue available to efficiently incorporate the results of a training needs analysis is 
existing fire emergency training, which requires mandatory education by employers for all 
new employees on such matters as effective exits and evacuation procedures (OSHA 2004). 
As suggested in Johnston et al. (2007) this mandatory training presents an excellent 
opportunity to insert volcanic hazard information and suggested response actions should a 
volcanic crisis develop. See Paton and Flin et al. (1999) for information on this issue. It is 
also important that businesses look beyond the development of a capability for effective 
response to the immediate demands of a volcanic crisis and consider their business 
continuity needs. Further information on how the latter can be accomplished is available in 
Paton and Hill (2006). 


6.0 CONCLUSIONS 


Volcanic hazards in an eruption are a part of one of the most demanding situations 
volcanological and emergency management services have to respond to (Johnston et al. 
2002). If handled poorly, significant social, economic and political problems could result, 
even if an actual eruption does not occur (Johnston et al., 2002; Bernknopf et al., 1990). The 
town of Mammoth Lakes has a tourism-based economy, a high transient population, and a 
dense hazardscape due in part to its close proximity to one of the most prolific volcanic 
centres in North America. Despite this potentially dangerous combination, surveyed 
businesses in the area exhibited a low to moderate level of volcanic hazards awareness. 
Over half of those surveyed do not think authorities are doing enough to prepare for future 
volcanic activity, while almost two thirds of surveyed businesses think that volcanic hazards 
pose a threat to the community.  
 
While the chances of an eruption in any given year remain moderate (1 in 100; Hill et al., 
1997), the consequences of an eruption to the economy, infrastructure, and population of the 
region make this threat one authorities ignore at their peril, and one for which effective 
response requires a proactive approach on the part of business and authorities alike.  Any 
period of quiescence provides the optimum opportunity to develop a better understanding in 
the community and the tourism sector of the volcanic risk phenomena (Leonard et al. 2008).  
It is also the best time to establish educational and training programs, and to develop 
coordinated contingency plans. The insertion of specific volcanic hazard awareness into 
existing staff emergency training also has the potential to improve the overall level of 
volcanic hazard understanding and response in Mammoth Lakes. It is evident from the data 
presented here that increasing levels of business capability will require authorities to more 
actively engage with businesses in the area if they are to facilitate sustained volcanic hazard 
preparedness. 
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Abstract 


Renewed volcanic activity near Mammoth Lakes, California in the form of dome-collapse pyroclastic density 


currents (PDCs) from either a new eruption at Mammoth Mountain or the Inyo craters would pose a significant 


hazard to critical infrastructure there. This paper compares the risk from PDC impact hazards upon selected 


critical infrastructure from: 1) a 100 m tall dacite dome on Mammoth Mountain, and 2) three 200 m tall rhyolite 


domes at the southern end of the Inyo craters.  For each scenario, maximum estimated dynamic pressure and 


velocity from two PDC volumes (10^6 and 10^7 m^3) are modeled with the EXPLORIS PDC software (Toyos et 


al. 2007). Risk to critical infrastructure from Mammoth Mountain PDCs is much greater than the Inyo PDCs 


because of both location and the greater kinetic energy of the Mammoth PDC material, providing comparative 


insight to planners should a real eruption at one location or the other be forthcoming.  


Keywords: Mammoth Mountain, Long Valley Caldera, Volcanic Hazards 


1. Introduction 


1.1  Mammoth Lakes  


Mammoth Lakes is sited at the intersection of the eastern limit of the Sierra Nevada mountains and the western 


edge of the Basin and Range physiographic province in Mono County, California (Figure 1). The town spreads 


over an area of ~65 km2 and has a permanent resident population of ~7,000 (US Census 2000). The economy in 


Mammoth Lakes is dominated by seasonal recreational activities, the most significant of which is skiing at the 


Mammoth Mountain ski resort on the western limit of town (Figure 1). In the last few years, Mammoth 


Mountain has become the most popular ski resort destination in the United States, with over 1.5 million skier 


visits per year (MMGP 2006). During the peak of the winter ski season, up to 20,000 people are present in the 


daytime, and ~4,600 additional temporary residents at night (MMGP 2006). 
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Figure 1 – Physiographic and location map of Mammoth Lakes (shaded tan area below and left of center) in 


relation to the approximate outline of the Long Valley Caldera (broken red line) and the Sierra Nevada 


mountains, eastern California, USA. The inset gives the distribution of the ash from the 760,000 y.b.p. caldera-


forming eruption of the Bishop Tuff, after Izelt et al. 1970. 


 


1.2 Geologic Background 


 The area around Mammoth Lakes has seen a great deal of volcanic activity over the last three million years, 


varying in location, duration, style, and magnitude (e.g. Miller 1985; Bailey 1976). Mammoth Lakes is situated 


directly north of the southwestern edge of the roughly oval-shaped Long Valley caldera (LVC; red line, Figure 


1), at the intersection of the Sierra Nevada batholithic mountains and the generally Northwest-Southeast striking 


normal-faulted Basin and Range extensional province. The Long Valley Caldera was created catastrophically 


around 760,000 years ago in a paroxysmal volcanic eruption which spread ash over much of the western United 


States (Figure 1, inset, after Izelt et al. 1970), left thick deposits of the Bishop Tuff up to ~250 m thick in the 


Long Valley area (Bailey 1976), and remains the dominant physiographic feature in the area today.  


 After the creation of the LVC, subsequent volcanism has taken on many forms. The so-called “early 


rhyolites” (Bailey, 1976) were erupted onto the floor of the newly formed caldera, forming what is now 


commonly referred to as the resurgent dome. The early rhyolites were followed by eruption of the “moat 


rhyolites” (Bailey, 1976), coarsely porphyritic hornblende-biotite rhyolites that were erupted in clockwise 


succession around the  resurgent dome in 200,000 year intervals at ~500,000, ~300,000, and ~100,000 y.b.p 
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(Hildreth, 2004; Bailey, 1989). After the youngest moat rhyolite, the next eruptive activity in the LVC area was 


the emplacement of the silicic Mammoth Mountain stratovolcano.  


Situated on the rim of the LVC (Figure 1), Mammoth Mountain is a 4 km3 complex of ~13 exposed and 


~25-30 buried trachydacite and alkalic rhyodacite domes and flows, the youngest of which has an age of 57 ka 


(Hildreth, 2004). The oldest lava flows at Mammoth Mountain took place at ~100 ka (Bailey et al. 1976; 


Mahood et al. 2000). The majority of the eruptions that built Mammoth Mountain took place within a ~50,000 


year interval after the most recent rhyolitic Long Valley eruption (~100 ka) and the beginning of the Mono-Inyo 


eruptive period at ~40 ka (Hill and Prejean 2005). Since then, Mammoth Mountain has not experienced any 


eruptive activity, but remains seismically and geothermally active (Hill and Prejean 2005).   


Historic volcanic eruptions in the vicinity of Mammoth Mountain and thus Mammoth Lakes occurred at 


the nearby Mono chain of craters in the 1800s via an eruption at Panum Crater (~30 km north of Mammoth 


Lakes; Sieh and Bursik 1986), and at the Inyo chain of craters about 650 years ago just a few kilometers north of 


Mammoth Lakes (Miller 1985; Figure 2). The Inyo eruption resulted from the intrusion of a 6-11 km long dike 


of rhyolite magma just north of Mammoth Lakes, which breached the surface and caused phreatic explosions and 


the extrusion of several domes of rhyolitic lava, which generated lava flows, tephra, and PDCs during collapse 


events. These domes are visible today, and are named from north to south: Obsidian flow (erupted lava volume 


0.17 km3), Glass Creek flow (erupted lava volume 0.10 km3), and the South Deadman flow (erupted lava volume 


0.13 km3; all volumes dense rock equivalent, or d.r.e., from Miller 1985). The Inyo eruption distributed 0.17 km3 


of tephra (d.r.e) ~150 km to the southwest over an area of >6,500 km2 (Wood 1977).  The South Deadman dome 


alone generated 0.05 km3 of pyroclastic density currents (PDCs) in two lobes out to 6 km from the vents, which 


covered an area of > 15 km2 (Miller 1985).  The total d.r.e. volume of the pyroclastic debris components of the 


Inyo craters eruptions was ~0.22 km3, with a further 0.4 km3 extruded as lava (Miller 1985). Geologic evidence 


suggests the absence of a direct connection between the Inyo Craters and Mammoth Mountain magmatic systems 


(Hill and Prejean 2005; Hildreth 2004). Hildreth (2004) provides an excellent discussion of the relationships 


between the different silicic magmatic systems found within the LVC area, noting that they are related in basic 


provenance, but remain discrete in terms of shallow-crustal source in that the Long Valley magma chamber is no 


longer active. The most recent volcanic activity in the vicinity of Mammoth Lakes is typical of that to occur late 


in the life cycle of a large silicic mid-continental caldera system (e.g. Cole et al. 2005 and references therein).  
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Figure 2 – (a, left) Simplified geologic map of the Mammoth Lakes area, showing the ~600 y.b.p. Inyo eruption 


rhyolite domes (USGS Long Valley Observatory website 2008 after Miller 1985); (b, right) location of scenario 


vents used in this risk assessment in relation to Mammoth Lakes, along with area faults and Quaternary volcanic 


vents.   


  


1.3  Recent Activity 


In the last thirty years, volcanic and seismic activity have continued at Long Valley and beneath 


Mammoth Mountain. Although no eruptions have occurred, magma is still thought to underlie the main caldera 


floor as well as Mammoth Mountain, based on observations of uplift at the resurgent dome as well as the results 


of seismic studies (Hill and Prejean, 2005; Hildreth 2004; Hill 1996, Hill et al. 1985). Earthquake swarms in 


1980 caused a great deal of worry within the local population, raising public alarm and resulting in initial 


criticism of the scientific responses (Mader and Blair 1987). In 1989, a swarm of three small earthquakes 


occurred beneath Mammoth Mountain (Hill et al. 1990) as magma percolated into the shallow crust beneath the 


volcano (Hill 2006). The following year, trees around Mammoth Mountain totaling ~3.6 km2 (Figure 2) began to 


“mysteriously” die as a result of high levels of carbon dioxide gas being released from the cooling magma into 


the soil of the volcano (Farrar et al. 1995; Hill 1996). This degassing continues today from fumaroles on 
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Mammoth Mountain, and resulted in the deaths of three Mammoth Mountain ski patrollers and hospitalization of 


seven others in April 2006 (Shirk 2006).   


Continuing shallow earthquakes and degassing are harbingers of liquid magma remaining mobile in the 


shallow crust beneath the Mammoth Lakes area. Thus, future magmatic eruptions remain a possibility.   


1.4  Purpose and Goals 


If a magmatic eruption were to occur at either the Inyo craters or Mammoth Mountain, the potential 


impacts on the town of Mammoth Lakes would be severe (Hill et al. 1997; Hill et al. 1991; Miller et al. 1982). 


Like the Inyo eruption ~650 years ago, future activity could begin with phreatomagmatic explosions which 


would eject ballistic bombs and lithic debris several hundreds of meters from the vents. Pulverized rock in the 


form of tephra would blast into the atmosphere, darkening the skies until it fell on the town of Mammoth Lakes 


and the surrounding downwind area in quantities up to several meters thick depending upon wind direction and 


the amount of magma involved. If the eruption took place in the winter months, hot tephra, lava, and pyroclastic 


debris would melt the usually voluminous snowpack and generate lahars in major drainages. Based on 


observations at lava dome eruptions at other volcanoes (e.g. Saucedo et al. 2005; Herd et al. 2005; Cole et al. 


1998), the extrusion of a rhyodacitic or rhyolitic lava dome that would follow the eruption’s initial explosion 


could unleash gravity-driven block and ash flows down the flanks of Mammoth Mountain, or the ground around 


the new Inyo domes at speeds of up to 100 km/h with pressures of several hundred kPa and temperatures of up to 


800 degrees Celsius (e.g. Miller et al. 1985; Dobran et al. 1994), incinerating and flattening nearly everything in 


their paths.   


Previous hazard and risk assessments of future eruptions near Mammoth Lakes (Hill et al. 1997; Hill et 


al. 1991; Miller et al. 1982) have made broad qualitative estimates of potential impacts, identifying affected areas 


largely based on their distances from possible vents. To date, however, no assessment has utilized physical 


hazard models in conjunction with scenario eruptions and inventory databases to specifically examine the impact 


of a particular volcanic action on specific infrastructure sectors of Mammoth Lakes. Following work done in 


New Zealand to estimate the impacts of a rhyolitic eruption on the town of Rotorua using the RiskScape Volcano 


module (Kaye, 2007) for the RiskScape risk assessment software (King and Bell 2005), this paper presents the 


results of applying the EXPLORIS PDC hazard model software (Toyos et al. 2007; one of many hazard models 


used by the prototype RiskScape software) to determine maximum potential block and ash flow impacts on 


critical infrastructure inventory in Mammoth Lakes from two theoretical eruptions: 1) a dacitic dome eruption on 


the Saddle Flat area near the summit of Mammoth Mountain, and 2) the emplacement of three rhyolitic domes at 


the southern end of the Inyo chain of craters and domes (Figure 2). Potential useful outcomes of this 
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comparative, scenario-based, non-probabilistic risk assessment include specific determination of what is at risk 


from scenario eruptions and important “relative risk” information that could be used by government and 


emergency managers if real volcanic activity became imminent.  


2.  Risk Assessment Model  


The Mammoth PDC risk assessment follows the same basic model design as the RiskScape software 


being developed in New Zealand (King and Bell 2005) to estimate inventory exposure to natural hazards, with 


particular use of the procedure outlined in Kaye (2007) pertaining specifically to volcanic hazards.  The terms 


“risk,” “hazard,” and “vulnerability” are used in this risk assessment paper following the relationship: Risk = 


Hazard x Vulnerability.  


The assessment consists of five major components: 1) inventory databases held in ESRI format 


shapefiles;  2) theoretical but geology-based and context-affirmed scenario eruptions; 3) a physical volcanic 


hazard model (EXPLORIS PDC); 4) the combination of hazard model output and inventory databases in a 


geographic information system (GIS) to determine affected inventory (vulnerability), and 5) the application of 


fragility functions (also known as vulnerability curves, relating hazard intensity and damage ratio) to affected 


inventory to calculate expected damage, Dr which is defined as repair cost divided by replacement cost (e.g. 


Cousins 2004).  The general outcome, risk, is thus the result of the combination of scenario-based hazard model 


output and inventory-based vulnerability, per the above relationship.  


2.1 Inventory Databases 


Inventory databases provide the foundation of the risk assessment. The Mammoth Lakes inventory databases are 


point, polygon, and polyline ESRI-format shapefiles obtained from a variety of sources, or created for this 


assessment, each describing a unique sector of inventory (Table 1). Because of the reliance of Mammoth Lakes 


on the ski industry, chairlifts and significant lodges are included in “critical” infrastructure.  To provide a 


comparison of the types of land damaged by the scenario PDCs, the Mammoth Lakes municipal land zoning 


dataset is also included. This shapefile contains polygons representing all of the land of Mammoth Lakes, with 


each placed into one of the two categories depicted in the legend of Figure 3. As a small town, Mammoth has 


limited critical infrastructure (Figure 3).  
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Figure 3 - Inventory in the urban area of Mammoth Lakes, showing critical buildings, arterial roads, power lines, 


and eastern chairlifts (numbered in white squares). Mammoth ski area is partially shown at left.     


 


2.2 Scenario Eruptions and Volcanic Hazards 


The scenario eruptions are theoretical and involve arbitrarily determined locations, volumes, and physical 


characteristics. However, the placements of both the Mammoth Mountain dome and the three Inyo domes are 


based on the location of mapped faults (Hill and Prejean 2005) or weakened segments of crust where fractured 


rocks present an easy path for magma ascent relative to the surrounding area, as recognized in a study of regional 


structures and how they are linked to mono-and poly-genetic volcanism (Takada 1994; Cole 1990). The size of 


the eruptions is theorized on the basis of the magnitude of past eruptions in the area (Inyo eruptions of 600 y.b.p., 


see Section 1 above), and similar activity elsewhere (e.g. Volcan Colima, Mexico - Saucedo et al. 1995; Inyo 600 


y.b.p. eruption - Miller 1985). It is important to note that the scenario eruptions constructed for this assessment 


represent only one of many potential loci of eruptions. Future activity could emanate from any location, at any 


time, and be of any number of different sizes. Past activity at a volcano is only one of many indicators of the 


location, style, and size of future behavior (Blong 1984; Blong 2000).  
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Sector Item Source Quantity 


Ski Chairlifts Mammoth Mountain 
Trail map, Airphoto 


30 


Critical  Police /Fire/Hospital TD 5 


Critical  Utility Mono County GIS / 
Field 


4 


Critical  Arterial roads Mono County GIS ~34 km 


Critical Electricity lines Mono County GIS ~33 km 


Community Schools Mammoth Unified 
School District 


4 


Ski Lodges GPS / TD 5 


Urban Limit - Mono County GIS ~10,244,000 m2 


Table 1 – Inventory data included in the risk assessment. Sources: TD = telephone directory, GPS = collected in 


the field with GPS.  


 


2.2.1 Mammoth Mountain Dacite Dome 


The Mammoth Mountain eruption scenario involves the intrusion of a dike of 0.15 km3 of rhyodacitic magma 


into the edifice of Mammoth Mountain beneath the so-called “Climax” and “Hangman’s” cliff bands in “Saddle 


Bowl” at the top of the mountain. Although a future eruption from Mammoth Mountain could emanate from 


anywhere on the mountain, this arbitrary location (red square, Figure 2) is chosen on the basis of the intersection 


of the Mammoth Mountain fault and the “1989 crack” identified by Hill and Prejean (2005) as along strike with 


the dike of magma that intruded beneath the mountain in 1989 but did not culminate in an eruption. The location 


for the Mammoth Mountain scenario eruption does not constitute a prediction that future eruption will happen at 


the vent used herein, it is merely a way to examine the potential impacts of a future eruption.  


 The intruding scenario dike breaches the surface of Mammoth Mountain, ejecting lithic debris and 


tephra into the air. A dacite lava dome grows to a squashed-conical shape with a height of 100 m above the 


present topography, a radius of 300 m at the base of the cone, and a radius of 150 m at the top; in total ~17 


million m3 of lava is extruded to the surface. Periodically, the outer edges of the lava dome experience 


gravitational collapse, and block and ash flows descend the flanks of Mammoth Mountain. These constitute the 


PDC hazards used in the present risk assessment. In the life cycle of a real rhyolite dome, there would be many 


episodes of collapse, varying in frequency and magnitude as the lava dome grew in size and occasionally 


experienced gravitational failure (e.g. Barmin et al. 2002; Voight et al. 2000a). In the present risk assessment, 


hazards from only two discrete flow volumes are considered, with each modeled as emanating from the same 
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source ~100 m above the original topographic surface: the first flow is 106 m3 (0.001 km3 or ~6% of the total 


dome volume, and the second is 107 m3 (0.01 km3 or ~60% of the total dome volume).   


 


2.2.2. New Inyo Domes 


The Inyo scenario eruption involves the intrusion of a dike of 0.15 km3 of rhyolitic magma into the shallow crust 


along three en-echelon faults along-strike with the Hartley Springs Fault at the southern end of the Inyo chain of 


craters, between South Deadman flow and Mammoth Lakes (Figure 2). As with the Mammoth Mountain dome, 


the locations are arbitrary, but lie on mapped faults. The Inyo eruption scenario is likely to begin with felt 


earthquakes and ground cracking, then phreatomagmatic explosions and ballistic block ejection as suggested by 


Hill et al. (1997), and eventually tephra eruption and deposition and associated snow-melt lahars if it took place 


in winter months (similar to the 2-3  February 1983 events on Mt. St Helens; Pierson and Waitt 1996). All of 


these hazards take place prior to dome growth, and none are considered in the present assessment.  The scenario 


culminates with lava domes growing to a height of 200 m above the present ground surface at each of the three 


new Inyo vents. The domes take on the same flattened-conical shape as the Mammoth dome, but have a radius of 


175 m at the base, and 150 m at the top, giving them a volume of ~17 million m3. Two discrete block and ash 


flows are generated from collapse events at each dome, with the same volumes as the flows from Mammoth 


Mountain above: 1) a flow of 106 m3 (~6% of the dome volume), and 2) a flow of 107 m3 (~60% of the dome 


volume). The Inyo scenario domes are modeled to grow to a greater height than the Mammoth Mountain dome 


due to the higher viscosity of rhyolitic magma.  


2.3  Hazard Model 


The EXPLORIS PDC model (Toyos et al. 2007) is used to model the maximum estimated dynamic overpressure 


and velocity possible as a result of gravity-driven dome collapse pyroclastic density currents (PDCs) on 


Mammoth Mountain and from the new Inyo domes in the scenario eruptions. EXLPORIS-PF utilizes the energy-


line concept (Hsu 1975; Malin and Sheridan 1982) to map maximum potential flow run-out, velocity, and 


dynamic pressure for small (<107 m3) gravity-driven PDCs. The model is based on statistical regression analysis 


of the maximum runout distance in 360 degrees around a volcanic vent, as derived from the h/l ratio provided by 


the underlying topography (DEM), and assumed total conversion of the specified volume and ∆h into kinetic 


energy.  In reality, lava-dome collapse flows are often confined to one sector of a volcano (Voight et al. 2000a) 


based upon which part of the extruding lava dome fails. EXPLORIS PDC does not model this phenomenon, nor 


does it predict where flows will go. It simply uses the topography surrounding a scenario vent to determine the 


maximum possible pressure and velocity in all directions. EXPLORIS PDC runs as Visual Basic script within 
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ArcGIS software, facilitating easy integration of its ESRI-grid format output into ArcGIS where affected 


inventory can be easily determined. EXPLORIS PDC requires the user to input the physical characteristics of the 


PDCs being modeled: a density of 1300 kg/m3 was used for all scenario flows based on the value used in Toyos 


et al. (2007). Other parameters used are the height of the domes above the present topographic surface (200 m), 


and the volume of the flow material; two different volumes were used in both scenarios in this assessment. 


EXPLORIS PDC was chosen due to its easy integration with ArcGIS software, it’s reliance on freely available 


DEMs, and the fact that it provides extensive control over PDC parameters.  


3.  Fragility Functions to Estimate PDC Damage  


Fragility functions, or vulnerability curves, are typically used in earthquake risk assessment to relate ground 


shaking to expected damage for different classes of buildings (e.g. Akkar et al. 2005; King et al. 2004 and 


references therein). In earthquake damage assessment, fragility functions are constructed from a large volume of 


observational data describing numerous examples of measured physical structural failure of building elements in 


earthquakes around the globe (e.g. Dowrick and Rhodes 2000; Kircher et al. 1997; King et al. 2004). Such an 


extensive catalogue of fragility data are not available in the field of volcanic hazard damage assessment, as 


interactions of damaging volcanic actions and the built environment are much rarer and therefore fragility 


functions for volcanic hazards are not as prevalent as those for earthquakes. Furthermore, some volcanic hazards 


such as lava flows or PDCs do not warrant creation of gradational functions as they are usually either totally 


damaging, or not damaging at all depending upon where they occur; instead damage from these hazards can be 


modeled by binary functions that are either Dr = 1, or Dr = 0, when Dr is defined as cost of damage over cost of 


replacement. Note that “cost” and value can be monetary but are not required to be so - % damage as a non-


financial result is still a valid and useful result. 


A significant body of work provides fragility data for PDCs created from utilized field observations 


(e.g. Baxter et al. 2005; Pittari et al. 2007; Cole et al. 1998), archaeological evidence (e.g. Gurlioli et al. 2005), 


laboratory numeric modeling (e,g, Nunziante et al. 2003; Esposti Ongaro et al. 2002), and analogous evidence 


for nuclear weapons damage (Glasstone and Dolan 1977; Valentine 1998). Because the focus of this risk 


assessment in Mammoth Lakes is critical infrastructure, fragility data for different sectors of the built 


environment are selected from this body of work and modified where necessary to relate the intensity of PDCs 


(dynamic pressure, with velocity used as a proxy metric for qualitative consideration of damage) to expected 


damage to critical infrastructure items.  
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3.1  Buildings 


Buildings in Mammoth Lakes are assumed to experience 100% damage (Dr =1) as a result of overpressures of 


greater than or equal to 3 to 5 kPa. The lower limit is specified by Spence et al. (2004a) as the 100% failure 


threshold for glass windows of all thickness and opening size. Penetrated buildings are likely to sustain further 


internal damage and even potential combustion (Spence et al. 2004a and 2004b; Baxter et al. 2005). Even if 


buildings do not collapse at this lower range, they are likely to be severely damaged (Baxter et al. 2005). The 


upper limit of 5 kPa is given by Nunziante et al. (2003) as a pressure sufficient to collapse any and all buildings 


around Vesuvio volcano in Italy. Further justification of this destruction threshold comes from fragility data 


given by Valentine (1998) identifying 5 kPa as the overpressure above which strong 4-7 storey reinforced 


concrete buildings will crumble.  Baxter et al. (2005) observed broken window panes in houses that suffered 


overpressures of 1-3 kPa in a PDC in 1997, and demolished door frames in other houses where the pressure was 


slightly higher, 2-6 kPa. In both cases, houses were damaged by ancillary hazards such as ash and debris 


incursion, and others had burned, making the Dr effectively 1 (Baxter et al., 2005).  Therefore buildings in 


Mammoth Lakes are assumed to be completely destroyed by PDCs where the dynamic pressure exceeds 3 to 5 


kPa – essentially a binary fragility function for PDC damage to buildings where Dr = 1 when pressures exceed 5 


kPa. Gurioli et al. (2005) note that the orientation of infrastructure relative to the direction of PDC provenance 


can be an important factor in the amount of damage done to that infrastructure. This is not considered here. 


3.2  Roads 


PDC damage to roads is difficult to estimate directly based on dynamic pressure or velocity. Like debris flows, 


PDCs can exhibit erosive behavior (Pittari and Cas 2004), and can therefore be expected to be capable of 


undermining and destroying roadways. Significant damage will also occur in the guise of impact and abrasion 


(e.g. Baxter et al. 2005; Spence et al. 2004a and 2004b), and even small PDCs like the one that destroyed Dusun 


Bebeng on the flanks of Merapi volcano in Indonesia in June 2006 (Wilson et al. 2007) can leave deposits of tens 


to hundreds of meters thick, leaving roads irreparably damaged. Based on the typical complete damage to 


roadways by PDCs (e.g. Loughlin et al. 2002), roads in Mammoth Lakes encroached by them are considered to 


be damaged beyond repair (if kPa > 0, Dr = 1).  


3.3 Chairlifts 


A chairlift below the Locce glacier in the Italian Alps was destroyed by a debris flow of >150,000 m3 of rock on 


19 July 1979 (Chiarle et al. 2007; Kääb et al. 2005). While the mechanisms of debris flows are different from 


those of pyroclastic flows (Hayashi and Self 1992), they are similar enough to allow an analogy to be made 
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between the damaging effects of both hazards on chairlifts. As debris flows have been known to destroy 


chairlifts, PDCs are assumed to follow suit.  Therefore, a binary fragility function is adopted for PDC damage to 


chairlifts, in that any location which experiences a dynamic overpressure greater than 0 (i.e. greater than ambient 


pressure, or within the limit of the potential flow zone) will experience a Dr of 1.  


3.4 Electricity Transmission Lines and other Non-Building Infrastructure 


Damage to electric transmission lines is assumed to be complete above dynamic pressures of 0 kPa based on the 


low resilience of power poles to PDCs (Wilson et al. 2007) and reported uprooted trees (kPa ~7.4) and damage to 


electrical utility poles at Unzen volcano in Japan in 1991 (Clarke and Voight 2000).  


4. Risk Assessment of PDC Impacts  


The output of EXPLORIS PDC in both the Mammoth Mountain and Inyo dike eruption scenarios is combined 


with the inventory databases in ArcGIS to allow for the determination of impacted inventory. If an inventory 


item is in a location in any of the scenarios where the PDC conditions as modeled by EXPLORIS PDC are 


sufficient to cause it damage, this is not a prediction of it being damaged, as EXPLORIS PDC does not predict 


flow paths, it predicts flow conditions at any given location if a flow were to incur upon that location. Such an 


item should instead be perceived as at risk for damage under the given scenario conditions (its vulnerability, in 


conjunction with the scenario hazards, leaves it at risk).  This will allow for eventual comparison of relative risk 


from the two scenarios.  


4.1  Mammoth Dacite Dome 


Potential damage to critical infrastructure from gravity-driven PDCs emanating from the theoretical Mammoth 


Mountain dacite dome differs in severity and location with the two different flow volumes. The first flow is 


smaller and thus the potential damage zone is confined to the edifice of the volcano (Figure 4, top). The area 


mapped by EXPLORIS PDC as being possibly impacted by the larger, second flow extends out beyond the limits 


of the first flow and into the town of Mammoth Lakes off the edifice of the volcano (Figure 4, bottom). Figures 4 


and 5 show the maximum estimated dynamic pressure and velocity (respectively) of the scenario Mammoth 


Mountain dacite dome collapse PDCs.  


4.1.1  106 m3 


The smaller of the scenario flows could potentially destroy 27 of the 30 chairlifts on Mammoth Mountain, but 


would not be likely to affect any critical buildings in the town of Mammoth Lakes (only the unloading station of 


Chair 37 /  Village gondola would be affected, in which case the chairlift is assumed to be a total loss). The main 
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base area lodges and the Tamarack and Canyon lodges are just beyond the reach of the PDC, and are undamaged. 


In a real flow situation, these buildings might be damaged by abrasive action from tephra mobilized by the wind 


blast beyond the extent of the flow, but the dynamic pressures would not be sufficient to break glass windows. 


The 106 m3 Mammoth flow destroys ~1,700 m of the Lake Mary road, cutting off access to Tamarack Lodge 


resort area south of Mammoth Mountain.  The flow could also destroy ~ 2,500 m of California Route 203, 


potentially cutting off the ski area from the town. The edge of the flow puts <100 m of road and power lines at 


the western end of Old Mammoth Road at risk. In total, the area of the flow where the dynamic overpressure 


could exceed 0 kPa is 0.9 million m2.  


 4.1.2   107 m3 


The larger of the two scenario flows would affect a much broader area (28 million m2, bigger by a factor of ~30). 


Roughly 60% of the urban area of Mammoth Lakes could be inundated by PDCs, with ~2740 hectares 


potentially experiencing pressures > 1.0 kPa.  Impacts to critical infrastructure in Mammoth could be severe, 


with Fire Station 2, and all Mammoth Mountain ski area facilities at risk except for chairs 13 and 14. The 


hospital, police headquarters, and Fire Station 1 would not be damaged by the flow, nor would the water 


treatment facility or public works buildings. Table 2 gives the dynamic pressure and velocities that could be 


experienced at the locations of the critical infrastructure inventory items. Using the fragility functions outlined in 


Section 3, the damage ratio is also provided.   


4.2  Inyo Domes  


Each of three new Inyo domes releases PDCs from gravitational collapse in the Inyo dike scenario eruption. The 


extent and therefore impact of the flows depends upon the flow volume. Figures 6 and 7 show the maximum 


estimated velocity and dynamic pressure of the PDCs from the Inyo dike eruption.  


4.2.1   106 m3 


The middle and northern 106 m3 scenario PDCs from the Inyo dike eruption domes would not extend into the 


boundary of the town of Mammoth Lakes (Figures 6 and 7, top). The 106 m3 flow from the southern Inyo dome 


could encroach over the first few hundred meters of the Mammoth Scenic Loop (evacuation road) at its 


intersection with California Route 203, which is the entire length of that road within the limits of the Town. At 


this location, the flow from the SW Inyo dome could also destroy ~2,000 m of Route 203.  Flows from the 


middle and northeastern domes could also destroy additional portions of the Mammoth Scenic Loop, but these lie 


beyond the boundaries of Mammoth Lakes and are not considered. 
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4.2.2   107 m3 


Despite their larger volume, the middle and northern Inyo dome flows would not encroach the limits of 


Mammoth Lakes (Figures 6 and 7, bottom). The flows could destroy a larger portion of the Mammoth Scenic 


Loop than the 106 m3 scenario event, however, but the at-risk part of that road lies outside of Mammoth Lakes. 


The 107 m3 flow from the southwest Inyo dome could encroach into ~ 20% of the urban limit of the Town, along 


its northwestern border. The flow could destroy ~2 kilometers of Route 203, cutting off the ski area base from 


the Town.  Slightly less than 1 km of Lake Mary Road could be destroyed, along with half a kilometer of Main 


Street. In all, the larger of the two flows from the SW Inyo dome could destroy ~2% of the length of arterial 


roads in the Town. More than 7 km of electrical lines could be destroyed by the SW dome 107 m3 flow. The 


Intrawest Village and Canyon Lodges are in locations that could be inundated by PDCs from the SW Inyo dome, 


and both could be damaged. The Intrawest lodge would fare much worse due to dynamic pressures greater than 


40 kPa and velocities of ~ 8 m/s. At the Canyon Lodge, PDC pressures could be  ~7 kPa at ~ 4 m/s, which 


although lower would still be high enough to substantially damage if not completely destroy structures there.  
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Figure 4 – Maximum estimated velocity for 106 m3 (top) and 107 m3 (bottom) flows from the theoretical 


Mammoth Mountain dacite dome.  
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Figure 5 – Maximum estimated dynamic pressure in the 106 m3 (top) and 107 m3 (bottom) flows from the 


Mammoth Dacite dome.    
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Mammoth Mountain  


Dacite Dome 107 m3 


ITEM CLASS 


Dynamic 
pressure 
(kPa) 


Velocity 
(m/s) 


Dr 


Intrawest Village Lodge 18.2 5.3 1 


Main ski area base lodges Lodge 96.1 12.2 1 


Canyon Lodge Lodge 144.8 14.9 1 


Tamarack Lodge Lodge 121.4 13.7 1 


Eagle Lodge Lodge 132.8 14.3 1 


Fire Station 2 Police/Fire/Hospital 30.3 6.8 1 


Police Headquarters Police/Fire/Hospital 0 0 0 


Mammoth Hospital Police/Fire/Hospital 0 0 0 


Fire Station 1 Police/Fire/Hospital 0 0 0 


Mammoth High School School 0 0 0 


Cerro Coso Community College - ESCC School 0 0 0 


Mammoth Elementary School School 10.7 4.1 1 


Mammoth Middle School School 0 0 0 


Ski Area Electrical Substation Utility 92.5 11.9 1 


Edison Office and Substation Utility 0 0 0 


Mammoth Community Water District Utility 0 0 0 


Verizon Station and Cell Tower Utility 0 0 0 


Mammoth Public Works  Utility 0 0 0 


Turner Propane Utility 0 0 0 


AmeriGas Utility 0 0 0 


Table 2 - Critical infrastructure dynamic pressure, velocity, and damage ratios for the 107 m3 Mammoth dome 


eruption PDCs. Damage from the 106 m3 PDC is described in the text.  
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Figure 6 – Maximum estimated velocity in the scenario PDCs from the Inyo dike domes, volume 106 m3 (top) 


and 107 m3 (bottom).   
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Figure 7 – Maximum estimated dynamic pressure in the scenario PDCs from the Inyo dike domes, volume 106 


m3 (top) and 107 m3 (bottom).   


 


5. Discussion  


Table 3 shows the amount of critical infrastructure that could be destroyed by the scenario PDCs from Mammoth 


Mountain versus the Inyo dike domes.  


Category Item Mammoth 
Dacite 


106 m3 


Mammoth Dacite 


107m3    


Inyo Dike    (all 
domes) 


106 m3  


Inyo Dike          
(all domes)  


107 m3 


CA 203 ~2,500 (20%) ~7,600  m (60 %) ~2,000 (16 %) 0 


Lake Mary Road ~1,700 m 
(22%) 


~5,900  m (74 %) 0 ~1,000 m (3 %) 


Main Street 0 ~420  m (25 %) 0 ~450 m (1 %) 


Meridian Blvd.  0 ~1,600  m (37 %) 0 0  


Minaret Road 0 ~2,400  m (86 %) 0 ~1,000 m (3 %) 


Old Mammoth Road ~70 m (2 %) ~2,300 m (54 %) 0 0   


Mammoth Scenic Loop 
(Escape Road) 


0 ~200 m (44 %) ~600 m (100 %) ~600 m (2 %) 


Arterial  


Roads 


All Arterial Roads 


  


~4,400 m (13 
%) 


~24,000 m (65 %) ~600 m (2 %) ~6,200 m (18 %) 


Utility Electric lines ~100 m (0.3 
%) 


~18,400 m (56 %) ~900 m (3 %) ~7,400 m (23 %) 


Ski Chairlifts 27/30 (90 %) 28/30 (93 %) 0 0 


Misc.  Urban Limit  


 


~20,700 m2 


(0.3 %) 


~6,130,000 m2 (60%) ~212,300 m2 


 (2.1 %) 


~2,002,900 m2  


(20 %) 


Critical 
Buildings 


Various (see Table 2 and 
text) 


0 8 (40 %) 0 2 (10 %) 


Table 3 - Summary of impacts to linear inventory features from Mammoth dacite dome and new Inyo dike 


rhyolite flows. Only flows from the SW of the three Inyo dike rhyolite domes encroaches the town’s boundaries.  


 


The Mammoth Mountain flows would have a much greater impact on all critical infrastructure buildings, 


networks, and upon the urban area of Mammoth Lakes in general. The larger of the two PDCs might impact 


~60% of the town, as opposed to ~20% that could be impacted by the 107 m3 SW-Inyo dike dome flow. This 


result is controlled mostly by the locations of the scenario flows.  
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5.1 Effect of Model Parameters on PDC Results  


The input parameters used with EXPLORIS PDC to derive the PDC hazard maps shown in Figures 4, 5, 


6, and 7 directly influence the model results. The specified volumes have the greatest control over the spatial 


distribution of the hazardous PDC conditions. Smaller volume flows would have a smaller spatial extent, and 


therefore would pose less risk to critical infrastructure in Mammoth Lakes. The two volumes present a useful 


comparison of the range of effects of reasonable small flow versus a reasonably large flow.  


The Mammoth Mountain flow material has a much greater amount of kinetic energy (∆h = ~800 m, H/L 


= 0.16), which translates into a broader extent than the Inyo SW flow (∆h = ~400 m, H/L = 0.09). This is evident 


in the model result (e.g. Figure 5 versus Figure 7), and supported by the observation that PDCs from a high-relief 


volcanic edifice travel farther than PDCs from low-relief terrain (e.g. Nakada 2000; Fisher and Heiken 1982). 


While the spatial extent of the scenario PDC is directly correlated to both the flow volume and the character of 


the surrounding topography (including the specified vent height over existing ground as discussed above), the 


specified average flow density (1300 kg/m3) controls the severity of the estimated maximum dynamic pressure 


across the given flow extent. A lower average density will result in lower pressures; however these are both still 


sufficiently high to destroy non-building infrastructure and most buildings.  


The model also does not take into account the diminutive effect of the mature trees within that part of 


the Town potentially covered by the flows (e.g. recognition in Baxter et al 2005 that trees and buildings will 


perturb a PDC and cause sheltering at kPa < 10), however Glasstone and Dolan (1977) provide fragility data for 


forestry indicating that above dynamic pressures of ~2-3 kPa, forests will be leveled and will not have a 


significant impediment on PDCs.  


5.2 Scenario Eruption Location Selection 


Choosing the location for a future volcanic eruption can be an unfortunate necessity in scenario-based risk 


assessment, as the location choice for the scenario vents exerts the greatest control over the potential spatial 


distribution of hazardous PDC conditions and therefore the potential risk. In this paper, effort was made to exert 


some geological control over the chosen locations, but the possibility remains that future activity might depart 


from historic and even prehistoric patterns, emerging from an altogether new location (e.g. Paricutin volcano in 


Mexico, Foshag and Gonzales-Reyna 1956).  


Flows from a real dacitic dome on Mammoth Mountain at the scenario location could travel down the 


volcano in any direction indicated by the purple shaded area in Figures 4 and 5. If a real dome grew at the 


scenario location in such a way as to only release material to the north, then the impacts of the eruption would be 


markedly different than if the flows descended to the east. EXPLORIS PDCs’ marking a location as “at risk” 
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from damaging overpressure does not imply a prediction of flow incursion and damage at that location; it merely 


estimates the dynamic pressure that would occur at that location if a PDC were to reach it.  In a real eruption, 


careful mapping of dome geometry coupled with observation of its morphological evolution would enable 


predictions to be made about likely flow paths (e.g. 2006 Merapi eruption, Wilson et al. 2007).  


5.3  Effect of Fragility Limits on Risk Assessment Outcome 


The destruction (Dr = 1) threshold for the various classes of critical infrastructure described in Section 3 has an 


impact on the quantity of potentially destroyed infrastructure.  In the case of critical buildings, the dynamic 


overpressures are sufficiently high so as to not have an impact on the outcome. If the lower limit for building 


destruction was raised from ~3-5 kPa to say ~8 kPa for example, the outcome would be virtually the same as all 


of the at-risk buildings experience pressures greater than 10 kPa. The impact on the electrical lines and roads 


would change slightly if the damage threshold was raised to 1 or 2 kPa, but the difference would be less than 1%.   


5.6 Probabilistic Consideration of Scenarios 


There is a ~1% probability of an eruption in any given year in the Long Valley Caldera (Hill et al. 1997). This 


probability is more than an order of magnitude greater than the chances of any one pedestrian in the US being 


killed in their lifetime by a car (0.2%; NSC 2007). In the same way that looking both ways before crossing a 


busy street mitigates the risk of being struck by an automobile, risk assessments such as that presented in this 


paper provide useful information for eruption mitigation planning and risk reduction for high-consequence, low-


probability volcanic hazard scenarios.  


6. Conclusions 


We have used the EXPLORIS PDC model to show that new dome collapse PDCs on Mammoth Mountain pose a 


greater risk to critical infrastructure in Mammoth Lakes than new dome collapse PDCs from multiple vents 


above a rhyolite dike erupting at the southern end of the Inyo chain of craters.  Main conclusions are: 


1. The scenario dome-collapse PDCs of 107 m3 from a 100 m tall dacite dome on Mammoth could destroy 


~60% of the urban area of Mammoth Lakes and almost all ski area infrastructure. The town could be cut 


off from the ski area for the duration of the eruption, until Route 203 can be repaired and reopened.  


2. The 106 m3 flows from the same theoretical dome on Mammoth Mountain would have a much smaller 


impact on the urban area of Mammoth Lakes based on the smaller extent of damaging overpressures 


and velocities, but the smaller flows are still of sufficient size to potentially damage ~90% of the 


chairlifts at the ski area.  
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3. Dome-collapse PDCs from three 200 m tall rhyolite lava domes sited along three existing faults with 


similar strike to the ~650 y.b.p. Inyo craters and domes present a much smaller potential hazard to 


critical infrastructure in Mammoth Lakes than flows sourced from a dacite dome on Mammoth 


Mountain. Only the southwest of the three theoretical Inyo domes could send PDCs into the  Town, 


with a 107m3 flow encroaching ~20% of the urban area and a smaller flow of 106 m3 only ~2%. Damage 


to private holdings in the urban area of Mammoth Lakes could be a significant source of loss, but this is 


not directly addressed in this risk assessment. Although impacting a smaller area than the Mammoth 


Mountain flows, the 107m3 SW-Inyo dome flow could destroy 20% of the total length of arterial roads 


in the Town, 20% of the electricity lines, and the Intrawest Village and Canyon Lodges. Access to the 


ski area from the town would also severed.  


4. The real number of vents in a dike intrusion is nearly impossible to predict, but based on typical 


volcanic behavior elsewhere (e.g. Takada 1994) there is a higher probability that a dike would intrude 


parallel to regional faulting, exploiting an existing crustal weakness. There is no evidence to suggest 


that the southern end of the Inyo craters is a more likely location for a dike emplacement than the 


northern end nearer to Mono Lake (Hill et al. 1997), where an eruption would have little to no impact 


on critical infrastructure in Mammoth Lakes apart from tephra falls.  


5. The difference in PDC impact between the 107 m3 flows at Mammoth Mountain and flows of the same 


size from the theoretical Inyo domes is due to a) the larger amount of kinetic energy imparted to the 


pyroclastic material emanating from the Mammoth dome as a result of the higher relief of Mammoth 


Mountain compared to the flatter terrain near the Inyo scenario vent, and b) the location of two of the 


three Inyo vents outside of the boundaries of Mammoth Lakes to the north, where only the Inyo 


National forest and the Mammoth Scenic Loop road could be impacted by PDCs.   


6. This scenario-based risk assessment is not a prediction of where or to what degree hazardous volcanic 


actions will occur in the future at Mammoth. Eruptions in the vicinity of the town in the future are a 


near certainty (Hill et al. 1997), but their location, magnitude, duration, and hazards cannot be 


specifically forecast. 


7. Comparative risk assessment allows prioritization and decision-support for evacuation and emergency 


management response planning.  If either of the eruption scenarios presented in this assessment became 


imminent, the results of the risk assessment argue strongly for complete evacuation of the western half 


of Mammoth Lakes, if not the entire town.  If the sizes of flows utilized in the scenario risk assessment 


are accurate representations of real events, then the eastern half of the town lies beyond the reach of the 


flows, and could harbor safe areas for evacuation, triage, and other emergency management activities.  
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8. Theoretical scenario-based risk assessments that directly combine physical hazard models, vulnerability 


curves, and inventory databases are not yet abundant within the body of work done in the field of 


volcanic risk assessment, and none have been previously applied to Mammoth Lakes. Such studies are 


increasingly being conducted at potentially dangerous volcanoes around the world as, like this paper, 


they present an important new tool for emergency planners and risk analysts to evaluate potential future 


risks from volcanic hazards. The results of such studies add to the knowledge of volcanic risks at a 


certain volcanic centre.  


If a real eruption were to take place that was similar in character to the scenario Mammoth Mountain dacite 


dome eruption, significant amounts of the developed area of Mammoth Lakes could be inundated by PDCs, with 


serious consequences. When compared to the broad distance-based hazard zones of previous qualitative hazard 


assessments, (Miller et al. 1982; Hill et al. 1991), the results of this paper provide a more detailed insight into the 


location and severity of PDC hazards from eruptions near Mammoth Lakes. 


A volcanic eruption in the vicinity of Mammoth Lakes is not a matter of “if” but “when” (Hill et al. 


1997). If deformation and seismic data suggesting the movement of magma in the shallow crust indicate an 


impending eruption event (as outlined in Hill et al. 1997, or documented in Voight et al. 2000b), it is plausible 


that the site of an eruption could be forecast at the resolution of Mammoth Mountain versus the Inyo area being 


the likely site of new activity.    


We argue that the technique illustrated in this paper provides a useful means of determining relative risk 


for eruptions of similar magnitudes from different locations near Mammoth Lakes. Scenario-based risk 


assessment, when rooted in appropriate contextual geologic understanding, presents emergency managers and 


government officials with useful information about the possible location and scale of hazards and their impacts to 


aid them in response planning and resource prioritization. When coupled with related sociological investigations 


of volcanic hazard awareness among populations that live around a potentially dangerous volcano (e.g. Kaye et 


al. 2008 submitted), scenario-based risk assessment can be used to plan response and evacuation and improve 


public awareness and hazards education to increase resilience in a small community such as Mammoth Lakes.  


While the chances of an eruption like either of the scenarios illustrated in this paper remain low, volcanic risk 


mitigation plans should be developed in the same way that they are made for risk from other hazards such as 


wildfire. 
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ABSTRACT 


 
A rhyolitic volcanic eruption from the Okataina Volcanic Centre (OVC), similar to either of the 
two most recent significant events (0.7 ka Kaharoa or 5 ka Whakatane), would have 
devastating consequences for the entire central North Island of New Zealand. Numerous 
qualitative risk assessments for all aspects of New Zealand society under threat from 
volcanic eruptions have been undertaken in the last decade, but have fallen short of taking a 
quantitative approach via combining scenarios, hazard models, and vulnerability 
assessment. This paper presents a quantitative approach applied to three major inventory 
sectors in the Rotorua District: population, agriculture, and infrastructure. Risk is estimated 
from tephra and pyroclastic density current (PDC) hazards during a scenario rhyolite eruption 
at the Okataina Volcanic Centre similar in scale to the 0.7 ka (1314 AD) Kaharoa event. The 
ASHFALL model of Hurst (1994) along with the EXPLORIS pyroclastic density current model 
of Toyos et al. (2007) are used to determine the intensity of tephra and PDC hazards 
(respectively) in the scenario eruption. Fragility functions or hazard intensity / damage curves 
developed for the RiskScape natural hazard risk assessment tool (Kaye, 2007b; King and 
Bell, 2005) are used to determine expected damage to inventory in the three inventory 
classes. Two opposing wind directions are used to model a best- and worst-case tephra fall 
from the perspective of Rotorua City. Impact in each of the three inventory classes varies 
greatly with wind direction, with more significant effects occurring in easterly winds that carry 
the bulk of the tephra directly from the vents to the densely populated urban areas. Tephra 
poses the greater hazard than PDCs to all three classes of inventory because of the wider 
distribution of the hazard throughout the District. Determination of financial exposure is left to 
a future risk assessment, although an example methodology is given via determination of 
financial risk to forestry.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 


KEYWORDS 


Volcanic risk assessment, Okataina Volcanic Centre, Rotorua, RiskScape, ASHFALL, 
EXPLORIS. 
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1.0 INTRODUCTION 


1.1 Geologic Setting 


The town of Rotorua is set in the midst of the 200 km long Taupo Volcanic Zone (TVZ) in the 
central North Island of New Zealand (Figure 1), which is widely considered to be one of the 
most prolific, active areas of rhyolitic magma generation on earth (~ 0.28 m3/sec of magma 
for the last 0.34 Ma; Wilson, 1996; Wilson et al., 1995). Cole et al. (2005) subdivide the TVZ 
into three zones – the southwestern Tongariro andesite-dominated segment which hosts 
Ngaruhoe, Ruapehu, and Tongariro volcanoes, the ~4800 km2 central Taupo / Okataina 
rhyolitic segment which has produced over 85 km3 of magma in the last 22 k.a. from 11 major 
eruptive episodes at the Okataina Volcanic Centre (OVC; Nairn, 2002), and the northeastern 
Bay of Plenty andesite-dominated segment which hosts the marine volcanoes of White and 
Mayor Islands.  The city of Rotorua itself is built in the ~220 km2 Rotorua caldera left behind 
by the cataclysmic eruption of the 17.5 km3 dense rock equivalent (d.r.e) Mamaku ignimbrite 
at 13.5 Ka (broken green line, Figure 1 -  Wood, 1992; Wilson et al., 1984, 1995; Martin, 
1961), and is built atop an actively degassing geothermal system that frequently experiences 
hydrothermal eruptions (orange shading, Figure 1 - Scott et al., 2005; Cody, 2003) and 
causes health problems in the local population (Durand and Wilson, 2006; Durand and Scott, 
2005). 
 
Accumulations of tephra and pyroclastic density currents (PDCs) during the previous two 
rhyolitic eruptions at the OVC (the pre-settlement Kaharoa 0.7 ka and Whakatane 5 ka 
events) devastated vast areas of the central North Island (e.g. Johnston et al., 2004, 2002, 
and 2000; Leonard et al. 2002; Nairn, 2002). Additionally, a basaltic plinian eruption from 
Tarawera volcano in AD 1886 destroyed four Maori villages, killed ~153 people (ODESC,  
2007), and obliterated the world-famous pink and white terraces (Keam, 1988; Nairn, 1979; 
Walker at al., 1984; Sable et al., 2006; Nairn, 2002). 
 
The OVC has been relatively quiescent since the 1886 eruption of Tarawera, with no 
hydrothermal changes having been detected from 1970 to 1998 (Nairn, 2002). Deformation 
within the caldera has been recorded and described by Scott (1986; 1989), but it has typically 
been tectonic in character and has not been indicative of new magma ascending into the 
shallow crust. Several notable earthquake swarms have occurred within the Haroharo 
caldera in recent times, with one cluster of > 150 events recorded in a period of two years 
from 1982-1984 (Nairn, 2002). There have also been numerous small, sometimes damaging 
hydrothermal eruptions at the neighbouring Rotorua geothermal system to the west of the 
OVC (Figure 1) in the last decade (e.g. Scott and Cody, 2003; Begg et al., 1994). The 
Rotorua geothermal field is unique in that large portions of it underlie densely populated, 
developed urban areas, including the central business district of Rotorua (Durand and 
Wilson, 2006; Durand and Scott, 2005).  
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Figure 1 Shaded relief map of the Rotorua District, showing the Pukerimu (red triangle) and Haroharo 
scenario vents (red square) used in the risk assessment presented in this paper, and the outline of the Okataina 
Volcanic Centre, (broken red line), Rotorua Caldera (broken green line), and geothermal areas in the district 
(orange shading – all after Nairn, 2002 and Scott and Nairn, 1998).  
 
1.2 The Rotorua District – What’s at Risk from Volcano Hazards 


Rotorua is home to a vibrant, largely tourism-based economy, and ~71,000 residents (2006 
census, StatsNZ, 2007). There are ~93,000 hectares of production forestry, ~93,000 
hectares of pastoral farming, and critical infrastructure supporting the existing population and 
industries there. Because of its proximity to the active OVC, all of these assets and their 
associated economic functions are at risk from volcanic hazards during a future eruption. 
Eruptions from the OVC could range from rhyolitic like the AD 1314 Kaharoa to basaltic like 
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the AD 1886 Tarawera, with each style having unique hazards and spatial extent. The two 
most widespread volcanic hazards during past rhyolitic eruptions at the OVC have been 
tephra and PDCs (Nairn, 2002), and there has been a concerted effort in the past decade to 
estimate the impact of these past eruptions if their hazards were to be superimposed on  
present-day New Zealand. 
 
1.3 Previous Risk Assessments 


Risk to modern New Zealand society from future volcanic eruptions at the OVC and other 
North Island volcanoes has been the subject of many previous studies by Geological and 
Nuclear Sciences New Zealand (GNS Science or GNS – e.g. Cousins et al., 2007; Johnston 
et al., 2004; Cousins et al., 2003; Johnston et al., 2002; Cousins et al., 2001; Johnston et al., 
2000a; Johnston, 1997; Johnston et al., 1993; Cousins, 1994; Cousins et al., 1993; Scott, 
1986; and others). The intended purpose of this previous work was typically to ascertain 
impacts from future eruptions to specific government jurisdictions or economic interests, as 
well as to invoke volcano hazard awareness in emergency management officials whose 
focus prior to the Civil Defence and Emergency Management Act of 2002 was on earthquake 
and flooding hazards (Andrew King, GNS Science, pers. comm., 2007). 
 
A great deal of this past effort at volcanic risk assessment has been qualitative or semi-
quantitative (e.g. Johnston et al., 2000a, 2002, and 2004), having presented a broad picture 
of the impacts to all aspects of society from near and far-field tephra and PDC hazards. 
Numerical hazard models were not usually employed to determine the impact and 
geographic distribution of risk from hazards in these previous risk assessments, although 
Johnston et al. (2002) took the approach of overlying deposits from a prehistoric eruption 
atop modern inventory in a Geographic Information System (GIS) to obtain a rough estimate 
of risk.  
 
1.4 RiskScape 


To provide a software tool for end-users capable of performing quantitative multi-natural 
hazards risk assessment, and thus building on the body of risk assessment work done by 
GNS Science and others in the past, a program was begun in 2005 as a joint venture 
between GNS Science and the National Institute of Water and Atmospheric research (NIWA) 
called RiskScape (King and Bell, 2005). At the end of 2007, the software is in prototype 
phase, and is capable of assessing risk to limited inventory of residential and some 
commercial buildings at three New Zealand locations (Westport, Christchurch, and the 
Hawke’s Bay) from five natural hazards (earthquakes, flooding, tsunami, wind storms, and 
tephra fall). Similar to its American counterpart HAZUS (FEMA, 2003; Schneider et al., 2006) 
RiskScape combines inventory databases, numeric physical hazard models, and fragility 
functions, to calculate damage and therefore risk from natural hazards.  
 
The risk assessment presented in this paper represents partial application of the volcanic 
hazard risk assessment module for RiskScape, called RiskScape Volcano (RSV- Kaye, 
2007b). Like its parent model, RSV assembles inventory databases, hazard models, and 
vulnerability estimation curves to calculate risk from an eruption scenario to inventory 
surrounding a volcano. RSV and the risk assessment outlined in this paper operate primarily 
in ArcGIS and Microsoft Excel software, but work is underway to integrate the model into the 
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Java-based RiskScape software (King and Bell, 2005). The Rotorua District was chosen as 
the first New Zealand location to test RSV, and the eruption scenario, inventory databases, 
hazard models, and fragility functions presented in this paper represent the first application of 
the prototype model. An additional test of RSV has been conducted in California, USA for the 
town of Mammoth Lakes, and that risk assessment is presented in Kaye et al. (2008b).  
 
1.5 Risk Assessment Model Design 


RSV and thus the risk assessment presented in this paper follow the basic model design 
depicted in Figure 2. See Kaye (2007b) for a full description of the model. First, a scenario 
volcanic eruption is engineered, which in this risk assessment entails tephra and pyroclastic 
density current (PDC) hazards from the eruption of 6 km3 dense rock equivalent (d.r.e.) of  
rhyolitic magma from two vents of the Haroharo complex in the OVC. Next, two hazard 
models are selected to provide hazard intensity output maps: ASHFALL (Hurst, 1994) which 
outputs tephra thickness in millimetres, and EXPLORIS (Toyos et al., 2007) which outputs 
maximum estimated dynamic overpressure in kilopascals. ASHFALL employs two opposing 
wind directions to account for the variability of wind above the central North Island (Kaye, 
2007a): westerly winds (Wind A) and easterly winds (Wind B). The resulting hazard intensity 
maps are then applied to inventory databases held as shapefiles in a GIS (specifically 
ArcGIS), and affected inventories are determined. Use of spatial statistics in ArcGIS allows 
assignment of hazard intensity to point, polyline, or polygon inventory shapefiles, which 
provides a set of affected inventory and establishes hazard exposure. “Fragility functions” 
(hazard-intensity/damage ratio curves specific to each of the hazards and inventory classes) 
are then applied to the hazard-impacted inventory items at the given hazard intensity levels 
to provide expected damage ratios. Relative risk, therefore, is expressed as the amount of 
damaged inventory and the corresponding degrees of damage potentially done by the 
hazards in the scenario. Valuation information can then be added to convert damage into 
financial loss, if that outcome is desired.  
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Figure 2 Risk Scape Volcano model design.   
 
 
 
1.6 Objectives 


The object of this risk assessment is twofold. First, it intends to quantify the risks involved to 
people, forestry and agriculture, and critical infrastructure in the Rotorua District from tephra 
and pyroclastic density current hazards in a theoretical rhyolitic eruption at the OVC. This will 
advance previous qualitative work by applying numeric physical hazard models in 
conjunction with inventory-specific fragility functions to quantitatively and spatially determine 
damage and/or financial risk to these inventory sectors. A second ancillary goal is to 
demonstrate the methodology used to undertake the risk assessment of the RSV model 
(Kaye, 2007b) for the RiskScape software. 
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2.0 RHYOLITIC ERUPTION SCENARIO AND VOLCANIC HAZARDS 


2.1 Scenario Eruption 


The eruption scenario used in this report is an explosive plinian eruption of 6 km3 dense rock 
equivalent of magma from two vents in the OVC’s Haroharo complex - the Pukerimu vent 
and the Haroharo vent. The scenario is based on scenario two of Johnston and Nairn (1993), 
but differs in that it only involves hazards from two distinct phases of their scenario – tephra 
fall hazards during and shortly after the initial plinian phase, and large dome-collapse PDCs 
that occur months to years later. The scenario presented in this report ignores the obvious 
fact that column-collapse pyroclastic flows during a real rhyolite eruption would devastate 
vast amounts of the surrounding area (e.g. Pinatubo, 1992, Nakada, 2000), leaving little if 
anything for the subsequent block and ash flows to destroy.  
 
The scenario eruption begins with 1 km3 of tephra erupted from the Pukerimu vent to a height 
of 10 km, followed by the eruption of 5 km3 from the Haroharo vent six hours later, when the 
two eruption columns join and the eruption rises to 40 km and truly enters a plinian phase. 
The PDCs in the scenario eruption are modelled as two separate 0.1 km3 flows from each 
vent, emanating from a source elevated 200 m above the existing topographic surface in 
order to mimic the kinetic energy that would be imparted from collapse of new lava domes. 
The volumes of pyroclastics, lava flows, and tephra from the theoretical eruption used in the 
risk assessment as well as the three most recent OVC eruptions are given in Table 1 for 
comparison.  
Table 1 Eruptive volumes of recent OVC eruptions as well as the scenario eruption used in this risk 
assessment. “D.R.E.” is dense rock equivalent magma. Sources – 1 = Nairn, et al., 2004; 2 = Nairn, 2002; 3 = 
Walker et al., 1984; 4 = Johnston et al, 2000, 5 = Johnston et al., 2004.  


Eruptive episode Age (ka) Magma 
Volume 


(km3 


D.R.E.) 


 Lava 
volume 


(km3) 


Pyroclastics 
Volume (km3) 


Tephra 
Volume 


(km3) 


Scenario eruption, this paper 0 6  - 2 6 


Tarawera Basalt 1886 AD 0.72 - 22 23 


Kaharoa 0.7 51 2.52 52 54 


Whakatane 5 132 92 102 2.85 


 
It is important to note that the scenario used for this risk assessment, although based on the 
geologic record and similar in magnitude to other past OVC and overseas eruptions, is 
entirely theoretical; hence outputs of the hazard models in the subsequent sections are not 
predictive. PDC and tephra maps should not be used beyond the context of this theoretical 
risk assessment as predictive indicators of precisely where and to what degree hazardous 
conditions would exist with any certainty in a future eruption.  
 
Furthermore, a real rhyolitic eruption would comprise much more convoluted and lengthy 
hazardscape than two PDCs and one fall of tephra. Johnston et al. (2004) identify the 
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potentially lengthy period of unrest leading up to a rhyolitic eruption at the OVC as a time of 
marked uncertainty and tumult on the order of months to years, capable of having unique and 
possibly significant impacts on both the economy and psychological well-being of area 
residents despite no hazardous volcanic surface activity occurring in that period. Similarly, 
the time period following a rhyolitic eruption would also see its own unique set of hazards and 
risks for years to decades after the termination of the climactic eruption (Johnston et al. 
2002). Additional falls of tephra would undoubtedly occur for months to years following the 
climactic phase, as well as frequent additional gravity-driven block and ash PDCs from cyclic 
construction and destruction of rhyolitic lava domes at the vents. Also, extensive rainfall-
driven lahars would impart severe disruption and significant damage to all sectors of 
inventory across wide areas of the District. Assessment of risk in either period, and from 
these additional hazards warrants a different approach than that taken in this paper, and is 
left to a future risk assessment. 
 
2.2 Scenario Eruption Volcanic Hazards and Their Likely Impacts  


The two major hazards considered in the risk assessment presented in this paper are PDCs, 
and accumulations of tephra produced during the plinian phase of an explosive rhyolitic 
eruption.  
 
2.2.1 Tephra 


The most widespread and potentially damaging volcanic hazard from a rhyolitic eruption at 
the OVC is likely to be the accumulation of tephra (Johnston et al., 2000). Tephra 
accumulation during and immediately after the plinian phase of a rhyolitic eruption can range 
from several meters within a few kilometres of the vent to tens of centimetres within tens of 
kilometres, to trace amounts several thousand kilometres away (e.g. Pinatubo, 1992; 
Newhall and Punongbayan, 1996; St Helens, 1980, Tilling et al., 1990; Rabaul, 1994, Blong, 
1996). Tephra damage is relatively well-documented, with work having focused on building 
impacts (e.g. Spence et al., 2005a and 1996; Dillman and Roberts, 1980; Matsumoto et al., 
1988; Spence, et al., 1996; Blong, 2003; Blong 1984; Deguchi, 1989), health hazards 
(Horwell and Baxter, 2006; Forbes et al., 2003, Baxter, 1983), damage to computers and 
electronic equipment (e.g. Gordon et al., 2005), disruption to telecommunications (Labadie, 
1983; Wilson et al., 2007), sewage treatment facilities (Day and Fischer, 1980; Warrick et al., 
1981; F.E.M.A, 1984), electricity distribution systems (e.g. Nellis and Hendrix,1980; Stember 
and Batiste, 1981), forestry (Neild et al., 1999), air travel (Neal et al., 1997; Casadeval, 
1994), pastoral farming (Wilson and Kaye, 2007 and Wilson et al., 2007; Wilson and Cole, 
2007), water supplies (e.g. Stewart et al., 2006), and roads and pavement (e.g. Blong and 
McKee, 1995; Nairn, 2002). In addition to the obvious cases where tephra causes 
measurable physical damage to the built, agricultural, and human environments, it can also 
have costly indirect effects. Roughly NZ$1 million in damage was caused to electrical 
infrastructure in Rotorua City as a result of the 17 June 1995 tephra fall during the eruption of 
Ruapehu volcano, some ~90 km to the south when a citizen spraying tephra from his roof 
caused moisture to drift through the air onto an adjacent electrical substation, shorting it out 
and causing a widespread power outage (Peter Brownbridge, Rotorua District Council, pers. 
comm., 2007). Johnston (1997) also notes $53,000 worth of damage done during that same 
period to a sports ground in Rotorua.  
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Substantial accumulations of tephra may be required to witness the onset of physical building 
damage on the order of roof collapse (Spence et al., 2005a); however a few tens of 
centimetres of moistened tephra can exert loads on a roof in the range of 2 kPa, which are 
sufficient to cause damage to gutters and other items (Johnston, 1997). Also, Blong (2003) 
reported an increase in emergency room admissions during light tephra falls at Rabaul 
volcano from people falling from roofs where they had been clearing tephra. Minute amounts 
of tephra can be damaging to municipal infrastructure such as sewerage as well (Johnston, 
1997). 
 
Degrees of impact and damage to humans, agriculture, and infrastructure from tephra vary 
according to many factors, including density, grain size, chemical composition, duration of 
exposure, and presence of toxic compounds adsorbed on the tephra particles. In this risk 
assessment, the sole damaging property of tephra is limited to weight-induced physical 
damage to buildings and agricultural inventory. The presence or absence of water can 
greatly influence the capacity of accumulated tephra to cause physical damage (Johnston, 
1997). In this risk assessment, it is assumed to be raining moderately for at least 12 hours 
following the ejection of most of the tephra into the atmosphere in the scenario eruption, 
causing the tephra to have entrained double its mass in water. This will be discussed further 
below in Section 5.  
 
2.2.2.1 Wind 


The location of maximum tephra fall (alignment of main depositional axis) during any eruption 
is largely dependant upon the prevailing wind speed and direction at the vent location during 
the eruption. A recently completed statistical analysis of 20 years worth of surface winds in 
Rotorua and six years worth of upper-atmosphere winds above Hamilton ~200 km away 
(Kaye, 2007a) found that the description of prevailing winds as westerly (to the east) in 
previous studies of tephra dispersion modelling (Bonadonna et al, 2005; Johnston 1997, 
Sturman et al., 1997; risk assessments mentioned above in Section 1) is accurate if an 
average value is used in either location. Regardless of the average value in the past, 
however, winds in New Zealand are highly variable from one season to the next, one week to 
the next, and even one day to the next (Kaye, 2007a). This variability is confirmed 
geologically by the tephra dispersion maps of the 1995-1996 Ruapehu eruption (Figure 3, 
Cronin et al., 2003).  
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Figure 3 Tephra isopachs from the three largest 1995-1996 eruption of Ruapehu volcano from Cronin et al., 
2003.  
 
In addition to the geologic record, a civil defence mock-eruption exercise conducted in 1992 
(Nga Puhi Exercise; MCEM, 1992) proved the futility of relying on current wind conditions to 
forecast tephra dispersion. In that exercise, Whakatane was “evacuated” due to wind 
conditions at the time of the scenario eruption, but a last-minute wind change caused the 
“destruction” of the town of Opotiki (Prof. Jim Cole, University of Canterbury, pers. comm., 
2007). Because of this potential for inherent wind variability, this risk assessment utilizes two 
end-member wind directions for “best case” and “worst case” tephra dispersion axis from the 
perspective of Rotorua City – light westerly winds (Wind A) that carry the bulk of the tephra to 
the east, and the opposite, stronger easterly winds (Wind B) that carry most of the tephra 
directly towards Rotorua.  
 
2.2.2 Pyroclastic Density Currents 


The second hazard considered in the risk assessment is that of pyroclastic density currents 
(PDCs). PDCs are a devastating physical hazard (Nakada, 2000), exerting intense 
temperatures of hundreds of degrees centigrade (Branney and Kokelaar, 2002) as well as 
almost universally overwhelming pressures (up to 103-104 kPa, Valentine, 1998) on 
everything in their paths (e.g. St. Pierre / Mt. Pelee 1902, Fisher et al., 1980; St. Helens, 
1980, Keiffer, 1981; Bebeng Village, Yogyakarta, Merapi; Wilson et al., 2007).  PDCs also 
cause direct physical damage via impact and abrasion from rocks and ash entrained within 
their rapidly advancing flows (e.g. Bebeng village, Merapi, Indonesia - Wilson et al., 2007a; 
Blong, 1984).  Despite these damaging characteristics, structures, people, and crops have 
been known to survive PDCs, and several studies (e.g. Spence et al, 2004; Valentine, 1998; 
Glasstone and Dolan, 1977) have provided data that can be used to estimate the 
vulnerability of some inventory classes under threat of PDCs. For more vulnerable inventory 
classes, such as overhead electrical wires, PDCs can be assumed to be completely 
damaging wherever they occur. The levels of vulnerability to inventory from PDCs and tephra 
will be discussed in detail in Section 5.  
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3.0 HAZARD MODELS AND SCENARIO HAZARD INTENSITY 


This section describes the hazards models used in the risk assessment to determine the 
spatial distribution of tephra thickness and PDC dynamic overpressure intensity.  
 
3.1 Tephra 


Tephra thickness in the scenario eruption is modelled with the ASHFALL two-dimensional 
particle diffusion model of Hurst (1994), which returns fresh-fallen tephra thickness in mm 
across the specified model space (The Rotorua District). ASHFALL requires the user to 
specify the eruption location duration and tephra volume, as well as a vertical volume fraction 
distribution of ash upwards through the eruption column. The user must also specify a wind 
profile that describes the direction and velocity of air movement through the atmosphere 
around the eruption column for the duration of the time that tephra is in the air. Table 2 gives 
the parameters used in ASHFALL to generate the scenario eruption tephra thicknesses for 
the easterly (A) and westerly (B) wind directions.  
 
Table 2 Parameters used to model tephra distribution with ASHFALL in the scenario eruption.  


Parameter Value 


Tephra volume 1 km3 (Pukerimu vent), 5 km3 (Haroharo vent) 


Suzuki constant 4 


Diffusion coefficient 48000 


Grid spacing (X,Y,Z) 1 km, 1 km, 5 km 


Column height max 40 km 


Vertical particle distribution Vesuvius model from Hurst (1994) 


 


3.1.1 Model Output - Wind A 


Kaye (2007a) noted that in addition to the prevalence of westerly/southwesterly winds at 
Rotorua Airport (17%, and 15% respectively), 15% of the 20 years worth of wind data 
measured every three hours at the Rotorua Airport were calm winds, and so the ASHFALL 
wind profile file for “Wind A” was adjusted to reflect this. Higher level winds were modelled to 
match the prevailing stronger westerly winds seen in the Hamilton radiosonde deployment 
catalogue (26% at 4,000 m, 30% above 10,000 m; Kaye, 2007a). Tephra thicknesses range 
from a maximum of >3 m near the vents, to a minimum of <10 mm in the far-Western 
suburbs of Rotorua City that are “behind” the vent into the wind.  
 
Figure 4 gives the distribution of tephra across the Rotorua District during the scenario 
eruption, with winds blowing to the east (Wind A). The majority of the tephra is deposited 
near the vents, within the boundaries of the OVC. Tephra thicknesses across the densely 
populated Rotorua City range from 50 to 150 mm, sufficient to cause some damage to 
infrastructure and more than enough to cause disruption to the normal workings of society 
and even potentially require evacuation.  
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Figure 4 Tephra thickness across the Rotorua District in the scenario eruption with winds blowing to the east 
(Wind A).  
 
3.1.2 Model Output - Wind B 


Figure 5 gives the distribution of tephra across the Rotorua District during the scenario 
eruption, with winds blowing to the west (Wind B). This arbitrary wind direction occurred in 
3% of the 20 years’ worth of 3-hourly surface measurements made at Rotorua Airport (Kaye, 
2007a), making it less likely from a perspective of past wind direction. As discussed above in 
Section 2.2.2.1, however, variability in winds above New Zealand argues that inclusion of 
even statistically unlikely wind direction is important in any risk assessment.    







 


 


GNS Science Report 2007/39  12 


 


 
Figure 5 Tephra thickness across the Rotorua District from the scenario eruption with winds blowing to the 
west (Wind B).  
 
Tephra thicknesses vary from a few hundred millimetres “behind” the vent into the wind, to 
>2.5 m near the vents. The bulk of Rotorua City (shaded dark, Figure 5) receives between 
1.5 and 2 m of tephra if an easterly wind prevailed.  
 
3.2 Pyroclastic Density Currents (PDCs) 


PDCs are modelled with the EXPLORIS-PF energy-line model of Toyos et al. (2007), which 
returns PDC extent and maximum estimated dynamic overpressure and velocity in all 
directions around a vent as an ESRI grid file with spatial resolution equal to the underlying 25 
m digital elevation model (DEM). The model is not predictive of where PDCs will travel in an 
eruption; it merely depicts the greatest potential overpressure at all points around a vent 
should a lava dome growing at that vent partially collapse and release a PDC of the specified 
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volume from the vent down the flank of the volcano onto that point. Table 3 gives the input 
parameters used to run the model for the scenario eruption.  
 
Table 3 Input parameters used to derive Figures 9 and 10 with the EXPLORIS PDC model.  


Parameter Value 


Flow Volume 100 million m3 (0.1 km3), each vent 


Source height above 
existing topography 


200 m 


DEM resolution X,Y – 25 m, Z – 10 m.  


Flow density 4100 kg/m3 


Vents Pukerimu, Haroharo (see Figure 1).  


 
Selecting a representative density for a complex, turbulent, multi-phase flow such as a PDC 
is difficult (Valentine, 1998; Valentine and Fisher, 1993, Clarke and Voight, 2000). A density 
of 4100 kg/m3 was selected as an average of calculated values based on observations of 
flows at Merapi, Indonesia, Mt. St. Helens, USA, and Mt Unzen, Japan (Clarke and Voight, 
2000).   
 
The maximum estimated dynamic overpressure in the scenario eruption as calculated by 
EXPLORIS for the Pukerimu vent is given in Figure 6, and that for the Haroharo vent in 
Figure 7. EXPLORIS also returns velocity (e.g. Figure 8), but only overpressure is used 
directly in damage estimations in this risk assessment. Dynamic overpressure is directly input 
into the fragility function (Section 5.2, below) used for estimating damage to buildings, and 
while not used directly, velocity provides an additional qualitative control on vulnerability 
considering that a PDC is mostly made up of large blocks of lithic debris, superheated gases, 
and pulverized rock, and therefore velocities of more than a few meters per second are likely 
to completely destroy anything.   
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Figure 6 Estimated maximum dynamic pressure map for the Pukerimu vent scenario PDC.  


 
Figure 7 Estimated maximum dynamic pressure map for the Haroharo vent scenario PDC.  
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Figure 8 Pukerimu vent scenario PDC estimated maximum velocity map. 
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4.0 INVENTORY 


Risk from PDCs and tephra accumulation to three major categories of inventory in the 
Rotorua District is considered: 1) demographic inventory (people, or the “human 
environment”), 2) agricultural inventory (pastoral farming and forestry, or the “natural 
environment”), and 3) infrastructure inventory (selected critical and second-tier infrastructure, 
or the “built environment”). Inventory data are classed according to their fragility from the 
hazards.  
 
4.1 Demographics – The Human Environment 


The Rotorua District is home to nearly 71,000 people (Statistics New Zealand, 2006 Census). 
Units of population in New Zealand are called “meshblocks,” shown in Figure 9 shaded 
according to population numbers normalized by meshblock area (yellow to green to blue 
indicating lower to higher population normalized by meshblock area). The meshblock dataset 
is an ESRI polygon shapefile constructed from Statistics New Zealand data (StatsNZ, 2007), 
containing attribute data selected for volcanic hazard risk assessment: a) usually resident 
night population (URP-N), and b) total occupied dwellings (TOD). The vast majority of people 
in the District live in Rotorua City at the south shore of Lake Rotorua, and few people live in 
the forested mountainous terrain within the OVC where the two scenario eruption vents are 
located (red square and red triangle, Figure 9). Distance buffers of 5 km (red line), 10 km 
(orange line), and 20 km (yellow line) are drawn around the vents in Figure 9, enabling 
determination of populations within each of these zones (Table 4) as a metric for risk solely 
based on proximity to the vents.    
 
Table 4 Approximate distribution of population in Rotorua District with relation to distance buffers around the 
scenario eruption vents.  


 
Category Total in 


District 
People in meshblocks 
whose centroids are 
within 5 km of vents 


People in meshblocks 
whose centroids are 
within 10 km of vents 


People in meshblocks 
whose centroids are 
within 20 km of vents 


Usually resident night 
population 


70,962 ~ 300 (0.4%) ~1,400 (2%) ~28,000 (40%) 


Total occupied dwellings 23,661 ~ 100 (0.4%) ~500 (2%) ~9,000 (37.9%) 
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Figure 9 Population in the Rotorua District, with distances from scenario eruption vents given.  
 
4.2 Agriculture – The Natural Environment 


Two of the major agricultural industries present in Rotorua District – production forestry, and 
pastoral farming (dairying, sheep, beef, and deer) – are selected for risk assessment from 
the scenario eruption.  The pastoral farming inventory is contained in a shapefile database 
obtained from AgriQual New Zealand called AgriBase (AgriQual, 2007). AgriBase contains 
individual farm polygons categorized and classed as either: 1) “dairy” and “dairy dry,” 2) 
“beef,” or 3) “sheep,” “mixed sheep and beef,” “deer,” or “grazing.” Inclusion of farms in 
AgriBase is voluntary on a farm-by farm basis, and therefore the database does not 
represent 100% of the farms in the District but provides the best data available.  
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The plantation exotic forest inventory exists in a polygon shapefile derived from the Land 
Information New Zealand Land Cover Database (LCDB2; LINZ, 2007) in a polygon shapefile 
of exotic forests mapped in 2002 from Landsat TM imagery. The LCDB2 forest polygon 
shapefile includes: 1) “open-canopy” and “closed-canopy pine,” 2) “other exotic,” and 3) 
“harvested” categories. The Ministry of Agriculture and Forestry maintains a high-resolution 
database of privately owned plantation forest, but this data is neither publicly available nor for 
sale.  
 
Figure 10 shows the extent of forestry and pastoral farming in Rotorua colour-coded by farm 
type. A great deal of the forests and many of the farms are within close proximity (5 or 10 km) 
to the scenario eruption vents, as outlined in Table 5 using the same distance buffers as in 
Table 4.   
 


 
Figure 10 Distribution of farms and plantation forests in the Rotorua District.  
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Table 5 Approximate hectares of farms in AgriBase and forests in LCDB2 whose centroids lie within 
selected distances from the scenario eruption vents. 


Agricultural Inventory Fragility 
Class 


Dataset 
Source 


Hectares in 
District 


Hectares whose 
centroids are <5 
km from vents 


Hectares 
whose 
centroids are 
<10 km from 
vents 


Hectares 
whose 
centroids are 
<20 km from 
vents 


Forest (Exotic) LINZ – LCDB2 ~61,400 ~6,000 (10%) ~11,000 (18%) ~27,000 (44%) 


Beef AgriBase ~16,000 ~100 (0.6%) ~800 (5%) ~4,000 (25%) 


Dairy (incl. dairy dry) AgriBase ~46,000 0 0 ~600 (1%) 


Sheep and Deer (incl. Mixed 
Sheep and Beef, Deer, and 
Grazing 


AgriBase ~29,000 0 ~2,000 (7%) ~6,000 (21%) 


 


4.3 Infrastructure – The Built Environment 


The focus of infrastructure vulnerability to volcanic hazards from the scenario eruption is 
limited to seven classes of selected critical infrastructure, or “lifelines,” and community 
buildings such as schools and marae (important Maori meeting houses). MCDEM defines 
critical infrastructure as “…the essential infrastructure and services that support the life of our 
communities – utility services such as water, wastewater and stormwater, electricity, gas, 
telecommunications, and transportation networks, including road, rail, airports, and ports” 
(MCDEM, 2002). While complete data were not available for all of these classes, critical and 
semi-critical infrastructure point and polyline shapefiles were created from a variety of 
sources, with shapefiles for each of the categories outlined in Table 6.  
 
Not all critical infrastructure facilities were included in this risk assessment due to difficulty in 
obtaining data and associated attribute information. For example, while telecommunication 
equipment has frequently been identified as the most crucial infrastructure in times of natural 
hazard crisis (e.g. Hellstrom, 2007), telecommunications infrastructure in New Zealand is 
owned and operated by a variety of companies, some of which are based overseas, and 
most of which do not make the location of their infrastructure publicly available. 
  
Figure 11 shows the distribution of critical infrastructure in the Rotorua District considered in 
the risk assessment. The bulk of the critical facilities fall in the urban areas of the District, 
where most of the population resides. Unison’s network in the Rotorua-Taupo area is split 
into three categories: 33 kV sub-transmission, 11 kV distribution, and low-voltage distribution; 
the latter is not used in this risk assessment. Unison (2007) operates 3,824 km of 11 kV 
distribution lines and 347 km of 33 kV lines in the Rotorua-Taupo area. Figure 11 shows the 
11 and 33 kV networks in the Rotorua District, as depicted in the Unison 2007 asset 
management plan (Unison, 2007). It is unclear as of the time of publication whether the 11 
kV distribution line shapefile used in the risk assessment represents both overhead and 
underground transmission lines; however the bulk of the underground network lies in the 
CBD (Roshanth Sivanathan, Unison, pers. comm., 2007) and therefore represents a small 
percentage of the inventory in the district.    
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Table 6 Critical infrastructure in the Rotorua District. Self = location provided by that organization; TD = 
telephone directory; RDC = Rotorua District Council; NGC = National Gas Corporation.  


Infrastructure Class Owner Source Quantity in 
District 


Within       
5 km of 
vents 


Within 
10 km of 
vents 


Within 
20 km of 
vents 


Police/fire/hospital NZ Police, Fire Service, District 
Health Boards and government 


Self / TD 11 0 1 (9%) 3 (27%) 


Utility buildings RDC and Unison RDC/Unison 8 0 0 2 (25%) 


11 kv electrical 
network  


Unison Unison ~1,100 km ~3 km 
(0.3%) 


~46 km 
(4%) 


~193 km 
(18%) 


33 kv electrical 
network 


 Unison Unison ~48 km 0 0 ~2 km 
(4%) 


Arterial highways Transit NZ / RDC RDC ~188 km 0 ~25 km 
(13%) 


~ 65 km 
(35%) 


Airport RDC RDC 1 0 0 1 (100%) 


Marae Various RDC 33 1 (3%) 7 (21%) 25 (76%) 


Schools Various Ministry of 
Education 


46 0 2 (4%) 15 (33%) 


Petrol Stations Various TD 23 0 1 (4) 12 (52%) 
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Figure 11 Critical infrastructure in the Rotorua District.  
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5.0 FRAGILITY FUNCTIONS 


Fragility functions are curves that relate hazard intensity to expected damage ratios, with 
each function being unique to a class of inventory and a particular hazard. Such functions 
have long been used in earthquake risk assessments to estimate shaking damage to 
buildings and engineered structures (e.g. Dowrick et al., 2001; Kircher et al., 1997; Rosetto 
and Elnashai, 2005) as there are a wealth of data available from a large global catalogue of 
damaging earthquakes with related information about degree of damage to impacted 
buildings. Gradational functions for volcanic hazards and the built environment are less 
prevalent, as these hazards occur much less frequently in urban areas, resulting in far fewer 
data points from which intensity / damage curves can be constructed. Despite this, several 
notable studies have presented vulnerability curves or fragility data for tephra accumulation 
and buildings (e.g. Spence et al., 2005a; Zucarro and Ianello, 2004), others for tephra and 
agriculture (e.g. Neild et al., 1999; Wilson and Kaye, 2007; Johnston, 1997) and others for 
PDCs, human casualties and building damage (e.g. Spence et al., 2005b and 2004; 
Valentine, 1998; Baxter et al., 1998; Gurlioli et al., 2002; Gurlioli et al., 2005; Nunziante et al., 
2003). 
 
Other work addresses the impacts of volcanic hazards on the built, natural, and human 
environments, but falls short of explicitly relating the hazards to damage in terms of fragility 
functions (e.g. volcanic gases and human health - Durand and Scott, 2005; volcanic gases 
and telecommunications corrosion – Unison, 2007 and Watanabe et al., 2006; tephra and 
human health - Horwell and Baxter, 2003). Also, for many volcanic hazards, damage is 
typically complete (Dr = 1 or 100%) to all inventory classes in locations where the hazard 
occurs, such as lava flows. These fragility functions are binary, in that damage is either Dr =1 
or Dr = 0. The matter is further complicated by the fact that movable inventory classes (such 
as people or emergency services like fire trucks) can be removed from a hazardous location 
to a safe one prior to or during an eruption.  
 
People in buildings are also only as vulnerable as the buildings in which they have sought 
shelter. In order for a risk assessment to be quantitative, some relationship between hazard 
intensity and damage state must be included, whether that relationship is gradational or 
binary. The fragility functions used to estimate damage and therefore risk from the scenario 
eruption in Rotorua are discussed below, according to the inventory class and hazard they 
represent. The functions are not meant to be universal nor authoritative, they represent the 
best available data describing the impact of tephra and PDC on people, agriculture, and 
infrastructure in Rotorua.   
 
 
5.1 Tephra 


5.1.1 Demographics 


Tephra accumulation has the potential to cause injury and death mainly due to the collapse 
of buildings in which people seek shelter during an eruption (e.g. Spence et al., 2005a, 
Baxter, 1990). Therefore, the assessment of casualties from tephra hazards in Rotorua is 
based on a proxy examination of building collapse. Consequently, no fragility function relating 
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tephra thickness to casualties or injuries is provided here beyond a direct relationship 
between casualties occurring in destroyed occupied buildings that will be discussed below in 
section 5.1.3 in which a fragility function relating residential building collapse to tephra is 
given. 
 
5.1.2 Agriculture 


Wilson and Kaye (2007) presented a detailed assessment of damage to New Zealand 
agriculture and forestry from tephra accumulations. Figures 12 and 13 are taken from that 
work, and are used to model damage to pastoral farming and forestry from tephra in the 
scenario eruption.  
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Figure 12 Fragility functions for tephra damage to pastoral farming, from Wilson and Kaye, 2007.  
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Figure 13 Fragility function for damage to production forestry from tephra, from Wilson and Kaye, 2007.  
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Agricultural fragility functions take into consideration two types of loss – production losses, 
meaning damage to crops and products, and asset losses, meaning damage to farm assets 
such as harvesting equipment, milking sheds, or permanent growing plants such as apple 
trees. In the forestry fragility function (Figure 13) for example, harvestable trees are a 
production commodity and therefore damage to tree harvesting according to tephra thickness 
is given, whereas young trees are an asset until they are harvestable, and tephra damage to 
them would be considered as an asset loss. In the current risk assessment, only production 
losses are assessed.  The functions of Wilson and Kaye (2007) also take into account 
seasonality, a measure that was largely adopted for horticultural farming to account for the 
fact that some crops would be more resilient to a tephra fall in times of the year when they 
are not in bloom or in fruit. Seasonality is also important for pastoral farming, but it is not 
included in the present risk assessment because the time of year of the scenario eruption is 
not given. The impact of seasonality on the agricultural risk assessment outcome, however,  
is discussed in Section 7.  For a detailed discussion of the derivation and application of 
agricultural tephra fragility functions, see Wilson and Kaye (2007).  
 
5.1.3 Infrastructure 


Damage to the built environment by tephra has been the subject of several previous studies, 
most notably Spence et al, (2005a), who directly addressed the damage ratio to European 
residential buildings by tephra loading (Figure 14).  In both this report and RiskScape 
Volcano, the curves in Figure 14 are adopted as representative of New Zealand buildings, in 
that non-residential buildings are projected to behave as the “weak” class in Figure 14, and 
residential buildings as the “median” class.  
 
 


 
Figure 14 Collapse probability of three classes of European residential buildings under loads imposed by 
accumulation of tephra, from Spence et al., 2005a.  
 
Because loading from tephra in kPa varies according to its density, a relationship must be 
given between mm of tephra and kPa in order to allow application of the curves in Figure 15 
to the ASHFALL output. This can be difficult to estimate, due to extenuating factors such as 
water content, compaction, absorbency, and uneven grain size distribution. Therefore a 
direct correlation between accumulated tephra thickness and damage ratio is based on 
several assumptions. In this risk assessment, tephra is assumed to universally have a 
density of 1000 kg/m3, characteristic of wet uncompacted rhyolitic tephra (Johnston, 1997; 
Blong, 1984).   
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Figure 15 Loading caused by wet and dry tephra, with three different densities given for comparison.  
 
Tephra damage to non-building critical inventory is determined via either binary or simple 
linear fragility functions. Highways are assumed to be damaged 10% for every 100 mm of 
tephra, with 100% damage occurring at thicknesses of 1 m (Kaye, 2007b). It is assumed that 
un-insulated aboveground power transmission lines and substations will experience total 
damage from any amount of wet tephra via shorting of electrical circuitry (Johnston, 1997; 
Kaye, 2007b).   
 
5.2 Pyroclastic Density Currents (PDCs) 


In the Rotorua risk assessment, fragility functions are used to estimate damage to the built, 
natural, and human environments from scenario PDCs. 
 
5.2.1 Demographics 


Like tephra, PDCs are assumed to cause casualties in buildings when the flows breach and 
destroy structures. Unlike tephra, PDCs are assumed to kill and/or critically injure anyone 
exposed to them out of doors (Spence et al., 2004 and 2005b).  Some protection is afforded 
by buildings, but once the building envelope is breached, any persons seeking shelter are 
likely to be killed or severely injured. Tragically, even underground concrete bunkers 
specifically constructed to provide shelter from PDCs can fail to provide protection, as seen 
by the loss of two lives on Merapi volcano near Yogyakarta in Indonesia in 2006 (Wilson et 
al., 2007). Spence et al. (2004 and 2005b) provided casualty and injury estimates from PDCs 
in distance-buffer zones around Vesuvius similar to the ones around the scenario vents in 
Section 2.1. They created a detailed building inventory that classified buildings by their 
opening types and sizes, and applied a time-stepped numerical PDC model to determine 
iterative pressures at different distances from the volcano. While a provisional fragility 
function relating casualties and injuries per unit population could be constructed from the 
data in Spence et al. (2004 and 2005b), it cannot be applied to Rotorua without creation of a 
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detailed building inventory based on window and door classifications. Thus, as was the case 
with tephra in Section 5.1.1 above, no fragility function is provided that directly relates PDCs 
to casualties beyond a direct relationship between destroyed occupied buildings and 100% 
casualty rates for people within.  
 
5.2.2 Agriculture 


PDC damage to the natural environment is assumed to be nearly total. Mature harvestable 
forests may offer some resilience to flows depending upon the severity of the overpressures 
and velocities. Previous work on the damage to forests from nuclear weapons explosions 
(Glasstone and Dolan, 1977) provides the fragility function in Figure 16.  
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Figure 16 Fragility function for damage to forests from nuclear weapons and by analogy, pyroclastic density 
currents. After Glasstone and Dolan, 1977.  
 
PDCs are assumed to cause damage to trees greater by a factor of two than nuclear blasts 
because PDCs not only exert overwhelming pressures but also contain blocky debris, 
superheated gases, and fine-grained abrasive ash, and have an average estimated density 
of ~4100 kg/m3. Above 1.2 kPa, forest damage is assumed to be total.   
 
Pastoral farming is assumed to suffer total losses (Dr = 1, or 100% damage) if encroached by 
a PDC, and therefore in the Rotorua risk assessment, areas where EXPLORIS depicts the 
dynamic overpressure as kPa > 0 experience total agricultural loss.   
 
5.2.3 Building Infrastructure 


In this risk assessment, incremental PDC damage to buildings is tied to the failure probability 
of openings of buildings, assuming that penetrated buildings will suffer 100% damage. 
Several studies have investigated the failure rates of the built environment from PDCs and 
related conditions. Table 7 summarizes the resistances of selected building elements from 
these previous studies as well as from other sources.  
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Table 7 Failure estimates for building elements exposed to PDCs and PDC-like conditions, 1 - after 
Valentine, 1998 analogous to nuclear weapons explosions; 2 – BRANZ (Roger Shelton, BRANZ, pers . comm., 
2007), analogous to wind loading failure; 3 – Spence et al., 2004, 4 – Nunziante et al., 2003).    


Structural Element Failure Approx. peak Dynamic Pressure 
(kPa) 


Glass windows, large and small Shattering usually, occasional frame 
failure 


3.4 - 691, 0.5-33 (see Figure 17) 


Corrugated asbestos siding Shattering 6.9 - 13.81 


Corrugated steel or aluminium 
panelling 


Connection failure followed by 
buckling 


6.9 - 13.81 


Un-reinforced brick wall panel ~20 -
30 cm thick  


Shearing and flexure failures 21 - 691, 1-54 


Wood siding panels, standard house 
construction 


Usually failure occurs at the main 
connections allowing whole wall 
panel to be blown in 


6.9 - 13.81 


Un-reinforced concrete or cinder 
block wall panels, 20 to 30 cm thick 


Shattering of wall.  10.3 - 381, 1-54 


Average NZ timber-frame house Shattering of wall, destruction 0.7-1.62 


 
Nunziante et al. (2003) determined that ancient Roman masonry walls at Vesuvius were 
collapsed during the AD 79 eruption by overpressures of 1 - 5 kPa, and that modern masonry 
and reinforced concrete buildings around the volcano would be collapsed if the PDCs 
intruded into the surrounding urban area. Pressure-based failure rates for window openings 
in Figure 17 are taken from Spence et al. (2004), who state that damage to buildings in areas 
of the flow where the pressures and velocity are not sufficient to completely knock down 
walls is likely due to penetration of the building envelope through openings.  


 
Figure 17 Probability of glazed window failure in openings at buildings in the area around Vesuvius volcano in 
a PDC, from Spence et al., (2004).  
 
The construction specifications of New Zealand timber frame buildings allow for a lateral load 
resistance failure threshold estimation, since buildings are designed to withstand wind 
loading of 0.7 – 1.6 kPa (Roger Shelton, BRANZ, pers. comm., 2007). Beyond this, the 
building envelope would experience failure. Based on the failure rates in Figure 17 and the 
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pressures reported in Table 7, in this risk assessment it is assumed that buildings that 
experience PDC dynamic overpressures of 3.0 kPa and above are damaged sufficiently so 
as to be beyond repair (Dr = 1). It is important to note that this does not imply that the 
buildings will be demolished. Baxter et al. (2005) note that under dynamic pressures of <10 
kPa, localized conditions caused by topography, buildings, and vegetation make damage 
forecasting difficult and in this range buildings might not be knocked down, but they are still 
lightly to heavily damaged. At the eruption of the Soufriere Hills volcano in 1997, Baxter et al. 
observed broken window panes at overpressures of 1-3 kPa and destroyed wooden door 
frames at 2-6 kPa.  
 
Future refinement of this function in Rotorua would involve a more detailed classification 
scheme for area buildings based on detailed assessment of construction types.  The damage 
scale in Baxter et al (2005) might be useful for developing a gradational fragility function to 
assess damage to buildings where PDCs incur but do not exert overwhelming dynamic 
pressures.  
 
5.2.4 Non-building Infrastructure 


Damage to non-building elements of the built environment in the risk assessment (power 
transmission network and substations, aboveground natural gas reticulation network, 
highway bridges, water treatment facilities), is also taken to be binary, in that anything which 
experiences a dynamic pressure greater than 0.7 kPa experiences a Dr of 1.  
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6.0 RISK ASSESSMENT 


This section details the losses across the Rotorua District from the scenario eruption to the 
built, natural, and human environments as a result of potential tephra accumulation and 
pyroclastic density current incursion. Risk is calculated following the model design in Figure 2  
as the product of hazard model output and fragility functions.  
 
6.1 Demographic Losses 


Loss of life in the scenario eruption is difficult to directly quantify due to extenuating factors 
such as evacuations, normal population movement through any given day, and the 
diminutive effect on casualties of shelter provided by buildings (see discussion above in 
Section 5.1.3; e.g. Spence et al., 2004 and 2005b). A proxy measurement for casualties can 
be made from census data by first assuming the population (usually resident night 
population) is distributed evenly across a meshblock in the given number of occupied 
dwellings (TOD or total occupied dwellings; NZ Census, Statistics NZ, 2007). The fragility 
functions described above can then be used in conjunction with the hazard model outputs 
and spatial statistics techniques in ArcGIS to determine the populations impacted by the two 
hazards. It is important to stress that using this inventory data is not a direct measure of 
deaths from the scenario eruption; it is only useful as a measure of how many people are at 
risk when comparing potential loss of life and injuries from one hazard or scenario to the 
next, or from one part of the district to another. 
 
6.1.1 Tephra 


Loss of life due to tephra accumulation in the scenario eruption is assumed to be directly 
related to the roof collapse probability of residential houses. Because a tephra hazard-
specific residential building inventory has not yet been complied for Rotorua, direct 
measurement of deaths and injuries from tephra-induced house collapse cannot yet be made 
based on building-by building structural design-influenced collapse analysis. Instead, a proxy 
metric of tephra related fatalities can be obtained by first distributing the 2006 Census’ 
usually resident population at night (URP-N) in the number of occupied dwellings (TOD) 
evenly across the area of each meshblock. The zonal statistics tool in ArcGIS Spatial Analyst 
toolset can then be used to determine a mean tephra thickness for each meshblock, which is 
fed into the fragility function in Figure 14 in conjunction with the thickness/load ratio in Figure 
15 to determine the load, and therefore collapse probability.  
 
Casualty rates in collapsed buildings are based on those used in the New Zealand 
earthquake risk model within RiskScape (Cousins, 2004). The model assumes a 1% casualty 
rate in collapsed home buildings, and a 20% rate in collapsed work buildings. Work building 
injuries are given as 0.4% critical, 4% serious, and 12% moderate. Because of the 
aggravating factors of tephra-induced collapse in residential buildings via the direct overhead 
load instead of damage from lateral earthquake shearing forces, tephra-collapsed houses are 
more likely to cause death and injury, so the work building casualty and injury rates are 
adopted. The product of the collapse rate and the number of TOD gives the number of 
collapsed dwellings, and the product of this figure and the average population per dwelling 
and the casualty rate provides the number of casualties for that meshblock. Limitations will 







 


 


GNS Science Report 2007/39  30 


 


be discussed below. This technique is used for both wind directions A and B, to provide a 
measure of relative risk to the population from each scenario.   
 
6.1.1.1 Wind A 


With westerly wind (wind A), the bulk of the tephra is carried by the prevailing winds to the 
east away from Rotorua towards the Bay of Plenty (Figure 7, above). Significant 
accumulations of >2 m occur near the vents, but this area is sparsely populated (Figure 3). 
Across most of the Rotorua District, tephra accumulation is substantially less than that 
required to cause 100% collapse probability, but in areas close to the vent, collapse of 
houses will cause casualties (Figure 18). Using the casualty rates discussed above, deaths 
are estimated to be ~1,000, with ~20 critical injuries, ~200 serious injuries, and ~640 
moderate injuries.    
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Figure 18 People at risk from building collapse in each meshblock for westerly winds (Wind A).  
 


6.1.1.2 Wind B 


With winds from the opposite direction (Wind B), most of the tephra is carried directly from 
the vents and deposited on the densely populated city of Rotorua (Figure 8). Applying the NZ 
Earthquake model casualty rates discussed above, casualty estimates from tephra induced 
roof collapse based on the population at risk (Figure 19) are: ~13,000 people dead, critical 
injuries are ~260, serious injuries are ~2,600, and moderate injuries are ~7,700.  
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Figure 19 People at risk from building collapse in each meshblock for easterly winds (Wind B). 
 
6.1.2 Pyroclastic density currents (PDCs) 


The TOD for each meshblock are distributed evenly across each meshblock, and the 
affected portion of each meshblock (pink outlined polygon, Figure 20) is used as a proxy to 
gauge the at-risk population from the PDCs.  
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Figure 20 Estimated casualties for the scenario PDCs, based on population density.  
 
Similar casualty and injury rates as those used for tephra are utilized, in that casualties are 
assumed to occur in buildings breached by PDCs (kPa > 1.0). The flows from the Pukerimu 
and Haroharo vents could cause a maximum of ~320 casualties in the scenario eruption. Any 
persons out of doors during the passage of the PDCs will also be killed, but it is impossible to 
estimate this number without specifying the time of the eruption and undertaking a pedestrian 
traffic survey in the affected areas.   
 
6.2 Agriculture Losses 


6.2.1 Tephra 


6.2.1.1 Pastoral Farming 


Tephra-induced agricultural losses across the district will be severe in areas where farms 
experience moderate to significant accumulations of tephra. Some farms are more resilient 
than others, according to the fragility functions discussed above. Mean tephra values for 
each farm are calculated with the zonal statistic tool in ArcGIS, as with meshblocks in 
Section 6.1.1, and these values are used with the fragility functions to calculate the damage 
ratios.  
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Wind A Losses 
 
With easterly wind (Wind A), farms within the 100 mm tephra isopach are almost all 
completely damaged (Figure 21).  Losses in the far west and southwest sectors of the District 
vary from moderate to severe. Pastoral farming damages from tephra are given in Table 8, 
below in bins of Dr 0-0.25, 0.25-0.5, 0.5-0.75, and 0.75-1.  


 
Figure 21 Damage to AgriBase farms from tephra with westerly winds (Wind A).  
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Wind B Losses 
 
Pastoral farming losses from tephra accumulation are severe through the northern part of the 
District where tephra accumulation is on the order of 500 mm and up (Figure 22). Losses in 
the southern part of the district vary from moderate to minimal. Table 8 gives the hectares of 
farms of different fragility classes in the same damage bins as those for Wind A above.  


 
 
Figure 22 AgriBase farms of all types colour-coded by damage ratio from tephra in the scenario eruption with 
easterly winds (Wind B).  
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Table 8 Summary of agricultural losses from tephra damage in the scenario eruption, values are hectares.  


Wind Direction Inventory Class 
(ha in District) 


Dr =  0.1 - 25%  Dr  = 25.1 - 50% 
(% of total) 


Dr = 50.1 – 75% 
(% of total) 


Dr = 75.1 – 100% 
(% of total) 


Dairy (46,000) ~9,600 (21%) ~16,500 (36%) ~12,300 (27%) ~7,200 (16%) 


Beef (18,000) ~5,400 (30%) ~1,800 (10%) ~2,400 (13%) ~6,400 (36%) 


Westerly (A) 


Sheep and Deer 
(29,000) 


~4,600 (16%) ~5,200 (18%) ~5,200 (18%) ~13,800 (48%) 


Dairy (46,000) ~6,700 (15%) ~7,900 (17%) ~6,000 (13%) ~24,900 (54%) 


Beef (18,000) ~1,400 (8%) ~2,000 (11%) ~1,000 (6%) ~11,600 (64%) 


Easterly (B) 


Sheep and Deer 
(29,000) 


~1,400 (5%) ~1,100 (4%) ~4,100 (14%) ~27,800 (96%) 


 


6.2.1.2 Forestry Losses 


Wind A 
 
Forestry damage from tephra in the scenario eruption with westerly winds is severe in the 
extensive exotic forests near the two eruption vents (Figure 23). Forestry losses in percent 
“bins” (e.g. 0.1% to 25% loss) similar to those used above are given below in Table 9.  
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Figure 23 Damage to exotic forests from tephra in the scenario eruption with westerly winds (A). 
 
Wind B 
 
Forest damage from tephra in the scenario eruption with easterly winds is also severe near 
the vents, but due to the bulk of the tephra being deposited in the district instead of carried 
away from it to the east, more forests are badly damaged (Figure 24). Losses are given in 
Table 9, below.   
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Figure 24 Tephra damage to LCDB exotic forests in the scenario eruption, with easterly winds (Wind B). 
 


Table 9 Summary of damage to LCDB exotic forests from tephra in the scenario eruption. 


  


Wind 
Direction 


Inventory 
Class (ha in 
District) 


Dr = 0 – 0.1% 
(% of total) 


Dr =  0.1 - 25% 
(% of total)  


Dr  = 25.1 - 
50% (% of 
total) 


Dr = 50.1 
– 75% (% 
of total) 


Dr = 75.1 – 
100% (% of 
total) 


Westerly (A) Exotic Forest 
(61,358) 


~28,000  
(46%) 


~36,000   
(59%) 


~3,100  
(5%) 


~500 
(0.8%) 


~18,400 
(30%) 


Easterly (B) Exotic Forest 
(61,358) 


~22,000  
(36%) 


~34,000   
(55%) 


~8,800 
(14%) 


~12,000 
(20%) 


~9,000 
(15%) 
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6.2.2 PDC Loss 


Agricultural loses are experienced in both pastoral farming and forestry sectors, although the 
bulk of the loss from the scenario PDCs is in forestry because of the location of large forestry 
resources near the vents.  
 
6.2.2.1 Pastoral Farming 


Only one farm is impacted by the scenario PDCs, and very little of the farm experiences 
damaging dynamic pressures. It is a beef farm of ~111 hectares on the south shore of Lake 
Rotoiti (Figure 25). Only ~0.04% of the farm’s area experiences dynamic pressures of over 0 
kPa. According to the binary fragility function for beef farming production loss (Figure 12), if 
the PDC encroaches onto the farm, the loss is complete (Dr =1) where the dynamic 
overpressure is >0. Therefore the total hectares of 100% destroyed pastoral beef farming 
from the scenario PDCs is ~4 ha.   
 
6.2.2.2 Forestry 


Figure 25, below, depicts the forests that are totally destroyed by the scenario PDCs (Dr = 1 
when kPa > 1.2 as in the fragility function in Figure 16). The total hectares of exotic forests in 
the LCDB2 inventory datasets where the dynamic pressure from both flows is sufficient to 
cause total damage according to Figure 16 is ~7,500 hectares, including areas that would be 
destroyed by both flows. Losses are given in Table 10.  


 
Figure 25 Forests at risk from destruction from scenario PDCs where kPa > 1.2.  
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Minor amounts of forest are damaged moderately around the edges of the scenario flows 
where the dynamic pressure is between 0 and 1.2 kPa, but these numbers are <1 % of the 
total exotic forest inventory.  
 
Table 10 Forestry losses from scenario PDCs.  


Vent             (ha in District) Dr = 100%   (% of total) 


Pukerimu (61,400) ~2,100 ha (3.4%) 


Haroharo (61,400) ~5,400 ha (9%) 


Both flows ~6,500 ha (11%) 


 


6.3 Infrastructure Losses 


6.3.1 Tephra 


Tephra losses to critical and community infrastructure (Figure 11) from the scenario eruption 
is calculated by extracting the tephra thicknesses for each wind direction (Figures 4 and 5), 
and applying the fragility function in Figure 14 on the assumption that all classes of critical 
infrastructure buildings are damaged by tephra loading according to the “weak” class since 
many if not all of them have large-span roofs. Tephra damage to critical infrastructure is 
summarised in Table 11, with infrastructure separated into seven classes. 
 
6.3.1.1 Critical Buildings 


Due to obvious differences in the amount of tephra deposited on Rotorua City (where the 
bulk of the critical infrastructure is situated) in each wind direction, damage across the critical 
infrastructure inventory classes is variable. All but two police, fire, and hospital sites are 
destroyed by tephra induced collapse in Wind B, the exceptions being the Rotoma fire station 
(280 mm, Dr = 40%), and the Kaingaroa Forest Fire Station (87 mm, Dr = 0). In Wind A, 24 
marae are heavily damaged, and 17 are lightly damaged. All but one marae are heavily 
damaged or destroyed in Wind B.  
 
Buildings at the Rotorua airport experience 88% damage in Wind A from over 480 mm of 
tephra, and 100% damage in Wind B due to more than two meters of tephra falling there. In 
reality, these wet tephra thicknesses would destroy all airport facilities even though some 
stronger buildings may not collapse completely with the amount of tephra in Wind A. In either 
wind direction, any aircraft exposed to such large amounts of tephra are likely to be damaged 
beyond repair, and with such significant amounts of tephra on the runways, all airport 
operations would cease until the tephra could be removed (Casadeval, 1994).  It is likely that 
during an OVC eruption, the Rotorua airport would remain closed (Johnston et al., 2002).   
 
Eighteen petrol station buildings in Wind A are lightly damaged, three are moderately 
damaged, and 3 are destroyed. In Wind B nearly all are destroyed except for the station at 
Rotoma (280 mm, Dr = 40%). 
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Tephra damage to schools in Wind A is varied across the district. The three schools with the 
largest enrolment are not heavily damaged (Rotorua Girls’ High School, enrolment = 983, 
tephra = 124 mm, Dr = 1%; Rotorua Boys High School, enrolment = 1,018, tephra = 128 mm, 
Dr = 1%, and Western Heights High School, enrolment = 1,211, tephra = 93 mm, Dr = 0.1%).    
 
School damage in Wind B is nearly complete except for 9 schools, which are lightly to 
moderately damaged. The schools that are the most damaged are the Rotorua Lakes High 
School (enrolment = 597; tephra = 315 mm, Dr = 50%), and the Lynmore Primary School 
(enrolment = 637, tephra = 263 mm; Dr = 35%). The ten largest schools in the district are all 
destroyed. 
 
6.3.1.2 Water Treatment Facilities 


RDC water treatment facility buildings at Sulphur Point receive 184 mm of tephra in Wind A, 
causing 10% damage, and 1,691 mm in wind B, causing 100% damage. Moderate to severe 
amounts of tephra in both wind directions would fall into open-air settling ponds and 
treatment lagoons, causing damage to internal works at the facility. Kaye (2007b) provides 
fragility functions for water treatment works damage, and airport tephra cleanup costs, but 
here only damage to buildings is considered.  
 
6.3.1.3 Electricity 


All exposed electrical facilities and transmission lines will be heavily damaged by shorting 
from wet tephra falling on insulators. In both wind directions, tephra accumulates across the 
entire district, and therefore damage to both the 33 and 11 kV transmission networks is total 
assuming that the tephra in the scenario eruption is moistened by rain. Heavy rainfall, 
however, could potentially wash accumulated tephra from electrical equipment, and as long 
as power had been cut prior to the tephra accumulation, little to no damage might occur 
(Prof. Jim Cole, University of Canterbury, pers. comm., 2007).   
 
Although a specific fragility function is not given for physical damage, in the scenario eruption 
abrasion and breakage would also occur at substations and along transmission lines, 
particularly in areas where tephra accumulates to 200 mm or more. In Wind A, 0 m of 33 kV 
lines experience this amount, as do ~220 km of the 11 kV. In Wind B, ~30 km of the 33 kV 
lines see tephra > 200 mm, as do ~560 km of 11 kV. These are all assumed to be 100% 
destroyed. If damage from shorting is assumed to be total where any amount of wet tephra 
accumulates on electrical utility components of any kind, then ~1,100 km of 11 kV and ~45 
km of 33 kV lines are destroyed. 
 
6.3.1.4  Highways 


Tephra damage to arterial highways from the scenario eruption varies with wind direction, 
and is depicted for both wind directions in Figures 26 and 27. In Wind A, the link between 
Rotorua City and Whakatane (SR30) is completely destroyed. Damage to SH33 is moderate, 
and light along most of SH5 from Ngongotaha.  
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Table 11 Summary of damaged critical infrastructure and buildings from tephra accumulation.  


Wind Infrastructure 
Class 
(Quantity) 


Dr < 0.1% Dr = 0.1-25% Dr = 25.1-50% Dr = 50.1-
75% 


Dr = 75.1-
100%% 


Dr= 100% 


 


Police / fire / 
hospital (11) 


6 (55%) 3 (27%) 0 1 (9%) 1 (9%) 1 (9%) 


Utility 
Buildings (8) 


4 (50%) 3 (38%) 0 0 1 (13%) 0 


11 kV     
(~1,100 km) 


~732 km 
(67%) 


0 0 0 0 ~222 km 
(20%) 


33 kV       
(~48 km) 


~45 km 
(94%) 


0 0 0 0 0 


Arterial 
highways 
(~188 km) 


~77 km 
(41%) 


57 km     
(30%) 


22 km     
(12%) 


5 km        
(3%) 


27 km     
(14%) 


25 km   
(13%) 


Airport (1) 0 0 0 0 1 (100%) 0 


Marae (33) 7 (21%) 10 (30%) 0 1 (3%) 15 (45%) 8 (24%) 


Schools (46) 25 (54%) 11 (24%) 5 (11%) 0 5 (11%) 2 (4%) 


A 


Petrol Stations 
(23) 


9 (40%) 9 (40%) 0 3 (13%) 2 (9%) 1 (4%) 


Police / fire / 
hospital (11) 


1 (9%) 0 1 (9%) 0 9 (82%) 9 (82%) 


Utility 
buildings (8) 


2 (25%) 1 (13%) 0 0 5 (63%) 5 (63%) 


Arterial 
highways  
(~188 km) 


~31 km 
(16%) 


~17 km     
(9%) 


~19 km   
(10%) 


~15 km   
(8%)            


~105 km 
(56%) 


~90 km  
(48%) 


11 kV        
(~1,100 km) 


~389 km 
(35%) 


0 0 0 0 ~565 km 
(51%) 


33 kV          
(~48 km) 


~17 km 
(35%) 


0 0 0 0 ~27 km 
(56%) 


Airport (1) 0 0 0 0 1 (100%) 1 (100%) 


Marae (33) 1 (3%) 0 0 0 32 (97%) 31 (94%) 


Schools (46) 6 (13%) 1 (2%) 1 (2%) 1 (2%) 37 (80%) 36 (78%) 


B 


Petrol Stations 
(23) 


1 (4%) 0 1 (4%) 0 21 (91%) 21 (91%) 
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Figure 26 Damage to arterial highways in the scenario eruption with westerly winds (Wind A).  
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Figure 27 Damage to arterial highways in the scenario eruption with easterly winds (Wind B).  
 
 
6.3.2 Pyroclastic Density Currents (PDCs) 


PDC damage to infrastructure buildings is assumed to be complete where the dynamic 
overpressure exceeds 3.0 kPa, and damage to non-building infrastructure is assumed to be 
total at > 0.7 kPa (Figure 28). The scenario PDCs encroaches along the shoreline of Lake 
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Rotoiti, where three marae and a school are located (Figure 28) and thus destroyed. The 
bulk of the critical infrastructure in the Rotorua District lies elsewhere, and is thus unharmed. 
 


 
Figure 28 Critical and community infrastructure damaged by the scenario PDCs where the dynamic pressure 
is >3.0 kPa.  
   
5 km of State Highway 30 are encroached by the flow, and considered to experience a Dr of 
100%.  Eleven km of the Unison 11 kV electricity network are encroached by the flow, and 
are also considered to be destroyed. Although not critical infrastructure, the Okataina Lodge 
at the northeast end of Lake Okataina, is overwhelmed by PDCs from the Pukerimu vent and 
destroyed.  
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Table 12 Infrastructure losses from scenario PDCs. 


Infrastructure Class (Quantity) Amount Dr =100% (% of total) 


Police / fire / hospital (11) 0 


Arterial highways (~187 km) ~5 km (3%) 


11 kV (~1,102 km) ~11 km (1%) 


Marae (33) 3 (9%) 


Schools (46) 1 (2%) 


Petrol Stations (23) 0 


 
The PDCs entering lakes Rotoiti and Okataina will cause seiche waves to travel across these 
lakes, inflicting destructive tsunami-like water damage to infrastructure items on all shores of 
these lakes. RSV includes a seiche wave hazard risk assessment model based on the New 
Zealand tsunami model (Berryman, 2005), however this is not included in this risk 
assessment.  
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7.0 DISCUSSION 


7.1 Tephra Impacts and Implications 


Tephra hazards in the scenario rhyolite eruption cause significant but varying amounts of 
damage to the population, agriculture, and infrastructure of the Rotorua District, based 
largely on two factors: 1) the wind direction, and 2) the uneven distribution of different 
classes of inventory around the district with respect to the vents and location of the hazards 
in the eruption.  
 
7.1.1 Demographics 


Tephra hazards have the potential to cause as many as ~13,000 casualties in easterly wind 
conditions, and ~1,100 deaths if the winds are blowing in the opposite direction. These 
numbers represent ~20 % and ~2 % of the total population of the District, respectively. 
Casualty estimates are based on two major assumptions – 1) that 0% of the population is 
evacuated and remains evenly distributed throughout each meshblock in the total number of 
occupied dwellings, and 2) that the casualty rates discussed in section 6.1.1 are valid for 
tephra collapse deaths and injuries in those dwellings. Because of these assumptions, these 
casualty rates should not be taken to represent direct estimates of expected deaths and 
injuries from an eruption like the scenario eruption. Instead they provide a measure of 
relative risk to the population of the District from an eruption during winds from opposing 
directions. The order of magnitude difference in the casualty estimates between Wind A and 
Wind B indicates the significance that wind can have when considering tephra impacts to any 
inventory class.   
 
7.1.2 Agriculture – Pastoral Farming 


Agricultural losses from tephra are also very different in the two wind directions. In westerly 
winds (A), less than 50,000 hectares of pastoral farms are severely damaged (~55% of the 
District total), with sheep and deer and dairy farms faring the worst due to the large holdings 
in the central part of the District. In the opposite wind direction (B), almost 75,000 hectares of 
pastoral farming are severely damaged, constituting the bulk of farming interests in the 
district (~75%). A significant amount of dairy farms (the least resilient of the three farm 
classes) experience total loss in Wind B as nearly two-thirds of the district receives > 100 mm 
of tephra. Dairy farms suffer only moderate total damage in Wind A but significant moderate 
damage, because of the large farms in the western and southern parts of the District where 
tephra is <100 mm. 
 
7.1.3 Agriculture – Forestry 


For forestry, tephra-induced total destruction in both wind directions is largely confined to the 
areas close to the vents where several meters of tephra accumulates. Forestry losses are 
much less than pastoral farming as a matter of % loss. This is due to the high resilience of 
mature harvestable trees to tephra accumulation as compared to the high vulnerability of 
pastoral farming (Wilson and Kaye, 2007). Because the majority of large forest resources in 
the District lie to the east of the vents, severe damage to forests are twice as significant in 







 


 


GNS Science Report 2007/39  48 


 


Wind A as in Wind B. This result is the opposite of losses to demographics, pastoral farming, 
and infrastructure when considering tephra damage from Wind A as opposed to Wind B. The 
vast Kaingaroa timberlands at the SE edge of the District are more badly damaged in Wind A 
than in Wind B, but in both, the damage is not severe. 
 
7.1.4 Infrastructure 


Tephra damage to infrastructure also varies with wind direction. In Wind A, the majority of the 
critical infrastructure buildings in the Rotorua City are only moderately damaged. Exceptions 
are the marae, schools, and petrol and fire stations on the south shores of Lakes Rotoiti, 
Rotoehu, and Rotoma, and the Rotorua Airport, which fares poorly in both wind directions. 11 
kV electrical lines and SH30 along the shore of Lakes Rotoiti and Rotoma are also severely 
damaged by tephra in both wind directions. Tephra in Wind B destroys nearly three times as 
much arterial highway as in Wind A.  
 
In general, Wind B poses a vastly different damage outlook for the critical infrastructure of the 
District. Over 80,000 ha are buried under tephra > 1 m in depth, including the entire Rotorua 
urban area. Impacts from a tephra fall of such magnitude would be catastrophic, with power 
outages, failure of all communications, disruption to all basic lifelines, and widespread deaths 
and injuries from near-ubiquitous building collapse, especially if the tephra was moistened by 
rainfall. The severity of impacts from this scenario to population and infrastructure alone 
argue strongly for the crucial importance of evacuation of people, aircraft, and livestock if a 
rhyolitic eruption from the OVC became likely during easterly wind conditions. For non-
moveable infrastructure items, few mitigation options are available that could counteract such 
voluminous falls of tephra.  
 
7.2 Pyroclastic density current impacts and implications 


Compared to tephra, impacts of PDCs in the scenario eruptions are much smaller. The PDCs 
from the Haroharo and Pukerimu vents only affect a small area (kPa > 0.7 = ~10,800 ha) 
compared to the tephra hazards which affect a large portion of the District (Wind A 100 mm 
isopach = ~846,000 ha; Wind B = ~960,000 ha). There is a factor of >90 difference in extent 
for the two hazards.  
 
7.2.1 Demographics 


Casualties from PDCs are estimated to be ~320. This is much smaller than the potential 
casualties from tephra induced building collapse because of both the smaller extent of the 
PDCs, and the lower population density in the impacted area.  
 
7.2.2 Agriculture 


Less forest (~6,500 ha) is totally destroyed by the PDCs than by tephra (Wind A ~18,400 ha; 
Wind B ~9,000 ha). Far more hectares of forest are lightly and moderately damaged by 
tephra than by PDCs (less than a few thousand hectares around the fringes of the potential 
scenario flow extent) due to the vast extent of the potential tephra hazard compared to that of 
PDCs.  
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Impacts to pastoral farming from PDCs are minimal, because there are few farms in the 
relatively small area affected.   
 


7.2.3 Infrastructure 


PDCs destroy ~11 km of the 11 kV electrical network, as opposed to ~600 km destroyed by 
tephra in Wind A, and ~200 km in Wind B. The damage function for electrical lines under 
threat of tephra hazards, however, assumes total destruction at tephra depths greater than 
200 mm, which could potentially be exaggerating the amount of the impact. As with 
agriculture and demographics, tephra hazards have the larger impact, due to both the 
inclusion of partial damage, and the difference in scale of the two hazards.   
 
7.3 Hazard model parameters 


The physical characteristic and quantity parameters used to generate the hazard models’ 
output also affect the results. Lowering the density of either the tephra or the PDC will cause 
the collapse rates and overpressures to decrease, diminishing the impacts. If lower volumes 
of tephra and PDCs are modelled, then the spatial extent and severity of impact of tephra 
and PDCs would be lessened, although PDC dynamic pressure are likely to still be well 
within the range of causing significant damage so long as they remain > ~ 10 kPa. 
 
When compared to the geological record of past rhyolitic eruptions, the spatial extent of PDC 
and tephra deposits from the 0.7 ka Kaharoa eruption (Figure 29) matches those of the 
scenario eruption (e.g. Figures 6, and 7 and 8). See Section 7.6 for further comparison to the 
Kaharoa eruption. 
 
 


 
 


Figure 29 Proximal (left) and distal (right) deposits of the AD 1315 Kaharoa eruption. Tephra isopachs are in 
centimetres, after Nairn, 2002.  
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7.4 Fragility Functions 


Although the functions used in this risk assessment are adequate for assessing relative risk, 
the ability to forecast damage states to inventory could be improved by refinement from 
observational data. Fragility functions for certain infrastructure classes, such as 
demographics, are based on residential building fragility, which limits them to providing a 
proxy metric of casualties. The functions herein are not meant to be authoritative; they are 
simply a guide for any risk assessment methodology. The study of volcanic impacts would 
benefit from the inclusion of reconnaissance studies of eruption impacts into normal geologic 
and volcanologic investigations of erupting volcanoes. 
 
Seasonality also has a strong impact on hazard assessment in the horticultural and pastoral 
farming sectors. For example, tephra losses to dairy in either wind direction would be 
reduced by a factor of 25% if the scenario eruption was to take place during the period from 
the second half of February through the second half of July (autumn; Wilson and Kaye, 
2007).  
 


7.5 Inventory 


The inventory databases used in this risk assessment are the best publicly available 
datasets, but they have limitations and in some cases are incomplete. In general, risk 
assessment of buildings from both tephra and PDC hazards would greatly benefit from 
collection of structural attribute information and derivation of a building classification scheme 
such as that used by Spence et al. (2004 and 2005b). Generation of such a database for 
RiskScape is underway, but Rotorua was not selected as one of the pilot locations, resulting 
in the assumption that critical infrastructure buildings there are in the median class as shown 
in Figure 14. A custom database of critical, residential, and community buildings, including 
information on building footprint, roof dimension, structural character, and lateral load 
resistance characteristics would allow for finer resolution risk assessment.  
  
The limitation of casualty assessment based on Meshblock-scale demographic inventory has 
been discussed above. In order to improve the assessment, some means of accurately 
depicting geospatial population density at a higher-resolution than meshblock level could be 
employed. One approach might be to collect a detailed District-wide inventory of individual 
residential dwellings in a point shapefile with associated occupant attribute and load-
resistance information for each dwelling. 
  
The same holds true for agricultural inventory data. Most forests and farms in New Zealand 
are privately owned, and the use of national–scale ministerial datasets (LCDB or AgriBase) 
provides a useful outcome, but the eventual risk assessment wouldimprove with the addition 
of owner-provided inventory and attribute information.   
 
7.6 Financial risk assessment 


Although not directly applied to all inventory sectors, the addition of value information to the 
risk calculation is a logical next step, but one that should be taken with caution due to the 
complexity involved in obtaining replacement costs for complicated systems such as 
electricity distribution networks or high-pressure natural gas reticulation works.  
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Forestry, however, provides a simple illustration of the methods that could be used to extend 
this risk assessment into the financial dimension. Simple multiplication of value per item (e.g. 
$ per hectare) and relative damage per unit area (e.g. 50% damage to 100 ha, 63% damage 
to 9400 ha, 100% damage to 500 ha) allows for estimation of financial losses from the 
scenario hazards. A best estimate value for forestry is assumed to be $23,850/ha (Gerard 
Horgan, MAF, pers. comm., 2007). In Table 13, the higher of the two damage states is used 
to calculate $ loss, which is the product of: 
 
 


(1)   Lossn  =  (Fi(hn)*An* Vi) 


 


Where  


• An   = Area of farm n 


• Fi(hn )   = fragility function for crop i at hazard intensity hn (also called Dr or damage 


ratio) 


• Vi  = Value of crop i per hectare 


 


 


Table 13 Example of financial extension of the risk assessment. The higher loss % is used in the calculation.  


Hazard Amount < 
0.1 % 
damaged 
(ha) 


Amount 0.1%-
25% damaged 
(ha) 


Amount 25%-
50%  damaged 
(ha) 


Amount 50%-
75% damaged 
(ha) 


Amount 75%-
100% 
damaged (ha) 


TOTAL 
LOSS  


Amount 
damaged, 
Tephra, 
Wind A 


28,000  36,000  3,100 500 18,400 - 


Loss ($) $66,780,000 $214,650,000 $36,967,500 $8,943,750 $438,840,000 $766,181,250 


Amount 
damaged,  
Tephra, 
Wind B 


22,000 34,000 8,800 12,000 9,000 - 


Loss ($) $52,470,000 $202,725,000 $104,940,000 $214,650,000 $214,650,000 $789,435,000 


 
The total loss column in Table 13 represents the sum of the incrementally damaged forests in 
each damage class for each of the two wind directions. Tephra damage in Wind A across the 
district is $766 million, and $789 million in Wind B.  
 
Johnston et al. (2002) provided a detailed assessment of proximal impacts of the Kaharoa 
eruption by superimposing its eruptive products on modern-day New Zealand. Because the  
Kaharoa hazards in their assessment are of a similar scale, their results provide a useful 
comparison.  
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They found that at $5,000/hectare, the 30,000 hectares of plantation forests destroyed by the 
PDCs and tephra greater than 1 m represented a loss of $150 million. In either wind direction 
in the present risk assessment, the tephra losses to forestry are on the order of ~$770 
million. This number is greater primarily because of the lower forest value/ha used by 
Johnston et al. Using the same value as that provided by MAF and the hectares of destroyed 
forests in Johnston et al. (2002), the loss equals $715 million, which is similar to losses from 
tephra hazards in the present risk assessment. Comparing the PDC loss in the present risk 
assessment to that of Johnston et al. (2002) is difficult because of the difference in forest 
cover on Tarawera (mostly indigenous) versus Haroharo (mostly exotic; see Figure 1 and 
Figure 10). 
 
Financial risk estimation is possible via multiplying value by damage ratio and damaged 
portions of inventory, but is not universally included for all inventory sectors in this risk 
assessment because of a) lack of reliable inventory values, and b) complexity of inventory 
systems.  
 







 


 


GNS Science Report 2007/39  53 


 


8.0 CONCLUSIONS 


This report provides estimates of damage and therefore risk to people, agriculture, and 
infrastructure in the Rotorua District from tephra and pyroclastic density current hazards in a 
hypothetical scenario rhyolite eruption from the Haroharo complex at the Okataina Volcanic 
Centre. Although similar to past risk assessments in the Bay of Plenty, this study uses 
inventory databases, fragility functions, and numeric physical hazard models to estimate risk 
in terms of damage to inventory.  
 
8.1 Main Findings 


1. Risk to population from tephra in Wind A (from west, prevailing) is low compared to Wind 
B (from east). If people are not evacuated prior to the tephra fall, and casualty rates of 
~20% are assumed in collapsed occupied dwellings containing even distribution of 
meshblock population, then ~1000 people are at risk from westerly winds, and ~13,000 
people with easterly winds.  


2. ~320 people are at risk from PDCs, which is significantly fewer people at risk from tephra 
in the scenario eruption because of the smaller extent of the hazards and the lower 
population density of the affected area.  


3. Exposure of pastoral farming to tephra fall hazards is double in Wind B versus Wind A in 
that almost twice as many hectares of each type of farm are totally destroyed. More 
hectares of pastoral farming are damaged (not destroyed) in Wind A versus Wind B.  


4. PDCs in the scenario eruption do not pose a significant risk to pastoral farming as 
described by AgriBase, as only a small part of one farm are within the reach of this 
hazard in the scenario eruption.  


5. Tephra completely destroys twice as much LCDB production forestry in Wind A as in 
Wind B, but more moderate damage occurs in Wind B than in Wind A. A greater amount 
of forest is left undamaged (Dr <0.1%) in Wind B. When incremental and total damage 
are considered together with the addition of financial value, the impact from the two wind 
directions is very similar (Table 13).  


6. Dome-collapse PDCs in the scenario eruption destroy ~6,500 hectares of forest, which is 
less than half of the 100% tephra damaged forest in the worst-case wind direction, Wind 
A (worst case from the perspective of forestry). Much more forest is destroyed or 
damaged by tephra than by PDCs, in either wind direction.  


7. Infrastructure damage in Rotorua City from tephra varies considerably with the differing 
thicknesses in the two wind directions. Most of the infrastructure of the District as well as 
the City escapes serious damage in Wind A, whereas in Wind B, it is almost all 
completely destroyed.  


8. In general, total loss (100% damage) in all inventory sectors except for production 
forestry is greater with easterly winds (Wind B). Forestry total losses are lower in Wind B 
than in Wind A because of large tracts of forest east of the vents, where heavier falls of 
tephra occur in Wind A than in Wind B. 
   


When compared to risk from a smaller, different type of eruption such as a basaltic fissure 
eruption like that from Tarawera in 1886 AD, the outcome of the present study provides a 
valuable measure of relative risk by supporting the intuitive conclusion that a rhyolitic 
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eruption poses more risk to all sectors of society than a basaltic one due to the vastly larger 
area over which tephra and PDCs occur.  
 
A valuable next step based on the results of this risk assessment would be the development 
and application of risk mitigation techniques such as evacuation planning, to lessen the risk 
on the population of the Rotorua District. While it is impossible to predict with any certainty 
when an eruption like the scenario used herein might occur, the OVC remains active and 
mitigation efforts should be focused on understanding the impacts different types of potential 
eruptions might have on society to build resilience in the interim. Tephra mitigation 
techniques such as that presented in Wilson and Cole (2007) for dairy farming, or ash-
shedding devices for roofs in Kagoshima, Japan (Deguchi, 1989) have the potential to 
significantly lessen the severity of impact from a future eruption. In the case of hazards like 
pyroclastic density currents, mitigation options for buildings are more or less ineffective due 
to the severity of the hazard, and the only reasonable protection would be to relocate people 
living within close proximity of potential vents and to also cease erecting buildings there. 
Fortunately, most of the area around the OVC that would experience PDCs in a future 
eruption is forested and not densely populated. Most of the scenario casualties occur in a 
small area that could be safely evacuated prior to the onset of an eruption.  
 
This study only partially assesses the impact of a rhyolitic eruption on the Rotorua District. A 
complete volcanic hazard risk assessment would investigate the impact of other hazards, 
such as lahars, seiche waves, lava flows, earthquakes, and hydrothermal eruptions, all of 
which would be present if an eruption like the scenario used in this paper were to occur.  
 
8.2 Future Work 


Further refinement of this risk assessment could involve: 
• Better inventory datasets, including cooperation from infrastructure providers 
• Addition of value information for all inventory classes, estimation of financial component 


of risk 
• Better fragility functions with additional field or laboratory data 
• Addition of more hazards such as lahars using a hazard zone model (LAHARZ - Schilling 


et al., 1998) or a flow model (TITAN-2D - Sheridan et al, 2004).  
• Application of risk findings to develop mitigation strategies, such as those in Wilson and 


Cole (2007) for dairy farms 
• Application of methodology to other locations in NZ and overseas 
• Use of different wind directions and eruption size and magnitude parameters  
• Expansion of scenarios to involve a hazardscape that changes with time 
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