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Abstract 

Volcanic eruptions can have serious consequences, both locally and globally. In Iceland 

there is a high eruption frequency, where the volcanism is affected by the North Atlantic 

plate boundary and the hot spot underneath the island. Some areas experience long periods 

between volcanic activity and because of that, the knowledge of volcanic threat is not in the 

living memory of the public. Many volcanos have not erupted after recent advances in 

technology and therefore have not been observed with modern equipment. The Reykjanes 

peninsula, in SW Iceland, has five volcanic systems with SW-NE orientation, where volcanic 

activity occurs in episodes, the last ended in the Reykjanes fires 1210-1240. The Reykjanes 

peninsula is highly populated with many critical infrastructures connecting the urban area 

that makes hazard assessment very important. In order to implement this assessment, we 

followed a well-established methodology of evaluating volcanic hazards. This includes a 

geological database of eruption events throughout the Reykjanes Peninsula, analysis of a 

spatial probability map and local intensity map and a more detailed analysis of the 

westernmost part of the Peninsula around the urban areas of Grindavík, Vogar and Keflavík. 

With these steps the following questions: “Where are the most probable areas of vent 

opening (hosting a volcanic eruption)”, “What is the most likely event”, and “Where is it 

most likely that critical infrastructure will be affected”, can be answered.  

Útdráttur 

Eldgos geta haft víðtækar afleiðingar, ekki einungis fyrir nærumhverfi heldur einnig á 

heimsvísu. Ísland er mjög eldvirkt, með háa eldgosatíðni og er eldvirknin tengd stöðu 

landsins á flekaskilum og heitum reiti undir landinu. Langur tími getur þó liðið á milli 

goshrina og því má leiða líkur að því að afleiðingar þeirra gosa séu ekki lengur í minni 

manna. Jafnframt hafa mörg þessara eldgosa einnig átt sér stað fyrir tíma vöktunar og því 

líklegt að síðustu gos á einhverjum svæðum hafi ekki verið rannsökuð með nútímatækni. Á 

Reykjanesskaga eru fimm virk eldstöðvakerfi með stefnuna SV-NA, þar sem eldvirkni 

kemur í hrinum en síðasta eldgosahrina endaði í Reykjaneseldum milli áranna 1210-1240. 

Greiningar á eldgosavá eru mjög mikilvægar á Reykjanesskaga þar sem íbúafjöldi er mikill 

og mikilvægir innviðir tengja bæi langar vegalengdir. Til þess að meta tjónnæmi svæðisins 

er þekktum aðferðum í mati á eldfjallavá á eldsumbrotasvæðum fylgt. Fyrstu skrefin við 

greiningu eldgosavár á Reykjanesskaga eru tekin með því að byggja gagnagrunn. Mat á 

tjónnæmni svæðisins með áherslu á líklegustu svæðin þar sem eldgos gætu hafist, ásamt 

nákvæmara hættumat, er unnið fyrir Reykjanes, vestasta eldgosakerfi skagans þar sem 

Grindavík, Vogar og Keflavík standa í nálægð við með áherslu á mikilvæga innviði á 

svæðinu. 

 





vii 

Table of Contents 

List of Figures ..................................................................................................................... ix 

List of Tables ...................................................................................................................... xii 

Acknowledgements ........................................................................................................... xiii 

1 Introduction ................................................................................................................... 15 
1.1 Aims and goals ...................................................................................................... 15 

1.2 Definition of terms ................................................................................................ 16 

2 Background ................................................................................................................... 19 
2.1 Volcanic hazards ................................................................................................... 19 

2.1.1 Tephra fallout ............................................................................................... 19 

2.1.2 Pyroclastic density currents ......................................................................... 21 
2.1.3 Lava flows .................................................................................................... 23 

2.1.4 Volcanic gas and aerosols ............................................................................ 24 
2.1.5 Jökulhlaup and Lahars ................................................................................. 25 

2.2 Vulnerability .......................................................................................................... 26 
2.3 Geological settings ................................................................................................ 27 

2.3.1 Geology of Reykjanes Peninsula ................................................................. 28 

2.3.2 Eruption history of the Reykjanes peninsula. .............................................. 31 
2.3.3 Potential volcanic hazards in Reykjanes peninsula ..................................... 34 

3 Methods .......................................................................................................................... 35 
3.1 Building a geological database .............................................................................. 35 

3.1.1 Volcanic features ......................................................................................... 36 

3.1.2 Tectonic features .......................................................................................... 36 
3.1.3 Geothermal activity ...................................................................................... 37 

3.2 VOLCANBOX ...................................................................................................... 37 

3.2.1 Analyze the spatial probability of a vent opening using QVAST ............... 38 

3.2.2 Q-LavHA, Quantum-Lava Hazard Assessment ........................................... 43 
3.3 Water catchment area and aspect analysis of the westernmost part of 

Reykjanes peninsula. ............................................................................................. 44 
3.4 Important data when evaluating potential hazard in volcanic activity .................. 44 

4 Data ................................................................................................................................ 47 
4.1 Geological database ............................................................................................... 47 

4.1.1 Volcanic features ......................................................................................... 47 

4.1.2 Tectonic features .......................................................................................... 47 
4.1.3 Geothermal areas ......................................................................................... 47 

4.2 Population .............................................................................................................. 50 
4.2.1 Residents ...................................................................................................... 50 
4.2.2 Tourists ........................................................................................................ 51 

4.3 Critical infrastructure ............................................................................................ 56 



viii 

4.3.1 Electricity ..................................................................................................... 57 
4.3.2 Telecommunication ..................................................................................... 58 
4.3.3 Transportations ............................................................................................ 58 

5 Results ............................................................................................................................ 61 
5.1 Susceptibility analyses .......................................................................................... 61 

5.1.1 QVAST ........................................................................................................ 61 
5.1.2 The expert judgment weight ........................................................................ 66 
5.1.3 Susceptibility map of the westernmost part of the Reykjanes peninsula .... 69 
5.1.4 Q-LAVHA ................................................................................................... 71 

5.2 Susceptibility and critical infrastructure ............................................................... 72 

5.3 Water catchment area and aspect analysis ............................................................ 72 

5.4 Critical infrastructure and structures in the westernmost part of Reykjanes 

peninsula ............................................................................................................... 74 

6 Discussion ...................................................................................................................... 75 
6.1 Data reliability ....................................................................................................... 75 

6.1.1 Volcanic features ......................................................................................... 75 

6.1.2 Tectonic feature ........................................................................................... 75 
6.1.3 Geothermal activity ..................................................................................... 76 
6.1.4 Expert judgment .......................................................................................... 76 

6.2 Hazard analysis ..................................................................................................... 76 

6.2.1 Local intensity map ..................................................................................... 76 

6.2.2 Susceptibility maps ...................................................................................... 76 
6.2.3 Lava flow limitations ................................................................................... 77 

6.3 The use of water divides for Hazard zonation ...................................................... 77 

7 Conclusion ..................................................................................................................... 79 

8 Future work .................................................................................................................. 81 

References .......................................................................................................................... 83 
 



ix 

List of Figures 

Figure 2-1: Eruption colum at Mount Bromo, Indonesia. Ash fall is clearly visible to 

the left of the plume (Photo: by Marc Szeglat on Unsplash). ........................... 20 

Figure 2-2-2: Illustrative schematic drawing of impacts from ash fall. Zone I represents 

the area closest to the volcano and it is considered life-threatening and 

destructive, Zone II is damaging and/or disruptive, Zone III is disruptive 

and/or nuisance (Wilson et al., 2015). .............................................................. 21 

Figure 2-3: Pyroclastic flow from lateral blast at the 1980 eruption in Mount St. 

Helens, Washington (Photo: Peter Lipman; USGS). ........................................ 22 

Figure 2-4: Effusive activity at the vent and surrounding lava flows. Mount 

Nyragongo, Domocratic Republic of the Congo. (Photo by Pierre-Yves 

Burgi on Unsplash). .......................................................................................... 23 

Figure 2-5: Schematic diagram of some of the aerosol pollution caused by volcanos 

(figure from Harris, 2008 & Self 2006). ........................................................... 25 

Figure 2-6: Jökulhlaup on Skeiðarársandur 1996. (Photo by Magnús Tumi 

Guðmundsson 1996). ........................................................................................ 26 

Figure 2-7: The 30 volcanic systems in Iceland with the plate boundary. Reykjanes 

Ridge (RR); Reykjanes Volcanic Belt (RVB); South Iceland Seismic Zone 

(SISZ); West Volcanic Zone (WVZ); Mid-Iceland Belt (MIB); East 

Volcanic Zone (EVZ); North Volcanic Zone (NVZ); Tjörnes Fracture 

Zone (TFZ); Kolbeinsey Ridge (KR); Öræfi Volcanic Belt (ÖVB); and 

Snæfellsnes Volcanic Belt (SVB). Numbers refer to volcanic systems that 

will not be listed here (for further details: Thordarson & Höskuldsson, 

2008). ................................................................................................................ 27 

Figure 2-8: The volcanic systems in Reykjaens paninsula baced on Sæmundson & 

Sigurgeirsson, 2013. ......................................................................................... 29 

Figure 3-1: Four simplified steps to construct hazard assessment. ..................................... 35 

Figure 3-2: General structure of the Susceptibility analyses with QVAST (Bartolini et 

al., 2013) ........................................................................................................... 38 

Figure 3-3:Bandwidth selection option in QVAST (adopted from Bartolini et al., 2013)

 .......................................................................................................................... 39 

Figure 3-4: Analytic Hierarchy Process (AHP), excel template (Barnard, 2016). .............. 42 

Figure 3-5: The hierarchical scale of 17 factors of relative importance  for the 

construction of the comparison matrix between pairs of dataset or variables 

(Saaty, 2008). .................................................................................................... 42 



x 

Figure 4-1: Volcanic features marked by age, in the westernmost part of the Reykjanes 

peninsula. .......................................................................................................... 48 

Figure 4-2: Tectonic features of the westernmost part of the Reykjanes peninsula, after 

density calculations. ......................................................................................... 49 

Figure 4-3: Tectonic features located in the youngest lava flows in westernmost part 

of the Reykjanes peninsula. .............................................................................. 49 

Figure 4-4: Geothermal activity on the westernmost part of the Reykjanes peninsula. 

Activity may be e.g. fumaroles, warm springs and mud pools (Adapted 

from Sæmundsson et al., 2016). ....................................................................... 49 

Figure 4-5: Population density in towns on the Reykjanes peninsula on January 1, 2017 

(data from National Land Survey of Iceland). ................................................. 51 

Figure 4-6: Departures from Keflavík airport per month in 2016 (adopted from 

Óladóttir. 2017). ............................................................................................... 52 

Figure 4-7: Locations of the vehicle counters in the western part of Reykjanes 

peninsula. .......................................................................................................... 54 

Figure 4-8: Estimation of visitors in some popular areas on Reykjanes peninsula 2017, 

calculated from vehicle counters (adopted from Ólafsson. 2018a, b, c, d, e, 

f, g). .................................................................................................................. 55 

Figure 4-9: Daily average of visitors during June to August adopted from vehicle 

counts of the westernmost part of Reykjanes peninsula. .................................. 56 

Figure 4-10: Daily average of visitors during September to December adopted from 

vehicle counts of the westernmost part of Reykjanes peninsula. ..................... 56 

Figure 4-11: Main electricity power lines and geothermal power plants in the western 

part of the Reykjanes peninsula (Data from Landsnet and Sæmundsson et 

al., 2016). .......................................................................................................... 57 

Figure 4-12: Map of the international airport Keflavíkurflugvöllur and the road system, 

highlighting a part of the road Reykjanesbraut where a daily average is 

15000 cars (Vegagerðin, 2017). ....................................................................... 58 

Figure 5-1. The true extent of the probability density function. ......................................... 62 

Figure 5 2: The on-land local intensity map for volcanic features, with the age AD 900–

1300, where the highest intensity value is 1.45e-007…………………………63 

Figure 5 3: The on-land local intensity map for volcanic features from 1900–2400 BP, where 

the highest intensity value is 1.99e-007………………………………………63 

Figure 5-4: The on-land local intensity map for volcanic features older than 2400 BP, 

where the highest intensity value is 4.16e-008. .................................................. 64 



xi 

Figure 5-5: The on-land local intensity map for the densest tectonic features, where the 

highest intensity value is 7.13e-008. ................................................................... 64 

Figure 5 6: The on-land local intensity map for TF in the youngest lavas, where the highest 

intensity value is 9.66e-008………………………….................................…..65 

Figure 5 7: The on-land local intensity map for of the geothermal, where the highest 

intensity value is 3.08e007………….......…………………………………….65 

Figure 5-8: True extent of the susceptability map of the westernmost part of Reykjanes 

peninsula. .......................................................................................................... 69 

Figure 5-9: Final susceptibility map of the westernmost part of the Reykjanes 

peninsula where the higest probability of a vent opening is 0.000131628 

or 0.013%. ......................................................................................................... 70 

Figure 5-10: Lava flow simulations with 1500 iterations for each vent along the line ....... 71 

Figure 5-11: Electricity, including geothermal powerplants and power lines on top of 

the final susceptability map. ............................................................................. 72 

Figure 5-12: Transportation system, including roads and the airport on top of the final 

susceptability map ............................................................................................ 72 

Figure 5-13: To the left water catchment areas on the western part of the Reykjanes 

peninsula, seen on top of the final susceptability map. .................................... 73 

 



xii 

List of Tables 

Table 2-1: Volcanic system in Reykjanes Peninsula (Adopted from Thordarson & 

Larsen, 2007). ................................................................................................... 30 

Table 2-2: Last four known volcanic episodes in Reykjanes Peninsula (as summarized 

in Sæmundsson & Jóhannesson, 2006). ........................................................... 32 

Table 2-3: Some of the lava flows from each volcanic eruption period after volcanic 

systems (Sæmundsson et al., 2016; Peate er al., 2009). ................................... 33 

Table 3-1: The number of volcanic features in each shapefile depending on age. ............. 36 

Table 3-2: Example of the QLAVHA impute file (for all the impute data see appendix 

2). ...................................................................................................................... 43 

Table 3-3: Information of the data used, the reasons why they were taken into account, 

if they were available and if the data presented is new, processed or 

original. ............................................................................................................. 45 

Table 4-1: Population in towns and cities on the Reykjanes peninsula on January 1, 

2017 (Statistics Iceland. 2017). ........................................................................ 50 

Table 4-2: Foreign travelers that visited certain places on the Reykjanes peninsula, 

given based on total travelers (adopted from Óladóttir. 2017). ........................ 53 

Table 4-3: Estimation of number of people per vehicle (Ólafsson. 2018a, b, c, d, e, f, 

). ........................................................................................................................ 54 

Table 5-1: Bandwidth calculations and number of segment in all the shapefiles from 

westernmost part of Reykjanes peninsula used to calculate susceptability. ..... 61 

Table 5-2:Experts' weight from all the datasets, consistency of each answer and the 

average weight. Top calculation with all expert included, lower only with 

consistent answers included. ............................................................................ 67 

Table 5-3: Dataset of volcanic feature AD 700-900 excluded from the experts' answers 

and the final weight for the westernmost part of the Reykjanes peninsula 

calculated .......................................................................................................... 68 

Table 5-4: Critical infrastructure and structures within the area with higer propability 

of hosting future eruptions. .............................................................................. 74 

 



xiii 

Acknowledgements 

I want to express my sincere gratitude to my supervisors, Ármann Höskuldsson, Ingibjörg 

Jónsdóttir, and Þorvaldur Þórðarsson for their feedback, important comments and talks, but 

mostly for the opportunities and support the last years. I will be forever grateful. 

Many people have, over the last years, given me inspirational talks, great feedback and views 

but I would like to give special thanks to my dear friend Maria Helena Janebo for being there 

for me, Joan Marty and Laura Becerril I thank the instructions, talks and support during my 

stay in Barcelona.  

My gratitude also goes to my fellow students the last years and the Volcanology and Natural 

Hazards group. 

I thank all the anonymous participants in the expert judgment. 

Many people, companies and institutions contributed data and software for the project and I 

thank them dearly, Amy Clifton, Freysteinn Sigmundsson, ICTJA-CSIC, IMO 

(Veðurstofan), Mila ehf., Landsnet, Heklan, ÍSOR, Samsýn & National Land Survey of 

Iceland (Landmælingar). 

My family is not to be left aside in this expression of gratitude. My children get a special 

thanks for standing behind me with their own independence, enthusiasm and all their love. 

Without their patient this task would not have accomplished. My husband, Guðjón, my dear 

parents, Inga Anna and Andrés Freyr, mother-in-law, Dýrleif, my sister Sandra Ýr and 

friends who have been there for me with emotional support have my sincere gratitude. 

 





15 

1 Introduction 

Volcanic eruptions are violent, dramatic and impressive forces that change the planet, and 

even though they are a threat to society, communities grow and expand close to volcanoes 

or volcanic areas (Bignami et al., 2012). About 800 million people around the world live in 

close proximity to active volcanos and, with growing population, the probability of 

emergencies related to volcanic activity is increasing. Volcanic eruptions can have severe 

societal and economic impacts, with casualties, damage to infrastructure, and effect on 

livelihoods (Loughlin et al., 2015). 

Long-term assessment is made for territorial planning and emergency plans. They are made 

based on historical and geological data in the volcanically active area and provide simulation 

models before unrest episode starts (Martí, 2017). Short-term hazard assessment is made 

during a phase of unrest and includes real time monitoring data. They help forecasting the 

most likely scenarios and determine what areas are at risk (Martí, 2017). 

Every opportunity to increase the understanding of eruption behavior must be taken, in order 

to maximize the resilience of society (Sparks, 2003). Scientists frequently base long-term 

warnings for an area on the eruption history and geological background of the area. A 

limitation for short-term hazard assessment is that there is never absolute certainty that 

magma, that is moving towards the surface, will result in an eruption. Even if movement of 

magma can be detected, the forecast can sometimes only be possible shortly before the event 

occurs. Therefore, the communication system of the civil protection agencies must be well 

prepared (Sparks. 2003). 

There are different approaches to how hazards and risk is defined. The most common method 

is in respect to volcanic hazards and risk as probabilities: what is the probability that a certain 

hazardous event occurs and if it will affect a specific area (Sparks, 2003). Forecasting 

volcanic activity can, under some conditions or circumstances, be achieved, even with some 

confidence. Some volcanoes show periodic behavior, following quite regular and systematic 

transformative trends, either for shorter or longer time periods. Eruptions are constrained by 

physics and can be used in experimental studies and modelling (Sparks, 2003). Short-term 

warnings have been successful in Iceland, for example: the Hekla eruption in February 2000, 

scientists gave warning to Civil Protection around 30 minutes before the eruption started 

(Stefánsson, 2000). Different volcanic systems, eruption behavior and long periods between 

eruptions can make short-term warnings hard especially where the precursors are not known. 

1.1 Aims and goals  

My interest in this project and all hazard analysis is simple, it combines my interest in 

geology and people. I want to be a part of maximizing the resilience and minimizing the 

vulnerability of our society. 

Volcanic eruptions can have serious consequences, both locally and globally. In Iceland 

there is a high eruption frequency, and the focus tends to be on the volcanoes that erupt most 
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often. Some areas have long periods between volcanic activity and because of that, the 

knowledge of volcanic threat is not in living memory. Many volcanos have not erupted after 

recent advances in technology and therefore have not been observed with modern equipment.  

The aim of this thesis is to make necessary steps to towards a reliable hazard analysis in the 

Reykjanes peninsula. In order to implement this assessment, we followed a well-established 

methodology of evaluating volcanic hazards. This includes a geological database of eruption 

events throughout the Reykjanes Peninsula, analysis of a spatial probability map and local 

intensity map and a more detailed analysis of the westernmost part of the Peninsula around 

the urban areas of Grindavík, Vogar and Keflavík. With these steps the questions, “Where 

is the likeliest areas of vent opening (hosting a volcanic eruption)”, “What is the most likely 

event”, and “Where is it most likely that critical infrastructure will be affected”, can be 

answered. 

With long periods between eruptions it is essential to use the volcanic history to understand 

the hazards in the area. The volcanism in the area is not random, it is isolated in SW-NE 

oriented volcanic systems, and as such probability and susceptibility analysis is useful in 

order to understand probable scenarios. This approach makes the choices made in the 

analysis as objective as possible, with expert solicitation valuating the weight of each data 

and other calculations made with an established method. The hope is to aid the national land 

planning and emergency planning in the area, and to increase the awareness and 

understanding of the constant changing environment we live in. 

1.2 Definition of terms 

Some terms have more than one definition that is widely used. In this section the terms will 

be defined so their meaning will not be misleading. 

 Critical infrastructure is here by defined as the United Nations International Strategy 

for Disaster Reduction (UNISDR), 2009 terminology defines it: 

The physical structures, facilities, networks and other assets which provide 

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

or society.  

 Exposure is here by defined as the UNISDR, 2016 terminology defines it:  

The situation of people, infrastructure, housing, production capacities and other 

tangible human assets located in hazard-prone areas. 

 Hazard is here by defined as the UNISDR, 2016 terminology defines it:  

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

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

environmental degradation. 

 Mitigation is here defined as the UNISDR, 2016 terminology defines it:  

The lessening or minimizing of the adverse impacts of a hazardous event. 

 Properness is here by defined as the UNISDR, 2016 terminology defines it:  
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The knowledge and capacities developed by governments, response and recovery 

organizations, communities and individuals to effectively anticipate, respond to 

and recover from the impacts of likely, imminent or current disasters. 

 Public awareness is here by defined as the UNISDR, 2009 terminology defines it: 

The extent of common knowledge about disaster risks, the factors that lead to 

disasters and the actions that can be taken individually, and collectively to reduce 

exposure and vulnerability to hazards. 

 Resilience is here by defined as the UNISDR, 2016 terminology defines it:  

The ability of a system, community or society exposed to hazards to resist, absorb, 

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

timely and efficient manner, including through the preservation and restoration 

of its essential basic structures and functions through risk management.  

 Risk is here by defined as the UNISDR, 2009 terminology defines it: 

The combination of the probability of an event and its negative consequences. 

 Risk assessment is here by defined as the UNISDR, 2009 terminology defines it: 

A methodology to determine the nature and extent of risk by analyzing potential 

hazards and evaluating existing conditions of vulnerability that together could 

potentially harm exposed people, property, services, livelihoods and the 

environment on which they depend. 
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2 Background 

General information about volcanic hazards and their influences on society is essential to 

understand why hazard assessment is important in volcanic active areas. Analyzing the past 

behavior of a volcano or a volcanic area is the first step to understand what can be expected 

in the future (Marti, 2017). This includes a comprehensive analysis of all geological and 

geophysical information on the style of eruptions and extent of the main hazards. In this 

chapter, general information on the main volcanic hazards will be provided along with 

geological settings and eruption history of Reykjanes peninsula. 

2.1 Volcanic hazards 

Many hazards are associated with volcanic eruptions, and they can either be primary or 

secondary. Primary hazards are directly linked to the eruption and include, for example: 

pyroclastic density currents, tephra fall, ballistics, volcanic gas and lava flows. Secondary 

hazards can occur both while the eruption is ongoing and long after the eruption has ended, 

for example: jökulhlaup, lahars, tsunamis and eolian remobilization of tephra (e.g., Frampton 

et al., 2000). 

Hazard analysis can be performed on multiple scales, but a thorough analysis on every area 

that can potentially be affected by a volcanic event is necessary to construct a comprehensive 

hazard analysis (Marti, 2017). In the following sections, the most common volcanic hazards, 

that are known to influence areas surrounding Icelandic volcanos, will be summarized. 

2.1.1 Tephra fallout 

Tephra refers to any size of fragmented volcanic rock produced in explosive eruptions, that 

gets carried upward in the volcanic column (see Figure 2-1.) (Gíslason, 2013; Behncke et 

al., 2012). The size of tephra can vary from 10 m in diameter to less than 0.001 millimeters, 

ash is defined as material less than 2 mm in size, fine ash being less than 0.063 mm. The 

smallest fragments can remain in the atmosphere for long periods of time and be carried 

hundreds to thousands of kilometers away from the volcano with the wind (Behncke et al., 

2012).   

Many factors influence the dispersal of tephra, including the intensity, magnitude and type 

of eruption as well as the column height and eruption duration. Plinian to sub-Plinian 

eruptions usually last from one hour to several hours, while phreatomagmatic basaltic fissure 

eruptions can last days or even weeks. The long duration of phreatomagmatic eruptions can 

increase the aerial dispersal of the tephra (Thordarson & Larsen, 2007; Guðmundsson et al., 

2008; Gudmundsson et al., 2012). For example, ash from the Eyjafjallajökull 2010 eruption 

(a modest sized phreatomagmatic eruption) was transported as far as 600–700 km from the 

vent (Gudmundsson et al., 2012). 
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One of the main hazards related to tephra is due to the ash fraction (the material that is 

smaller than 2 mm in diameter) and especially the fine ash fraction (smaller than 0.063 mm) 

(Behncke et al., 2012). Volcanic ash is one of the main hazards related to tephra production, 

it can affect areas up to hundreds of square kilometers around the source. Eruptions with a 

long duration can continuously add more ash to the atmosphere, and the smaller the size of 

the particles is, the longer they can remain in the atmosphere. Ash that has been deposited 

on the ground can be re-mobilized by wind and human activity (Jenkins et al., 2015). Tephra 

fall can impact communities due to damage to infrastructure because of loading or burial, as 

well as chemical and dust pollution to infrastructure, water supplies, crops and livestock 

(Neri et al., 2013; Jerkins et al., 2015; Behncke et al., 2012). The impact of ash fall is affected 

by distance from the erupting volcano. In Figure 2-2-2Figure 2-5 is a schematic drawing that 

shows the three main zones where this impact is described (Wilson et al., 2011). The damage 

caused by tephra is not straight forward, as it depends on the type and structure of the assets 

and characteristics of the tephra fall, such as thickness, chemical composition, and the 

amount of moisture (Behncke et al., 2012). 

The chemical composition of tephra can cause additional hazards. Pollution caused high 

fluorine or SO2 content, or other poisonous chemical compounds in the tephra can affect 

water supplies and cause poisoning in livestock, grassland and potentially humans 

(Thordarson & Larsen, 2007). 

Figure 2-1: Eruption colum at Mount Bromo, Indonesia. Ash fall is clearly visible to the left 

of the plume (Photo: by Marc Szeglat on Unsplash). 
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Figure 2-2-2: Illustrative schematic drawing of impacts from ash fall. Zone I represents the 

area closest to the volcano and it is considered life-threatening and destructive, Zone II is 

damaging and/or disruptive, Zone III is disruptive and/or nuisance (Wilson et al., 2015). 

The impact of tephra fall is widespread and therefore hard for authorities to estimate 

evacuation in the affected area. If facilities and buildings are provided that have the capacity 

to resist the threats from volcanic activity, evacuation and post-event recovery is more likely 

to go smoother (Spence, 2005). 

Tephra load is a distributed gravity load like snow, roofs that are designed to resist similar 

loads are more likely to have inherent resistance to loading caused by tephra. Most injuries 

and fatality caused by tephra fall are associated with roof collapse, and sometimes in the 

cleaning process when the weight exceeds the structures capacity (Spence, 2005). A thin 

layer of ash can make roads and other surface slippery and the ash severely affects visibility, 

both when the eruption is ongoing and in the process of remobilization (dust storms).  

2.1.2 Pyroclastic density currents 

One of the most dangerous hazards associated with explosive eruptions are pyroclastic 

density currents (PDC). PDC’s can form through column collapse, caused by changes in the 

eruption or external factors affecting the column, by a blast (lateral explosion, see Figure 

2-3) or from lava dome collapse (Loughlin et al., 2015). Instead of the tephra being 

transported away from the volcanic vent in a plume, PDC’s form as the plume collapses 

downwards and flows along the ground under the effects of gravity (Francis & Oppenheimer, 



22 

2004). PDCs are a mixture of ash, hot gases and lithics. They can be split into pyroclastic 

flows and pyroclastic surges. Pyroclastic flows follow the topography up to tens of 

kilometers from the source with speeds up to 540 km/hr, and temperatures from 100° C up 

to 800°C. Pyroclastic surges can form from the eruption column and be associated with 

pyroclastic flows. Surges are richer in gases than flows and contain less ash, and 

consequently, they do not travel as fast or reach as far from the source as flows. However, 

they do not follow the topography and can flow uphill, making it harder to predict their path 

(Höskuldsson, 2013).  

Because of their high speed, high temperature and the long distances PDC’s can travel from 

the source, along with the unpredictable path of surges, PDC’s are the biggest hazard 

following volcanic eruptions.  It is believed that PDC’s have killed up to 34,000 people in 

the last century (Höskuldsson, 2013), which accounts to one third of all fatalities of volcanic 

eruptions in the world (Loughlin et al., 2015). 

 

 

Figure 2-3: Pyroclastic flow from lateral blast at the 1980 eruption in Mount St. Helens, 

Washington (Photo: Peter Lipman; USGS). 

In Iceland, the four volcanic systems that have the highest probability of producing PDC’s 

are Hekla, Öræfajökull, Snæfellsjökull and Eyjafjallajökull (Thordarson & Larsen, 2007). 

Even though these four are considered the most likely, one should not exclude the possibility 

of PDC’s from other volcanic systems, since all explosive eruptions can produce PDC’s, if 

the conditions are right. Of historical eruptions in Iceland, only the 1362 Öræfajökull 

eruption has documented fatalities due to PDC’s, an estimated 30 farms were destroyed 

during the event (Guðmundsson, 2008). 
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2.1.3 Lava flows 

Human lives are rarely directly threatened by lava flows, since they usually move slowly 

enough that populations can be evacuated from their path. The main hazard associated with 

lava flows (Figure 2-4), during effusive eruptions, is therefore the damage to infrastructure, 

property, and vegetation in the flow path (Loughlin et al., 2015). The effect on the area is 

highly dependent on the magnitude, effusion rate and location of the eruption, a small 

eruption close to habitation can have a similar effect to a large, far reaching effusive eruption 

far from any habitation, regarding property or infrastructure damage. Lava flows, which vary 

in temperature from around 650°C to 1200°C, may reach many tens to hundreds of km’s in 

distance from their source (Thordarson & Larsen, 2006; Francis & Oppenheimer, 2004; 

Bignami et al., 2012), but their speed is normally limited to cm/hour up to several 10’s of 

meters per hour (Behncke et al., 2012, Alexander, 1993). Lavas that flow down a steep slope 

have been documented as reaching up to 80km/hr (Brown et al., 2015). Many factors control 

the speed of lava flows, e.g., chemical composition, viscosity, discharge rate, cooling rate 

and external factors such as topography, all play a role (e.g. Francis & Oppenheimer, 2004; 

Thordarson, 2013). 

 

 

Figure 2-4: Effusive activity at the vent and surrounding lava flows. Mount Nyragongo, 

Domocratic Republic of the Congo. (Photo by Pierre-Yves Burgi on Unsplash). 
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Since the settlement of Iceland (AD 870), lava flows have covered approximately 3300 km2 

of the island (Guðmundsson et al., 2008). The longest lava flow in Iceland is the Þjórsár lava 

(8100 BP), which is about 140 km long and covered around 953 km2 over an unknown 

duration of time (Hjartarson, 1988). This eruption, if it occurred today, would affect large 

areas of farmland, the main road in the area and several towns and villages despite their 

distance from the source vents. 

An additional hazard associated with lava flows are rootless cones, which form when lava 

flows over water-saturated substrates (Fagents & Thordarson, 2007). They form hydro-

volcanic explosions which build up spatter or scoria cones and are associated with airborne 

tephra which may be carried some distance from the cones (Brono et al., 2004). Since 

rootless cones can form far from the initial source vent and provide further potential for 

tephra production, it is important to know and map any water-saturated areas in lava flow 

pathways. 

2.1.4 Volcanic gas and aerosols 

Water vapor is the main gas component in volcanic eruptions, but magmas generally contain 

various other gases, such as CO2, SO2, H2S, HF and HCl (e.g. Loughlin et al., 2015; Bignami, 

2012). Silicic magma in explosive volcanic eruptions tends to be more volatile-rich than 

effusive basaltic eruptions (Horwell et al., 2015). However, basaltic magmas are richer in 

SO2 and can last for a long time. The eruption of Holuhraun 2014 brought focus to large 

Icelandic effusive eruptions like Laki (1783) and that is considered to be: 

“a major risk to Europe and is ranked as one of the highest priority risks in the UK 

National Risk Register with concerns that sulphur dioxide, sulfate aerosols and other gases 

may have substantial health and environmental impacts.” (Horwell et al., 2015). 

Concentration of relatively dense gases (e.g. CO2 and H2S) can occur in low lying areas such 

as topographic depressions and household basements, in such areas the concentrations of 

these gases can become toxic. Most gas related deaths occur in gas pools in depressions near 

the volcano. For example, a large amount of CO2 gas was emitted from the volcanic crater 

lake Lake Nyos, Cameroon, west Africa in 1986. The gas filled depressions and valleys 

surrounding the volcano exposing three urban areas (Nyos, Cha, and Subum) to high 

concentrations of CO2 that caused with around 1700 fatalities (Baxter et al., 1986).  

Some gases, such as SO2, trigger asthma and other acute respiratory diseases in the exposed 

population. Other gases, like F, can also cause a threat to humans and livestock (Horwell et 

al., 2015). Sulfur, fluorine and chlorine in combination with water can produce acid rain that 

affects ecosystems and vegetation (Loughlin et al, 2015). For example, after the Hekla 

eruption 1970 around 8000 sheep where killed by fluorine (F) poisoning in N-W Iceland, far 

away from the eruption site (Guðmundsson et al., 2008). 
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Figure 2-5: Schematic diagram of some of the aerosol pollution caused by volcanos (figure 

from Harris, 2008 & Self 2006).  

Aerosol pollution can have global effects (Figure 2-5). It is known that volcanic aerosol 

released into the troposphere can impact atmospheric radiation. The aerosols can increase 

Earth’s albedo, thus reflecting more shortwave radiation back into space (Mather et al., 

2003) causing surface cooling (Thordarson & Self, 2003: Self, 2006). Aerosols that reach 

the Stratosphere can remain there for up to 3 years and therefore causing a long-term effect, 

while aerosols in the troposphere have an effective residence time of 1–3 weeks (e.g., Harris, 

2008: Self, 2006). 

It is estimated that 122 megatons of SO2 was released to the atmosphere in Skaftáreldar (Laki 

eruption) 1783–1784 in Iceland, affecting the Northern Hemisphere for a period of up to 36 

months. Causing acid precipitation and extreme weather, including one of the most severe 

winters in North America and Europe, as well as the failure of crops leading to food 

shortages in many areas (Thordarson & Self, 2003). 

2.1.5 Jökulhlaup and Lahars 

Jökulhlaups (Figure 2-6), or glacial outburst floods, are often caused by eruptions under 

icecaps. A jökulhlaup is a mixture of ice blocks, water and volcanic products and is usually 

heavyly loaded with sediments (Jóhannesdóttir & Gísladóttir, 2010; Larsen, 2000; 

Tómasson, 1996). Jökulhlaups caused by volcanic eruptions in the south of Iceland are 

estimated to have reached discharge peaks of 300,000 m3/s (or more than 700 times the mean 

discharge rate of Ölfusá, which is 423 m3/s (National Land Survey of Iceland, 2014)), and 

covered up to 600–800 km2 (Larsen, 2000; Tómasson, 1996). 

 



26 

 

Figure 2-6: Jökulhlaup on Skeiðarársandur 1996. (Photo by Magnús Tumi Guðmundsson 

1996). 

The huge amount of meltwater, high discharge rate and large volume means that jökulhlaup 

can flood a large area in a short time, making them highly hazardous. They can threaten 

populations, livestock, vegetation, roads, electricity production and supply, communication 

infrastructure and properties (Jóhannesdóttir & Gísladóttir, 2010). 

2.2 Vulnerability 

As summarized in Loughlin et al. (2015), vulnerability and exposure vary according to 

different aspects. Volcanic hazard and risk analysis combines every section of society thus 

it can be hard to put a single vulnerability definition for all of them. For example, human life 

is vulnerable to all potential factors, in order to survive humans require food and water, so 

human vulnerability is linked to livestock, vegetation and water supplies. If any of these fails 

it must be transported from other locations, which then exposes vulnerability to 

transportation systems. 

The resilience of society increases with greater knowledge. Technology has improved 

construction and the ability of structures to withstand certain events, as well as improving 

prediction and mapping of natural hazards (King & Macgregor, 2000). To understand 

vulnerability, we need to have some expectation or knowledge about the natural hazard the 

object may face, so it is possible to mitigate and prepare for it. Mitigation can involve all 

aspects of society, from insurance, building regulations and urban planning, to awareness 

and training (King & Macgregor, 2000). 
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2.3 Geological settings 

Iceland is the only part of the Mid Atlantic Ridge above sea level. The island is 103000km2 

in size, although the Icelandic Plateau, that rises about 3000 m above the surrounding 

seafloor is around 350000 km2. The oldest formations on land are 14-16 million years old, 

situated on the peripheries of Iceland, with the youngest volcanics running roughly from SW 

to N through Iceland (Thordarson & Höskuldsson, 2014, Figure 2-7). The structure of the 

volcanically active rifting areas in Iceland is affected by the interplay between the divergent 

plate boundary and the Iceland mantle plume situated under the N-W part of Vatnajökull 

(marked in Figure 2-7 as a dotted ring). The average spreading rate in the rift zone is about 

1.8 cm/year (e.g., Thordarson & Larsen, 2007; Guðmundsson, 2000). Volcanic systems, 

defined as a containing a fissure swarm, a central volcano or both, are considered a general 

structure in Icelandic geology (as summarized in Thordarson & Larsen, 2007). In in Figure 

2-7 is the most commonly used classification of the 30 volcanic systems in Iceland. 

 

Figure 2-7: The 30 volcanic systems in Iceland with the plate boundary. Reykjanes Ridge 

(RR); Reykjanes Volcanic Belt (RVB); South Iceland Seismic Zone (SISZ); West Volcanic 

Zone (WVZ); Mid-Iceland Belt (MIB); East Volcanic Zone (EVZ); North Volcanic Zone 

(NVZ); Tjörnes Fracture Zone (TFZ); Kolbeinsey Ridge (KR); Öræfi Volcanic Belt (ÖVB); 

and Snæfellsnes Volcanic Belt (SVB). Numbers refer to volcanic systems that will not be 

listed here (for further details: Thordarson & Höskuldsson, 2008). 
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Nearly every volcano type and eruption style can be found in Iceland (Thordarson & Larsen, 

2007). The characteristic of a volcanic system is a fissure or a dike swarm with or without a 

central volcano and the lifetime of volcanic systems is between 0.5–1.0 million years 

(Thordarson & Larsen, 2007). When a central volcano is present, the main activity is focused 

there. A mature to moderately mature volcanic system consists of volcanic fissures, normal 

faults, and dense tension fractures.  

Volcanic activity is frequent in Iceland, with eruptions occurring on average with 2.5 to 3 

years interval (Höskuldsson et al. 2018). Tephrochronology (tracking and identifying 

specific volcanic tephra layers) is often used as a time marker in Iceland (Jónsson, 1983), 

allowing for accurate absolute and relative dating, shows that the impact of volcanic 

eruptions can be significant. 

Due to various factors, including geothermal energy, towns are often built close to 

volcanically active areas meaning that there is a potential threat to these towns and their 

inhabitants. These areas include the towns Grindavík and Vogar on the westernmost part of 

Reykjanes peninsula, Vestmannaeyjar, the south suburbs of the capital area including 

Hafnarfjörður, the urban areas around Mývatn in the north, and around Snæfellsjökull in the 

Snæfellsnes peninsula (Guðmundsson et al., 2008; Thordarson, 2013). 

2.3.1 Geology of Reykjanes Peninsula 

The Northern Mid-Atlantic ridge (MAR) continues on land through Iceland, the sub-marine 

Reykjanes ridge links the MAR to the Reykjanes peninsula. The volcanic activity is focused 

on SW-NE orientated volcanic fissure swarms that are oblique with respect to the direction 

of the rift zone (Jakobsson et al., 1978; Gudmundsson, 1986; Clifton and Kattenhorn, 2006; 

Einarsson, 2008). Within the oblique segments on Reykjanes peninsula, both strike-slip 

tectonism and volcanism take place, where the seismicity and volcanic activity has been 

periodic (Einarsson, 2008). Most of the Reykjanes peninsula (Figure 2-8) is covered by 

postglacial basaltic lava flows (Sæmundsson et al., 2016). 

On Reykjanes peninsula, there are a variety of volcanic features, ridges of hyaloclastite, 

tuyas, lava shields, volcanic fissures, and crater rows, with an age span of 0.8 Ma to historical 

(Jakobsson et al., 1978). The last glaciation in the Reykjanes peninsula ended approximately 

12,000–15,000 years ago. All the hyaloclastite features observed, were formed in subglacial 

eruptions. These formations are more prominent in the east and get smaller towards the west 

of the Reykjanes peninsula (Jakobsson et al., 1978; Sæmundsson et al., 2016). 

The lava shields are distinctively older than the eruptive fissures (Jakobsson et al., 1978), 

and most are older than 4500 years old, with the exception of Stórabollahraun (2500–3000 

years old) and Herdísarvíkurhraun (>4000 years old) (Sæmundsson & Sigurgeirsson, 2013). 

Interglacial basaltic lavas are observed throughout the peninsula although most of them are 

covered with postglacial lava flows or hyaloclastites (Guðmundsson, 1985). All rock 

composition of the Reykjanes peninsula is basaltic except for within the Hengill volcanic 

system where intermediate to silicic volcanics are present. This suggests that Hengill is the 

only system that has developed a central volcano and shallow magma chamber (Jakobsson 

et al., 1978). 
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Figure 2-8: The volcanic systems in Reykjaens paninsula baced on Sæmundson & Sigurgeirsson, 2013
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The definitions of volcanic systems in the area is not consistent between different studies. 

Hengill is sometimes considered part of the Reykjanes peninsula volcanic zone (RVZ) and 

in other cases it is with the Western Volcanic zone (WVZ) (e.g., Thordarson & Larsen, 2007; 

Thordarson & Höskuldsson, 2008). Further, Reykjanes and Eldvörp/Svartsengi are in some 

cases considered as one volcanic system called Reykjanes/Svartsengi, but in others they are 

considered to be two separate systems (Jakobsson et al., 1978). Discrepancies in the 

distinction of volcanic systems from one another, and their inclusion in the RVZ thus affects 

how many systems are quoted as being in the peninsula, Jakobsson et al. (1978) suggest five, 

however Saemundsson (2010) separates Fagradalsfjall and suggests six systems. 

Reykjanes/Svartsengi (Reykjanes and Eldvörp/Svartsengi), Krýsuvík, Brennisteinsfjöll and 

Hengill are all considered mature volcanic systems. Hengill is the only system with a 

formally accepted central volcano. The two westernmost volcanic systems of the Reykjanes 

peninsula, Reykjanes and Eldvörp/Svartsengi, are less well defined as the eastern systems of 

the peninsula (Jakobsson et al., 1978). Reykjanes and Eldvörp/Svartsengi join together in 

the northern part of the volcanic system (Sæmundsson, 2010). Within the fissure swarm that 

defines the outline of the volcanic system there are two separated high temperature 

geothermal areas, which have raised the question of dividing the system into two (Jakobsson 

et al., 1978). Other volcanic systems like Krýsuvík, Brennisteinsfjöll and Hengill also have 

high temperature geothermal areas within the defined fissure swarm (Torfason & 

Sigurgeirsson, 2002; Árnason, 2001). 

A table summing up general information about the systems (here Reykjanes and 

Eldvörp/Svartsengi are considered as one system) can be seen in Table 2-1. There geological 

settings are shown on Figure 2-8.  

 

Table 2-1: Volcanic system in Reykjanes Peninsula (Adopted from Thordarson & Larsen, 

2007). 

Volcanic systems Maximum elevation 
(m.a.s.l.) 

Length 
(km) 

Width 
(km) 

Area 
(km2) 

Central 
volcano 

Reykjanes & 
Svartsengi 

163 58 13 350 No 

Krýsuvík 393 55 23 300 No 

Brennisteinsfjöll 621 45 20 280 No 

Hengill 803 60 9 370 Yes, Hengill 
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2.3.2 Eruption history of the Reykjanes peninsula. 

Volcanic activity on the Reykjanes peninsula occurs in periods that can last up to 400–500 

years (Jakobsson et al., 1978). The volcanic activity within the volcanic systems takes place 

along SW-NE trending fissures, characterizing the volcanic systems and its fissure swarms. 

Once the Reykjanes peninsula is activated and a rifting event begins, the associated eruptive 

activity is confined to a single volcanic system at a time. During last rifting event, volcanic 

activity began at the easternmost volcanic system, Brennisteinsfjöll-Bláfjöll, and then 

progressively moved to the next volcanic system along the peninsula, ending within the 

Reykjanes-Eldvörp-Svartsengi system in the west. During this rifting activity, each volcanic 

system on the peninsula is active for decades and numerous eruptions take place during that 

time. It has been suggested that the time between such rifting periods on the Reykjanes 

Peninsula could be on the order of 600–800 years (e.g., Sæmundsson & Sigurgeirsson, 2013; 

Hreinsdóttir et al., 2001). 

Since the settlement in Iceland (870AD) there have been 12–13 eruptions on the Reykjanes 

peninsula (Jónsson, 1983). The volcanic systems, that have erupted in the past 1100 years, 

are Reykjanes, Eldvörp/Svartsengi, Krýsuvík and Brennisteinsfjöll (Thordarson & Larsen, 

2007). Some historical eruptions have scant written records, namely the eruptions in the 

years 1151, 1188, 1340, 1360 and 1389–90 (Jónsson, 1983). The Reykjanes system has a 9 

km submarine continuation of its fissure swarm (Jakobsson et al., 1978, Höskuldsson et al. 

2007). The tephra record on Reykjanes peninsula indicates some 12 phreatomagmatic 

eruptions offshore in the past 4000 years. Four of them (R-7 to R-10) belonging to the last 

volcanic period between AD 1211 to 1240 (Sigurgeirsson, 1995). The age of lava flows in 

Reykjanes peninsula are determined with four different methods: historical records, 

tephrochronology, radiocarbon dating (C14), and from stratigraphic position in relation to 

previously dated flow units (Jónsson, 1983; Sæmundsson & Sigurgeirsson, 2013). 

In general, volcanic vents in Reykjanes are crater rows that can contain up to 100 craters 

along a 10 km long fissure (Jónsson, 1983). When a fissure eruption begins, the entire length 

of the fissure erupts magma. However, the magma may concentrate on a part of the fissure 

as the eruption evolves (e.g., Krafla, Holuhraun, Vestmannaeyjar). Therefore, crater rows as 

observed today indicate the minimum length of the eruptive fissure.  

The volcanic systems of Reykjanes and Eldvörp/Svartsengi have been mapped in detail 

(Jónsson, 1978) and individual lavas counted. For this study we use 56 lavas, 26 belonging 

to the Reykjanes system and 30 in the Eldvörp/Svartsengi system (Jakobsson, 1978, Jónsson, 

1978; Sæmundsson et al., 2016).  

As mentioned previously, the last volcano-rifting episode on the peninsula started in 

Brennisteinsfjöll volcanic system and ended in the Reykjanes system. However, the volcano-

rifting episode prior to that took place some 1850-2350 years ago and began in the west and 

ended in the east (Table 2-2) (Sæmundsson & Jóhannesson, 2006). 
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Table 2-2: Last four known volcanic episodes in Reykjanes Peninsula (as summarized in Sæmundsson & Jóhannesson, 2006). 

Volcanic system Reykjanes Eldvörp/Svartsengi Krýsuvík Brennisteinsfjöll Hengill 

Volcanic episode 9th -12th century 1210-1240 1210-1240 11th century 9th century- end 
of 10th century  

 

Volcanic episode 1850-2350 years ago 2150* years 
old lava 

2200* years old lava, 
2350 years old 

2050* years old lava  1850-2000* 
years old 

Volcanic episode from more than 3000 
years ago 

3200 years 
ago* 

 3250 years ago* >2600 - <3600 
years ago 

 

Volcanic episode from more than 4000 
years ago 

  4000-4500   

* age determent lava 
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Table 2-3: Some of the lava flows from each volcanic eruption period after volcanic systems (Sæmundsson et al., 2016; Peate er al., 2009). 

*Peate et al., 2009 

**ÍSOR geological map of S-W Iceland (Sæmundsson et al., 2016) 

Volcanic system Reykjanes Eldvörp/Svartsengi Krýsuvík Brennisteinsfjöll Hengill 

Volcanic episode  
9th – 12th century 

Stampahraun 4 Eldvarparhraun, 
Illahraun 
Arnarseturshraun 

Ögmundarhraun, 
Afstapahraun yngra 
Kapelluhraun 
Mávahlíðarhraun* 
Gvendarselshraun* 

Hellnahraun yngra, 
Krisnitökuhraun 
(Svínafellsbruni) 
Húsafellsbruni** 
Breiðdalshraun* 
Tvíbollahraun* 
Selvogshraun* 

 

Volcanic episode  
8th – 9th century 

  Hrútafellshraun** Hvannahraun** 
Breiðdalshraun 
(shield) 

 

Volcanic episode 
1850-2350 years ago 

Rauðhólshraun 
Hörslahraun 
Stampahraun 3 
Tephra from the older 
Stampa crater row  
(Sýrfellshraun) 

Eldvarpahraun the 
first  
Sundhnúkahraun 

Óbrinnishólahraun 
Skollahraun** 
 

Hellnahraun older Nesjahraun, 
Hellisheiðarhraun 
younger 

Volcanic episode 
from more than 
3000 years ago 

Gunnuhraun  Sandfellsklofahraun   

Volcanic episode 
from more than 
4000 years ago 

  Two lavas One of the 
Hólmshraun 
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2.3.3 Potential volcanic hazards in Reykjanes peninsula 

The hyaloclastites ridges are the subglacial features of fissure eruptions (Figure 2-8). Other 

volcanic features in the area are craters rows, lava shields and tephra from phreatomagmatic 

eruptions, all of them considered to have formed in fissure eruptions (Jakobsson, 1978).   

According to Sæmundsson & Jóhannesson (2006) the most probable volcanic event on the 

Reykjanes peninsula is a fissure eruption, the lava from any of these eruptions has the 

potential to flow down to the coastline. 
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3 Methods 

The methodology used to conduct the long-term hazard assessment in this thesis is based on 

spatial analysis of geological and geophysical data. The methodology is systematic and done 

in four steps (Figure 3-1). to construct the final hazard map (Martí et al. 2016; Bartolini et 

al., 2013). 

Long-term hazard assessment is based on the eruption history of the volcano, volcanic area 

or volcanic system. The knowledge of past eruption and the structural control of the 

distribution of vents is used in spatial analyses to identify the area most likely to host future 

eruptions (i.e. volcanic susceptibility) (Martí & Felpeto, 2010; Bartolini et al., 2013). The 

first step of hazard assessments is therefore to build a database with all the geological feature 

that can help identifying possible locations of future vent openings.  

The spatial probability calculations and susceptibility map was made in QGIS, an open 

source Geographic Information System (GIS) using a VOLCANBOX plugin that that 

integrates in a systematic and sequential way a series of well-tested tools addressing various 

aspects of the volcanic hazard including QVAST (QGIS for volcanic susceptibility) and Q-

LavHA (Quantum-Lava Hazard Assessment) (Martí et al., 2017). The benefits of using one 

plugin, is the data is not converted for different systems. In the following sections every step 

is explained in detail. 

 

Figure 3-1: Four simplified steps to construct hazard assessment. 

3.1 Building a geological database 

In long-term hazard assessment, the volcanic history in the area is used to determent possible 

locations of future eruptions. Historical events are better constrained than pre historic, and 

often the older features are partly covered by lava from the younger events. The database 
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made for this thesis is new and all volcanic features on the surface remapped. The database 

is divided into volcanic features, tectonic features and geothermal features.  

3.1.1 Volcanic features  

Volcanic features are represented in two ways, craters and fissures. Both features are 

constructed as layers in ArcGIS. However, this information refers to the same feature, since 

erupting fissures do form craters that sit along the fissure. This information is critical in 

evaluating volcanic hazard, however, it needs to be combined into single shapefile.  

All volcanic features in the westernmost part of Reykjanes peninsula were created using 

available data (from Amy Clifton and Freysteinn Sigmundsson) as a base layer. That data 

was compared with the geological maps from Sæmundsson et al. (2016), and Jónsson (1978), 

to evaluate where data was missing and locating areas where the two datasets contradicted. 

In some cases, it was a question of displacement or a shift in the data in other places, one 

dataset had a location of volcanic feature while the other had none, in those cases both where 

drawn and it was noted in the attribute table what changes were made and where the 

information came from. In the end, every feature was revaluated and compared with an aerial 

photo database from Samsýn ehf. 

The age of the craters and fissures was extracted from the lava flows surrounding them, using 

the geological map from ÍSOR (Sæmundsson et al., 2016), as a GIS-server. Where the 

features went over more than one lava flow and the ages of the lava flows where not the 

same, they were excluded. 

Table 3-1: The number of volcanic features in each shapefile depending on age. 

 VF AD 

900-1300  

VF 1900- 2400 

years BP 

VF over 2400 

years BP 

Number of 

Segments 
96 73 84 

 

 

An attribute table of the shapefile was made with following information: 

 Length 

 Age 

 Age-original 

 Consistency between sources 

 Basic lava composition 

 Comments  

3.1.2 Tectonic features 

Shapefiles with all mapped tectonic fractures in the westernmost part of Reykjanes peninsula 

were accessible and permission was granted from Amy Clifton and Freysteinn Sigmundsson, 

for their use in this project.  
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Two shapefiles were made from the original polyline file. The first new shapefile contains 

only the tectonic features located within the highest density of the original shapefile. To 

make that file, the original dataset was analyzed with a line density function and classified 

to five classes using the natural brake function. The two classes with the densest line 

population where used to select the new features, all the fractures that touched or went 

through those two classes where extracted and copied to a new shapefile called “dense 

fractures”.  

The second shapefile contains the fractures located within the historic lava flows on 

Reykjanes peninsula. The original shapefile was viewed on top of the geological GIS server 

from ÍSOR (Sæmundsson et al., 2016), and the fractures located on top of the historical lava 

were extracted to a new shapefile, called “Tfractures_HL”. After extracting the fractures 

another shapefile was made of the historical lava flows from Sæmundsson et al. (2016), that 

shapefile was viewed on top of aerial photos from Samsýn to see if other tectonic features 

where visible within the historical lava. The visible features where then drawn in to the 

Tfractures_HL file. 

3.1.3 Geothermal activity 

High temperature geothermal areas are in every volcanic system on Reykjanes peninsula. 

The data was not available as a shapefile and therefore it was created by using the ÍSOR 

geological map from Sæmundsson et al. (2016). The new point shapefile called 

“geotherm_activity” encompasses fumaroles, warm springs, and mud pools.  

3.2 VOLCANBOX 

VOLCANBOX contains a series of well-tested tools addressing various aspects of the 

volcanic hazard. It includes a spatial analysis tool (QVAST) for both long-term and short-

term analysis; a temporal analysis tool HASSET (Hazard Assessment Event Tree) also 

encorporating long term and short term analysis and the lava flow simulation model Q-

LavHA. 

In this thesis both QVAST, used to calculate the local intensity map and the susceptibility 

map, and Q-LAVHA will be used to simulate lava flow paths (Martí et al., 2017). 
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3.2.1 Analyze the spatial probability of a vent opening using 

QVAST 

Analyzing the probability density function (PDF) of each shapefile and calculating the final 

susceptibility map follow the same methodology (Figure 3-2) as previous studies in volcanic 

hazards (e.g. Bartolini et al., 2014; Becerril et al., 2013, 2014, 2017). Two steps are taken 

for each shapefile, firstly, a method is selected to calculate the bandwidth, then, a PDF is 

calculated to create a local intensity map. Finally, susceptibility is calculated from the final 

PDF of all the shapefiles. The weight of each PDF was evaluated with an expert solicitation. 

An overview of the QVAST (Bartolini et al. 2013) plugin will be described in this chapter, 

along with further detail about the choices made in the three steps leading to the final 

susceptibility map. 

QVAST stands for QGIS for VolcAnic SuscepTibility and has three main components for 

the susceptibility calculations: estimation on bandwidth or smoothing factor, Gaussian 

kernel function to generate local intensity maps of the probability density function (PDF) 

and susceptibility map calculation from one or more PDF’s (Bartolini et al., 2013). 

 

 

Figure 3-2: General structure of the Susceptibility analyses with QVAST (Bartolini et al., 

2013) 
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The PDF gives a local intensity map for each shapefile. The QVAST uses Gaussian kernel 

function to create the PDF’s as it has been seen that it represents the vent clustering in 

volcanic areas (summarized in Bartolini et al., 2013). Even thug the Gaussian kernel function 

is representative of the vent clustering, it is strongly influenced by the chosen bandwidth or 

smoothing factor, which determines the distance and distribution of the probability from the 

volcanic features (Bartolini et al., 2013; Bartolini, 2014) 

Bandwidth calculations 

To construct a final susceptibility map, the bandwidth or the smoothing factor (h) needs to 

be calculated or estimated to produce the PDF’s used. The bandwidth represents the degree 

of randomness in the distribution of past events at the volcano or the volcanic area (Martí et 

al., 2017). The first step is the bandwidth selection (Figure 3-3). The only bandwidth 

calculation for line shapefiles in QVAST is the least square cross-validation (LSCV) and 

therefore that bandwidth calculation was selected for the linear segments including all the 

volcanic and tectonic features (Cappello et al., 2012; Bartolini et al., 2013). 

 

 

Equation 1 shows how the bandwidth is calculated with modified LSCV method for linear 

segments in QVAST, which was used for five of seven shapefiles in the new database. The 

modified version of LSCV in QVAST is used when the linear segments are broken up, then 

“dij” equals the minmax distance and not the Euclidean distance between the points “i” and 

“j” (Becerril et al., 2013; Cappello et al., 2012). 

 

Figure 3-3:Bandwidth selection option in QVAST (adopted from 

Bartolini et al., 2013) 
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Equation 1: The equation QVAST uses for (modified) LSCV (least square cross-validation) 

bandwidth calculation of a linear features (e.g. Becerril et al., 2013). 

  

where h is the degree of randomness in the distribution of segments; “n” is the total number 

of linear segments, “dij” equals the minmax distance (or is the minimum value of the 

maximum distances between every end point of the i segment and all end points of the j 

segment (Bartolini, 2014)). 

 

Geothermal activity is the only point shapefile used for the susceptibility calculations. To 

calculate the bandwidth, the sum of asymptotic mean squared error (SAMSE) selector 

method was used in Equation 2 (Connor et al., 2012; Becerril et al., 2013). There are three 

options of bandwidth calculations for point shapefiles in QVAST, all of them where tested, 

and they gave a very high bandwidth/smoothing factor, up to 25 km. This method was 

selected as it gave the best available output. Equation 2 is expressed as a programming 

language in R as the QVAST calculates the bandwidth (Bartolini, 2014). 

Equation 2: SAMSE (sum of asymptotic mean squared error )bandwidth calculation method 

in QVAST as the equation is expressed as a programming language in R Project for 

Statistical Computing (as summarised in Bartolini, 2014). 

 

where “H” is the bandwidth matrix (in N-S and E-W directions or the lower right and upper 

left diagonal elements), “pi” is π and x is the matrix of the data. “nstage” is the number of 

stages in the plugin bandwidth selector, pilot is the pilot estimation, and “pre” concerns the 

pre-transformations (Bartolini, 2014; Bartolini et al., 2013). 

 

PDF calculations 

The probability analysis in QVAST are evaluated with the Gaussian kernel for all of the 

shapefiles used for the susceptibility analyses. The output of that calculation (Equation 3) is 

the local intensity (λxy), which is rescaled so the sum of all cells are equal to one and therefor 

assumes the total intensity of the structure is 100% (Becerril, 2014). 
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Equation 3: Gaussian kernel calculation for evaluation of the local intensity of all shapefiles 

used to construct the final susceptability map (Becerril, 2014). 

 

where “N” is the total number of segments in the shapefile, “h” is the bandwidth, “di” is the 

minimum distance between the potential vent (x,y) and each segment “i”. The “λxy” is 

rescaled so that the sum of all cells in the local intensity map equals one (Becerril, 2014). 

Expert judgment, estimating the weight used for the final 

susceptibility map 

To ensure that the susceptibility map is as objective as possible, an expert judgment was 

used to decide the weight of each dataset. Expert judgment was first used in volcanic related 

emergency in Montserrat. Expert judgment is widely used in hazard and risk assignments 

(e.g. summarized in Aspinall, 2006).  

The methodologies followed in this thesis gives the same weighting to each expert, 

regardless of the experts’ experience. The expert judgment is made as a pairwise comparison 

based on a theory of Analytic Hierarchy Process (AHP) (Saaty, 2008), which is often used 

in the fields of engineering, environment, public health, and many other fields where 

decision-making processes include risk assessment. The pairwise comparison is used to 

determine the relative importance of one element compared to another, in other words, how 

much more one element is more important than the other for a given question. AHP measures 

how consistent the experts' answers are in their valuations, to improve the results and receive 

better consistency (Saaty, 2008). The inconsistent answers were excluded in the final weight 

calculations. 

Participation is often insufficient and usually only parts of the answers can be used, 

therefore, 20 experts were asked to participate. The experts are scientists and professors with 

a geological background who were chosen because of their knowledge of Icelandic 

volcanism and volcanism in general. The majority of the experts responded with an 

affirmative answer for participation but after reminders and lengthened deadline only 14 

feedbacks were gathered and are now a part of the data in this study. 

Experts were sent a word document and asked to make pairwise comparison on seven 

different datasets, from throughout the Reykjanes peninsula, to find out what data they 

thought most likely to represent the location of future vents opening. The expert judgement 

can be seen in Appendix 1. 

The calculations of the expert’s answers were done using Barnard, (2016) Analytic 

Hierarchy Process (APH) excel template (Figure 3-4), which calculates the weight of the 

answers from the input of the Saaty (2008) scale (Figure 3-5). The template also calculates 

the consistency of the expert's answers. 
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Figure 3-4: Analytic Hierarchy Process (AHP), excel template (Barnard, 2016). 

 

Figure 3-5: The hierarchical scale of 17 factors of relative importance  for the construction 

of the comparison matrix between pairs of dataset or variables (Saaty, 2008). 

 

The average of all the answers was calculated. As susceptibility was only calculated for the 

westernmost part of the Reykjanes peninsula, the expert judgment was converted to that area, 

excluding one of the datasets.  

Construction of susceptibility map 

To compile the final susceptibility map, the spatial probability of future vents opening is 

calculated by assigning the probability of vent activation for each potential vent with a non-

homogeneous Poisson process (Equation 4): (Becerril, 2014). The weight assigned was 

extracted from the expert judgment. 

Equation 4: Susceptability calculations for probability of vent activation pa for each 

potential vent (Becerril, 2014). 

 

where “pa”  is the activation of potential vents opening, “ΔxΔy” is the extent of the grid cell 

(in this thesis 100 m2), and Λ(x,y) is the weight assigned to each local intensity functions 

“λxy” (Becerril, 2014). 
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3.2.2 Q-LavHA, Quantum-Lava Hazard Assessment 

All lava flow simulations were made in Q-LAVHA (Mossoux, 2016). An example of the 

input parameters and raster value output will be given in this section. This lava flow model 

models a channelized ʻaʻa lava, from the user's input parameters. The source of the lava flow 

can be defined as individual points, line with vents with a certain special interval of the user’s 

choice, or an area (Mossoux, 2016). Q-LAVHA combines different models that uses an 

iterative approach. The iterations or flow lines of the input parameters are combined to 

express the probability of the pixels being inundated by lava (Mossoux, 2016). 

The model assumes the propagation of the lava flow through the DEM from the vent to the 

surrounding eight pixels. The model calculates the flow probability “Pi” of all the 

surrounding pixels with (Equation 5) (Mossoux, 2016). 

Equation 5: The Q-LavHA model calculates the Pi for each surrounding pixel 

 

The difference in altitude “∆hi” from the central pixel (i=0) to all the surrounding eight pixels 

“i=1, 2,…,8”. ∆hi is put to zero if the altitude difference is negative, since it is impossible 

for the lava to propagate uphill. The lava cannot propagate backward to the source (see 

details Mossoux, 2016). 

Table 3-2: Example of the QLAVHA impute file (for all the impute data see appendix 2). 

Line Line001 lina003 lina005 lina007 lina009 

Output resolution (m)  5 5 5 5 5 

vent type  line  line  line  line  line 

vent distance (m)  300 300 300 300 300 

x1 429656 416286 432807 414991 421236 

x2 430674 418091 435809 417582 428361 

y1 7084232 7076876 7085943 7077940 7077755 

y2 7085110 7079050 7089505 7080993 7086267 

number of iterations  1500 1500 1500 1500 1500 

maximum length (m)  20000 20000 20000 20000 20000 

High value 0,118 0,0484667 0,0704167 0,037619 0,0281404 

Low value 0,00013333 6,66667e-005 4,16667e-005  4,7619e-005 1,75439e-005 
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3.3 Water catchment area and aspect analysis 

of the westernmost part of Reykjanes 

peninsula. 

Lava flow hazard zones can only be used for the early stages of an eruption and does not 

show the full impact of a volcanic eruption in the area. Therefore, analysis of the water 

catchment area from the westernmost part of the Reykjanes peninsula was undertaken, along 

with a study of the topography of areas (using 5 m and 10 m DEM) surrounding the highest 

probability of eruption zones (susceptibility map). 

The water catchment area was analyzed in steps. Firstly, the DEM was used to calculate the 

flow direction, using the spatial analyst function in GIS. In this function the drainage basins 

tool was used, where the flow direction is the input raster. The basins tool identifies ridge 

lines for each basin. 

The Aspect tool was used for the DEM's, as it analyses the direction of down-sloping 

topography (Burrough & McDonell, 1998). 

3.4 Important data when evaluating potential 

hazard in volcanic activity 

To understand the potential risk of eruption is the area, the location of populated areas, 

popular tourist destinations, power lines, geothermal power plants, telecommunication 

systems, transportation system and the location of water protection areas are viewed on top 

of the susceptibility map. Table 3-3 shows the data collected and made, the availability and 

what form it is in.  
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Table 3-3: Information of the data used, the reasons why they were taken into account, if they were available and if the data presented is new, 

processed or original. 

Data Form Reasons Data availability Data presented 

Volcanic features Line shapefile Historical events Partly New 

Tectonic features Line shapefile Historical events Mostly Processed and new 
Geothermal activity Point shapefile Active area No New  

Residents Area shapefile Human lives Yes Original 

Tourist information Numbers in area Human lives Yes Original and processed 

Vehicle count in popular 
tourist sites 

Number in area Human lives Yes Processed 

Power lines Line shapefile Can affect distribution of electricity can lead 
to more impact on the society 

Yes  Original 

Power plants Point shapefile Can affect distribution of electricity and hot 
water/heating 

No  New 

Telecommunication Line & point 
shapefile 

Fundamental for communication, for 
example communication to the public and 
news broadcasts 

No (access 
given during 
the project) 

New  

Roads Line shapefile Transportation of people and goods Yes Original 

Keflavík airport Line shapefile Transportation of people and goods No New 
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4 Data 

In this chapter the data that is used in this thesis is represented. Including all the features in 

Table 3-3 except the telecommunication line and point shapefiles. The telecommunication 

layers are not represented in a map as they are confidential and access was given for their 

use without visualization in the westernmost part of the Reykjanes peninsula.  

4.1 Geological database 

The data in this section is used in the calculation and analysis on hazards in the westernmost 

part of Reykjanes peninsula. That includes, local intensity map, and  the final susceptibility 

map. 

4.1.1 Volcanic features 

The new volcanic feature (VF) layers with age categories made for the geological database 

is shown in Figure 4-1. The age groups are the same as in Figure 2-8 from Sæmundsson et 

al. (2016) and showing features from 900–1300 AD, prehistorical lavas from 1900–2400 

and prehistorical lavas over 2400 years old.  

4.1.2 Tectonic features 

The tectonic features (TF) in Reykjanes peninsula were analyzed with a density function and 

in Figure 4-2 the TF in the densest areas are shown for the western part of Reykjanes 

peninsula. Figure 4 3 show only the TF that can be seen in the youngest lava flows in the 

same area. 

4.1.3 Geothermal areas 

The geothermal areas are many in the Reykjanes peninsula, with four high-temperature 

geothermal power plants, and high temperature geothermal area in all the volcanic systems. 

The geothermal activity represented in Figure 4-4, shows fumaroles, warm springs and mud 

pools of the western part of Reykjanes peninsula. 
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Figure 4-1: Volcanic features marked by age, in the westernmost part of the Reykjanes 

peninsula.
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Figure 4-2: Tectonic features of the 

westernmost part of the Reykjanes 

peninsula, after density calculations. 

 Figure 4-3: Tectonic features located in 

the youngest lava flows in westernmost 

part of the Reykjanes peninsula. 

 

Figure 4-4: Geothermal activity on the westernmost part of the 

Reykjanes peninsula. Activity may be e.g. fumaroles, warm 

springs and mud pools (Adapted from Sæmundsson et al., 2016). 
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4.2 Population 

The Reykjanes peninsula includes the Capital Region, the highest population in Iceland. For 

this study, the population for Reykjanes peninsula will also include that of the towns 

Hveragerði and Eyrarbakki. These two towns are not located on the peninsula, but are close 

by and thus, their population is potentially affected by volcanic activity in the region. 

Considering that they are two major nearby population centers, they need to be included in 

order to produce a representative hazard assessment. The goal of this chapter is to summarize 

and give an overview of the population of the Reykjanes peninsula. This includes the 

population density in each area, and the variation in tourist distribution depending on the 

season, neighborhoods and towns. 

4.2.1 Residents 

On January 1, 2017 the total number of residents in the Reykjanes Peninsula area was 

244667, or just over 70% of the total population in Iceland (Statistics Iceland. 2017) and for 

all subsequent calculations, this will be used as the total population of the area. An overview 

of the population, divided among the main urban areas, is given in Table 4-1 and shown as 

a residential population density map of Reykjanes peninsula in Figure 4-5.  

 

 

Table 4-1: Population in towns and cities on the Reykjanes peninsula on January 1, 2017 

(Statistics Iceland. 2017). 

 Area Population 

Capital Region, Reykjavík, Kópavogur, 

 Garðabær & Hafnarfjörður 

212385 

Álftanes 2584 

Rural location in the Capital Region  1118 

Grindavík 3214 

Hafnir 112 

Sandgerði 1673 

Garður 1511 

Keflavík og Njarðvík 16235 

Vogar 1134 

Rural location in Suðurnesjum 114 

Eyrarbakki 505 

Hveragerði 2510 

Þorlákshöfn 1572 

Total 244667 
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Figure 4-5: Population density in towns on the Reykjanes peninsula on January 1, 2017 

(data from National Land Survey of Iceland). 

4.2.2 Tourists 

To be able to have the total number of tourists in each area at a given time, it is assumed the 

percentage from the survey made for The Icelandic Tourist Board (Ferðamálastofa) 

corresponds to the travels of tourists in general. Therefore, the total numbers are calculated 

from the total tourists travelling through Keflavík airport in 2016 (except for September as 

that month is not concluded in the survey). 

Foreign travelers 

The total number of foreign travelers that visited Iceland in 2016 were 1792201 (Óladóttir. 

2017). The majority of tourists (98.7%) pass through the international airport Keflavik, and 

there each person is counted, so the airport records therefore provide the best source of data. 

During 2016, a total of 1767726 tourists passed through Keflavik airport (Óladóttir. 2017). 

The number of tourists is considerable across all months of the entire year, but the main 

tourist season are June, July and August with 664113 tourists in the year 2016 (Figure 4-6). 
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Figure 4-6: Departures from Keflavík airport per month in 2016 (adopted from Óladóttir. 

2017). 

An 11 month long survey was made for The Icelandic Tourist Board (Ferðamálastofa) 

among international travelers passing through the Keflavík airport. In total, 4179 people 

(45% of the 9286) participated in the survey (Óladóttir. 2017). The percentages in this 

chapter are based on this survey and assumed that it corresponds to all foreign travelers, and 

the total calculated from all tourist in the year 2016 (not including September).  

During the main tourist season (i.e., from the beginning of June to the end of August), the 

average traveler stayed in Iceland for 10.3 nights and 63% of the nights were spent around 

the capital Reykjavík on the Reykjanes peninsula. No data exists for the month of September, 

but in the winter time, from beginning of October to the end of May, travelers stayed an 

average 6.8 nights and 42% of the nights in or around the capital area. 

As part of this survey, international tourists provided information regarding which regions 

and places they visited, given 42 destinations to choose from. In one single trip to Iceland, 

it is rare that tourists visit only the capital. Table 4-2 lists the seven options located on the 

Reykjanes peninsula and its surroundings, of the 42 used in the survey. 

  

77559

100742

115808

94875

124249

186538

236016
241559

175335

158542

131723
124780

0

50000

100000

150000

200000

250000

J F M A M J J A S O N D

N
U

M
B

ER
 O

F 
TO

U
R

IS
TS

MONTH

Foreign travellers 



53 

 

Table 4-2: Foreign travelers that visited certain places on the Reykjanes peninsula, given 

based on total travelers (adopted from Óladóttir. 2017). 

 
Winter 

(Oct.-May) 

2015-2016 

Summer 

(June-August) 

2016 

Total* 

Winter 

Total* 

Summer 

Reykjavík 97 % 96 % 900430 637548 

Reykjavík surr. 

Municipalities 

55 % 47 % 510553 312133 

Reykjanes 36.3 % 39.8 % 336965 264317 

Blue Lagoon 26.3 % 23.4 % 244137 155402 

Reykjanes lighthouse & 

surroundings 

14.0 % 18.1 % 129959 120204 

Reykjanesbær 15.7 % 17.1 % 145740 113563 

Eyrarbakki 8.7 % 13.4 % 80760 88991 

*Total calculated from the total international tourists 2016 (11 months, not including 

September). 

 

Vehicle count in popular tourist sites on the western part of the 

Reykjanes peninsula 

Another source of tourist data are vehicle counters. These are located at seven popular tourist 

areas across the Reykjanes Peninsula: Básendi, Brimketill, Bridge between continents, Garð 

Garðskagi, Gunnuhver, and Reykjanesviti (see Figure 4-7).  
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To estimate the number of guests visiting the areas, it is also assumed that more than one 

person arrives in each vehicle. However, the number of people assumed per car varies from 

area to area (see Table 4-3) (Ólafsson. 2018a, b, c, d, e, f). The number of visitors per month, 

using these assumptions is shown in Figure 4-8. 

 

Table 4-3: Estimation of number of people per vehicle (Ólafsson. 2018a, b, c, d, e, f, ). 

  Persones per car 

Básendar 3 

Bridge Between Continents 2.9 

Garðskagi 3.5 

Reykjanesviti 3.4984 

Gunnuhver 2.7 

Brimketill 2.7 

 

Figure 4-7: Locations of the vehicle 

counters in the western part of 

Reykjanes peninsula. 
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Figure 4-8: Estimation of visitors in some popular areas on Reykjanes peninsula 2017, 

calculated from vehicle counters (adopted from Ólafsson. 2018a, b, c, d, e, f, g).  

* Estimation of number of persons per car varies between places. 

Only two places, Bridge between continents and Reykjanesviti, have continuous vehicle 

counts through the year 2017. It is therefore not possible to split the data into the summer 

vs. winter periods. To be able to visualize the number of visitors in each place together in a 

graph, the data of no. of visitors per month at each place was extracted from the available 

data and plotted together. Daily tourist number averages are shown for June to August in 

Figure 4-9 and September to December in Figure 4-10.
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Figure 4-9: Daily average of visitors 

during June to August adopted from 

vehicle counts of the westernmost part of 

Reykjanes peninsula. 

 

Figure 4-10: Daily average of visitors 

during September to December adopted 

from vehicle counts of the westernmost 

part of Reykjanes peninsula.

 

4.3 Critical infrastructure 

The assets and service of critical infrastructure is essential for the function of day to day life, 

even if they are most often taken for granted, these assets can be even more important in an 

emergency (Wilson et al., 2011). In cases of lava flow hazard, the critical infrastructure and 

other assets are most often completely damaged, and attempts have been made to attempt to 

diverge the lava flow path (e.g., Williams, 1976). Furthermore, impacts from tephra loading 

can exceed the structures capacity and block filters, pipes and other equipment.  

The data set counted as critical infrastructure includes electrical systems, communication 

systems, water supplies, waste water and transportation (Wilson et al., 2011). The maps of 

critical infrastructure were created from shapefiles from National Land Survey of Iceland, 

Landsnet, and Míla ehf. 

Two shapefiles represent “electricity”, one contains the electric lines (power transmission), 

the other the geothermal power plants (power generation). As the telecommunication system 



57 

is a vulnerable infrastructure the original dataset was redrawn on a bigger scale and the real 

extent of the data smoothed out so the figures made do not contain as detailed information 

as the original dataset. The telecommunication system has three map shapefiles, one with 

the fiber optic cable, another with telephone exchange centers and the last with microwave 

radio. Transportation include roads and the international airport Keflavík. The big water 

protection areas are represented as a critical infrastructure. 

 

4.3.1 Electricity 

 

Few things in society are as essential as electricity. Interruption or lack of electricity can 

have snowball effect and cause impact on other sectors of critical infrastructure as well as 

whole society (Wilson et al., 2011). The distribution, transmission and generation of 

electricity can be affected by volcanic eruptions on the Reykjanes peninsula. Four 

geothermal power plants are in the Reykjanes area: Reykjanes, Svartsengi, Nesjavellir and 

Hellisheiði power stations, of these Reykjanes and Svartsengi are within the western 

Reykjanes area covered here.  

Figure 4-11: Main 

electricity power lines 

and geothermal 

power plants in the 

western part of the 

Reykjanes peninsula 

(Data from Landsnet 

and Sæmundsson et 

al., 2016). 
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4.3.2 Telecommunication 

Telecommunication systems are a critical infrastructure, since the Reykjanes peninsula is 

both highly populated and there is a long distance between towns a good network is essential 

for effective communication. Cell phones are a useful safety device in case of emergency, 

the Icelandic Civil Protection alert inhabitants and travelers of hazardous situations with a 

text message via phone (Civil Protection, 2017). Emergency response teams also require 

effective communications during a crisis event. Telecommunication networks can be directly 

threatened by volcanic eruptions due to damage to equipment, by reduction of signal strength 

or because of indirect impact e.g. overload of the system (Wilson et al., 2011). 

4.3.3 Transportations  

The focus in this section will be on the road system and the international airport in Keflavík 

(Figure 4-12). 

 

Figure 4-12: Map of the international airport Keflavíkurflugvöllur and the road system, 

highlighting a part of the road Reykjanesbraut where a daily average is 15000 cars 

(Vegagerðin, 2017). 

Roads 

The main domestic transportation system in Iceland is private cars, with 717 cars per 1000 

residents in 2016 (Statistic Iceland, 2018). Reykjanesbraut is the main route between the 

towns in the westernmost part of the Reykjanes peninsula and the capital area and also to the 

international arport Keflavík. The daily year average in 2016 was 15000 cars driven on this 
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main route, with the summer average of 17000 cars and around 13000 cars during the winter 

(Vegagerðin, 2017). These numbers show the importance of the road system in the area and 

disruption to the network can have severe problems for society. 

Airports 

Keflavík international airport is situated on the west part of the Reykjanes peninsula, as 

Iceland is an island, the arport is one of the most important links between Iceland and the 

world. In the summer 2017, there were 27 airlines that flew from Keflavík airport to 90 

different destinations. The total of 8.8 million flight movements from Keflavík airport in 

2017 (Isavia, 2017). 
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5 Results 

5.1 Susceptibility analyses 

In this chapter we outline the results made in VOLCANBOX, using QVAST analyses to 

provide the final susceptibility map and Q-LAVHA for lava flow simulations. 

5.1.1 QVAST 

QVAST analysis have three main output parameters: a calculated bandwidth which obtains 

the local intensity map and then the susceptibility map. They will be presented in two main 

steps for then the westernmost part of the peninsula. 

Local intensity map, westernmost Reykjanes peninsula 

A local intensity map is the output of probability density calculations. Calculation of the 

bandwidth for each shapefile (see Table 5-1) is needed for use in the Gaussian Kernel 

function. Bandwidth of line shapefiles is calculated with least square cross-validation 

(Cappello et al., 2012) and the geothermal activity point shapefile is calculated with the sum 

of asymptotic mean squared error selector (Connor et al., 2012). 

All the local intensity maps have different maximum and minimum output values that can 

be seen as a legend next to the local intensity maps. If all the cells in the figure are added 

together the output is equal to 1. Therefore, the output assumes that if there is 100% (=1) 

probability that an eruption occurs in the area then the probability of a vent opening in each 

cell and the sum of all the raster is equal to one (Becerril, 2014b).  

 

Table 5-1: Bandwidth calculations and number of segment in all the shapefiles from 

westernmost part of Reykjanes peninsula used to calculate susceptability. 

 

VF AD 

900–1300  
VF 1900–2400 

years BP 

VF over 2400 
years BP 

Densest 
TF  

TF 
in new lava 

Geothermal 
activity 

Bandwidth 
(m) 

294 321 656 188 360 555 

Number of 
segments 

96 73 84 2156 73 4 
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Figure 5-1. The true extent of the probability density function. 

The true extent of the raster output of the probability calculations is shown in Figure 5-1 

after that the extent will be on land, as the true extent is not representing the area of the data. 

The data only represent the features on the land's surface and not offshore and therefor some 

of the lower value data out in the sea will not be shown.  

The on-land local intensity map for VF-AD 900–1300 is shown in Figure 5-2, for VF 1900–

2400 BP in Figure 5-3, VF >2400 BP in Figure 5-2, for Densest TF in Figure 5-3, TF in the 

youngest lavas in Figure 5-6 and the final on-land local intensity map for the geothermal 

active point shapefile is shown in Figure 5-7. 
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Figure 5-2: The on-land local intensity map for volcanic 

features, with the age AD 900–1300, where the highest 

intensity value is 1.45e-007. 

Figure 5-3: The on-land local intensity map for volcanic 

features from 1900–2400 BP, where the highest intensity 

value is 1.99e-007. 
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Figure 5-2: The on-land local intensity map for 

volcanic features older than 2400 BP, where the 

highest intensity value is 4.16e-008. 

Figure 5-3: The on-land local intensity map for the 

densest tectonic features, where the highest intensity 

value is 7.13e-008. 



65 

  

Figure 5-6: The on-land local intensity map for TF in 

the youngest lavas, where the highest intensity value is 

9.66e-008. 

Figure 5-7: The on-land local intensity map for of the 

geothermal, where the highest intensity value is 3.08e-

007. 
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5.1.2 The expert judgment weight 

The final weight of the expert solicitation for the Reykjanes peninsula, with the consistency 

error of the answers, can be seen in Table 5-2. 

As the susceptibility was calculated for the western part of the Reykjanes peninsula the 

expert judgment was recalculated, excluding the volcanic features from AD 700-900, as they 

are not located in the area.  

Of the expert judgment for all the Reykjanes peninsula three (3,7,8) of the answers would 

have been excluded because of consistency error. Three experts (6,7,14) gave all the VF the 

same weight, expert 5 gave the VF younger than 2400 BC the same weight, expert 3 gave 

the highest weight to tectonic fractures and expert 1 and 10 gave highest value to geothermal 

activity.  

By recalculating the expert answers, excluding that shapefile (from AD 700-900), a new 

weight for the susceptibility analyses was generated. As before, all the experts' weight is 

given in the upper box of Table 5-3 and in the lower table the inconsistent answers are 

excluded. The weight values change when one file is excluded, the experts do not have the 

same numbers as in previous table. Still, three experts were excluded because of error in 

consistency. 
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Table 5-2:Experts' weight from all the datasets, consistency of each answer and the average weight. Top calculation with all expert included, 

lower only with consistent answers included. 
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Table 5-3: Dataset of volcanic feature AD 700-900 excluded from the experts' answers and the final weight for the westernmost part of the 

Reykjanes peninsula calculated 
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5.1.3 Susceptibility map of the westernmost part of the 

Reykjanes peninsula 

If all the cells in the susceptibility analysis are added together the output is equal to one. 

Therefore, the output assumes that if there is 100% (=1) probability that eruption occurs in 

the area then the probability of a vent opening in each cell and the sum of all the rasters is 

equal to one (Becerril, 2014b). The true extent of the susceptibility outcome (local intensity 

map) is shown in Figure 5-. The true extent is not representing the area of the data, as the 

data only covers the on-land features. 

 

Figure 5-8: True extent of the susceptability map 

of the westernmost part of Reykjanes peninsula. 

In Figure 5-9 the final susceptibility map on-land in the westernmost part of the Reykjanes 

peninsula is shown. Assuming that an eruption occurs within this area, the susceptibility map 

identifies those areas with a higher probability of a vent opening. Where the highest 

probability is 0.000131628. 
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Figure 5-9: Final susceptibility map of the westernmost part of the Reykjanes peninsula 

where the higest probability of a vent opening is 0.000131628 or 0.013%. 
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5.1.4  Q-LAVHA 

Lava flow simulations for volcanic fissure eruptions were made. The red dots in the middle 

of the fissure represent 300 m's between vents and they get the highest probability. The 

probability varies between each simulation and the value for individual simulations can be 

seen in appendix 2. The simulations were made with 1500 iterations (Figure 5-) and the 

maximum length was 20000 m in all the simulations. 

 

Figure 5-10: Lava flow simulations with 1500 iterations for each vent along the line 
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5.2 Susceptibility and critical infrastructure 

As the critical infrastructure is evaluated compared to the areas with higher probability of 

went opening, the critical infrastructure will be shown on top of the final susceptibility map 

of Reykjanes peninsula. Electricity and geothermal powerplants can be seen in Figure 5-11, 

and roads and the airport in Figure 5-12.  

 

 

Figure 5-11: Electricity, including 

geothermal powerplants and power lines 

on top of the final susceptability map. 

Figure 5-12: Transportation system, 

including roads and the airport on top of 

the final susceptability map

5.3 Water catchment area and aspect analysis 

Water catchment area (Figure 5-13) and aspect analysis of the westernmost part of Reykjanes 

peninsula was made to understand future lava flows pathways and the area affected 

depending on the vent opening location. The highest probability of vent opening in the 

susceptibility analysis are within more than one water catchment area, and therefore an 

eruption on those boundaries can affect larger areas. Aspect analyses of the DEM, can also 

help visualizing the slope of the topography.  
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Figure 5-13: To the left 

water catchment areas 

on the western part of 

the Reykjanes 

peninsula, seen on top 

of the final 

susceptability map. 
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5.4 Critical infrastructure and structures in the 

westernmost part of Reykjanes peninsula 

The number and lengths of critical infrastructure within the high hazard zones, or the area 

more likely to host future eruptions, are shown in Table 5-4.  

 

Table 5-4: Critical infrastructure and structures within the area with higer propability of 

hosting future eruptions. 

 High zone  

Structures 29 

Roads 5200 m 

Telephone exchanges centors 4 

Fiber optic cable 9000 m 

Power lines 2700 m 
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6 Discussion 

6.1 Data reliability 

In this section the reliability of the data will be discussed, as well as suggestions on 

improvement where the data is inefficient for further evaluation of the volcanic hazard in 

Reykjanes peninsula.   

6.1.1 Volcanic features 

As the volcanic features have not been attached with an age before, the data must be 

evaluated with field observations. In this thesis VF that could not be attached to an age were 

excluded. For example, VF where lava flows of different age could not be separated or where 

craters could not be assigned to a given lava flow.  

The ages of the VF where obtained from Sæmundsson et al. 2016. Some of the lava ages and 

lava outlines contradict with Jónsson, 1978, thus the newest reference was used. However, 

this has to be clarified and a new table made with area and volume information for each lava 

flow. This will make the valuations of the size of eruptions in Reykjanes more realistic and 

therefore make the hazard evaluation better. 

6.1.2 Tectonic feature 

The use of the densest tectonic features (TF) in the Reykjanes peninsula can be debatable. 

Those TF have formed over a long time and therefore do not necessarily represent the current 

movement. However, the fractures in new lava flows must have had some movement after 

the lava was emplaced. It has been suggested through expert solicitation, that the features 

thought to be TF in the young lava, may actually only represent fractures in the lava below 

which is then expressed on the surface of the younger lava. If experts participating in the 

expert solicitation think a dataset should be excluded, then that will be taken into account in 

the final weighting of the data. 

Additional data classification of TF will make the hazard analyses better. Classifications 

such as faults, fractures, and strike and slip faults, can help exclude data that is irrelevant to 

the hazard map. However, the best tectonic data for hazard evaluation is the stress field; even 

if it cannot be represented in a probability map, this data can be used as additional data in 

the expert solicitation and the participant asked to evaluate the other data in light of the stress 

field.  
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6.1.3 Geothermal activity 

High temperature geothermal activity is observed within every volcanic system on the 

Reykjanes peninsula (Sæmundsson et al., 2016) and expressed as fumaroles, warm springs 

and mud pools. At present, it is unlikely that this data is of value for hazard maps, since it 

does need more detailed mapping before being incorporated into the hazard analysis.   

6.1.4 Expert judgment 

The uses of expert judgment help to ensure that the assigned weight is as objective as 

possible. However, some of the experts found the pairwise comparison complicated and even 

unnecessary, others had comments about the data. All comments were taken into account, as 

such the setup has to be reevaluated. If the scientific community can agree on some method 

to use for expert solicitation, then this would be the best way to have an objective valuation 

of the weight of available data to be use in hazard assessments.  

6.2 Hazard analysis 

6.2.1 Local intensity map 

As geothermal activity shows a linear trend similar to the volcanic systems it is unlikely that 

they need a bandwidth of more than 11 km. It should be pointed out that the dataset is not 

efficient for hazard analysis at present since it does not represent all the areas.  

It can be debatable how narrow the bandwidth should be, when dealing with linear data sets. 

However, the volcanic activity is not random and occurs in extensional settings, thus linear 

trends are to be expected. In this case, bandwidth was calculated with datasets of different 

ages, which overlap each other in the susceptibility calculations and therefor form a wider 

area with higher probability.  

Increasing the bandwidth calculation will give a larger area with high probability, ending 

with a map that shows the whole of Reykjanes as a high probability area. This is not efficient 

enough, and not representative of the data upon which this analysis is based on. Such an 

approach would indicate high risk in highly populated areas threatening critical 

infrastructure connecting the towns.  

6.2.2 Susceptibility maps 

Calculating the susceptibility for the whole Reykjanes peninsula gives lower probability 

values and different bandwidth because the dataset is much bigger. The outcome can help 

identify the areas most likely to host a volcanic eruption, however for detailed hazard 

evaluation the area must be split up. 

The westernmost part of the peninsula is an excellent test site for the more detailed analysis 

giving higher probability and allowing for narrow bandwidth calculation, resulting in more 

detailed susceptibility map that can be used for land planning, mitigation and evacuation 

plans. 
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The red color in the final susceptibility map shows the areas most likely to host future 

volcanic eruptions. It is of utmost importance in identifying potential areas at risk. 

6.2.3 Lava flow limitations 

The lava flow simulations are presented as a probability of the likeliest path a lava flow will 

take, away from the source. In this test 35 likely linear fissure eruptions were calculated. For 

each fissure eruption, erupting vents were spaced at 300 m intervals.  

The highest probability gained with 1500 iterations was 0,118. The lava flow simulations 

are useful, if they are used as a guideline along with the susceptibility map, for lava flow 

hazard zones. 

Furthermore, as this lava flow model does not make new topography as the lava flows, as a 

lava would in reality, it can only represent the first lava lobe from a given source in a 

channelized ´a´a lava. Thus, lava flow modelling is a useful approach in short-term hazard 

analysis, for example, if an eruption were imminent and the first few hours of the eruption 

was to be predicted. 

6.3 The use of water divides for Hazard zonation 

As previously mentioned, lava flow simulations have their limitations, especially in low 

relief areas such as the Reykjanes peninsula. In order to better understand the longer-term 

hazard of an ongoing eruption, we mapped water catchment and relief throughout the 

westernmost part of Reykjanes. Combining the water catchment area map with the 

susceptibility map indicates where future lava flows may be confined to from different vent 

locations. This method indicates how linear vent systems can stretch into several catchment 

areas, increasing the affected area and thus the hazard considerably. Such an approach is 

helpful in both short and long-term hazard analysis, giving a realistic overview of what areas 

and infrastructure may be affected. This approach is still limited by the assumption that the 

lava does not create its own topography, which may, in reality, cause the lava to flow into 

neighbouring catchments or an irregular pathway. 
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7 Conclusion 
 

This work demonstrates a susceptibility analysis for the westernmost part of the Reykjanes 

peninsula.  

Fissure eruptions with or without extension to the sea, is the most likely volcanic event in 

the westernmost part of Reykjanes peninsula. 

The susceptibility map was used to locate the areas most likely to host future eruptions. That 

areas shows the same orientation as the volcanic system SW-NE, with high probability areas 

close to the urbans Grindavík and Vogar.  

The Q-LAVHA simulations indicate the area most likely to be affected by an eruption first, 

if it begins within the source area of the simulation. 

In the rural area of westernmost part of the peninsula four of telephone exchanges centers 

are within the high hazard zone (highly probable vent opening areas) and 9 km of fiber optic 

cable. Almost 3 km of power lines and 5 km of road are also within the areas with higher 

probability of went opening. 
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8 Future work 

Hazard assessment is of utmost importance as modern society is vulnerable to volcanic 

eruptions and to any disturbance of critical infrastructure.  

The bathymetry of the southern part of Reykjanes peninsula along with the shoreline has to 

be collected. Offshore volcanic features can then be used to evaluate the tephra dispersal on 

the Reykjanes peninsula. 

Revaluating the age of volcanic features and valuation of the lava volume from each vent 

(fissure) will help in estimating the sizes of future eruptions. 

Further age categories can increase the knowledge of periodic volcanism and determine the 

length between eruption episodes. 

Remapping the geothermal areas will improve the susceptibility analysis. 

As lava flow simulation model are in constant development, it is wise to use different lava 

flow models for comparison. 

For further growth of this field of study, a work group or team with a multidisciplinary group 

of scientists is recommended. That way communication and knowledge can be linked 

directly between group members. Also, assumptions are likely to be made of other field 

outputs that can lead to errors. Together the group can make a complete risk assessment, 

mitigation strategies and in general prepare society better for a future volcanic crisis.  
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