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Mt. Öræfajökull is one of the most dangerous volcanoes in Iceland with potential for
a VEI6 eruption and the generation of many severe associated hazards. It is not a
frequently erupting volcano with two eruptions in the last 1100 years, in 1362 and
1727–28. During the 1362 eruption 10 km3 of freshly fallen tephra was emitted, the
eruption plume reached the stratosphere and was dispersed offshore toward mainland
Europe. In this study we investigate the possible impact due to tephra fallout to critical
infrastructures in Iceland namely – roads, airports, electrical power-lines – in case of
a new eruption at Öræfajökull of similar intensity as in 1362. The analysis is done by
running several times the VOL-CALPUFF dispersal model to simulate the dispersal of
ash in the atmosphere and its deposition on the ground. The resulting maps show the
probability of exceeding critical thickness of the tephra fall. Critical infrastructures have
been added to the analysis to get a quantitative assessment of the potential impact.
The results indicate that in case of an event similar to the 1362 eruption, the tephra
fallout could be expected over most of the country, with higher likelihood on the eastern
side. The tephra fallout is likely to have a severe impact in the proximity of the volcano,
generating a deposit with a load of up to 1000 kg/m2. The likelihood of failure for more
than 160 km of the electrical power-line and for critical driving conditions on about
900 km of the main ring road is between 50 and 100%. The probability that the tephra
fall will affect three of the main domestic airports is higher than 50%. An eruption of
this magnitude is likely to affect commuting and communication between the greater
Reykjavík area, where the government resides, and the rest of the country. Our analysis
also reveals the limitations of current knowledge and understanding of the Öræfajökull
volcano and highlights the need for further studies on past activity to better characterize
its future behavior.

Keywords: Öræfajökull volcano, Iceland, tephra fallout, 1362 eruption, hazard assessment, numerical model,
critical infrastructure
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INTRODUCTION

There are about 30 active volcanic systems in Iceland and
about half of those have featured tephra-producing eruptions
(Thordarson and Höskuldsson, 2008). Volcanic eruptions are
common in Iceland and have a recurrence interval of 2–5 years
(Thordarson and Larsen, 2007). Basaltic eruptions are the
most common volcanic events, and among them explosive
within-glacier eruptions are most frequent because the most
active central volcanoes are capped by glaciers (e.g., Katla,
Grímsvötn, Bárðarbunga). Less frequent are explosive eruptions
featuring more evolved magmas, such as dacite and rhyolite,
that typify central volcanoes such as Öræfajökull and Hekla
(Larsen and Eiríksson, 2008a,b). Highly active volcanic systems,
as Hekla, Katla, Bárðarbunga and Grímsvötn, have explosive
eruptions rates of 82, 97, 90, and 95%, respectively (CIV, 2017).
Volcanogenic floods (Pagneux et al., 2015 and references herein),
lava flows (Thordarson and Höskuldsson, 2008; Thordarson,
2013), tephra fallout (Larsen, 2002; Óladóttir et al., 2011; Janebo
et al., 2016; Gudnason et al., 2017, 2018), lightnings (Bennett
et al., 2010; Behnke et al., 2014), pyroclastic flows (Walker, 1962;
Jørgensen, 1987; Thordarson and Höskuldsson, 2007; Tomlinson
et al., 2010), are all phenomena associated with past eruptions
in Iceland. Tephra dispersal and fallout is by far the most
widespread hazard affecting local as well as distal regions. Ash
clouds and tephra fallout can cause severe health issues (Baxter,
1990; Horwell and Baxter, 2006), affect important infrastructure
like as electrical supply systems (Wilson et al., 2012), the
national and international transportation network (Guffanti
et al., 2009; Wilson et al., 2012), sensitive buildings (Spence et al.,
2005), human health and life stock, vegetation and eco-system
(Thorarinsson, 1979; Wilson et al., 2012; Ágústsdóttir, 2015).

It was during the infamous eruption at Eyjafjallajökull in 2010
when a persistent northwesterly winds carried the ash-rich plume
toward Europe for more than a month (Baerbel et al., 2012;
Gudmundsson et al., 2012). On that occasion a prolonged closure
of the European airspace resulted in severe economic impact
estimated to be € 1.3 billion in the first week of the eruption (Bolić
and Sivčev, 2011). The southernmost tip of Iceland experienced
heavy tephra fallout, which impacted the local residence in
various ways. Situation of low visibility happened often during
the eruption as well as in its aftermath because of resuspension
of ash (Petersen, 2010; Karlsdóttir et al., 2012). Air quality
was often poor and affected the health of population living
closest to the volcano (Carlsen et al., 2012). Relocation of life
stock became essential due to heavy tephra fallout (Karlsdóttir
et al., 2012; Thorvaldsdóttir and Sigbjörnsson, 2015). Specific
investigations were done during the Eyjafjallajökull eruption
to assess the effect of ash contamination on electrical power
plants (Rarik, 2010). Eruptions at Hekla volcano have also been
investigated to assess their effect on the environment and eco-
system (e.g., Frogner et al., 2006). Heavy tephra and lapilli fallout
during the eruption at Heimaey (Vestmannaeyjar Island) in 1973
destroyed and damaged several houses (Williams, 1983; Spence
et al., 2005; Gudmundsson et al., 2008), some of those were
restored after extensive cleaning effort to remove the tephra fall
deposit.

In the period 2013–2016 the Icelandic Government, together
with the International Civil Aviation Organization (ICAO),
supported several projects aimed at assessing in a quantitative
manner the long-term volcanic hazard in Iceland, to be used
for more in-depth risk analysis. A specific component of these
projects was the investigation of the impact of tephra fallout
in Iceland for both medium-size, more frequent, and large, less
frequent, explosive eruptions. Öræfajökull volcano was selected
as the low probability but high-impact scenario.

Here, we focus on the AD 1362 Öræfajökull event as the
most extreme scenario for a regional tephra fallout hazard
and a preliminary risk assessment. The sparse eruption records
for Öræfajökull introduces uncertainties in the volcanological
scenario considered and we address this issue by using a
numerical model to investigate the sensitivity of model results to
variations in the volcanological input parameters.

The results of this study are presented through probabilistic
hazard maps. These type of maps have become a commonly
practiced representation of volcanic hazards and helps with the
visualization of the footprint of the volcanic phenomena that
may impact the surroundings of a volcano (Haynes et al., 2007;
Nave et al., 2012; Calder et al., 2015; Thompson et al., 2015).
Different types of hazard maps exist in literature. They can
be produced on the basis of geological data, historical records
and/or numerical model results (Calder et al., 2015; Loughlin
et al., 2017). They can refer to a past eruption, to a specific
hypothetical eruptive scenario or to a distribution of scenarios. If
based on numerical results they can show the results from a single
specific simulation (deterministic map) or from a multitude of
scenarios. In the latter case the maps are often representing
the impact of a specific hazard as a spatial probability and we
refer to them as “probabilistic hazard maps.” Hazard maps are
often used by volcano monitoring institutions to inform their
stakeholders (e.g., decision makers institutions, general public,
emergency managers, land-plan managers) about areas prone
to be affected by specific hazards in case of an eruption. On
a map it is easy to visualize extent of borders plus location of
sensitive infrastructures, roads, towns and villages and, therefore,
put the hazards into a spatial context that can be perceived
more effectively by the users. Volcanic hazard maps have been
produced for several volcanoes using numerical models and are
applied for long-term hazard and risk assessment at particular
volcanoes. For example, hazard maps have been produced for
pyroclastic density currents at Mt. Vesuvius and Napolitean area
(Esposti Ongaro et al., 2002, 2012; Sandri et al., 2018); for lava
flows at Etna (Favalli et al., 2005; Tarquini and Favalli, 2013),
Nyiragongo volcano (Favalli et al., 2009) and Lanzarote (Felpeto
et al., 2001); for volcanogenic floods at Öræfajökull volcano
(Pagneux et al., 2015). Probabilistic hazard maps for tephra
fallout have been produced for Mt. Etna (Scollo et al., 2013),
Campi Flegrei (Costa et al., 2009), Tarawera volcano (Bonadonna
et al., 2005), Indonesian volcanoes (Jenkins et al., 2012), Santorini
volcano (Jenkins et al., 2015). Most recently probabilistic maps
for hazard due to ejection of ballistic have been produced for Mt.
Chihshin in North Taiwan (Nurmawati and Konstantinou, 2018).

Here, we have produced probabilistic hazard maps to
investigate the potential impact at a national level of a VEI6
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FIGURE 1 | Map showing the locations of Öraefajökull volcano and the main sites mentioned in the text. On top of it the reconstructed deposit for the 1362 AD
eruption is displayed.

(Newhall and Self, 1982) eruption at Öræfajökull. The impact
of tephra fallout on infrastructures is calculated via a numerical
model that simulates the atmospheric dispersal of tephra
and its deposition. GIS-referenced layers with information on
the powerline network, roads, airports are included to assess
potential disruptions to services and commuters. Possibly, these
results will support the national authorities in planning and
designing mitigation actions that are necessary to reduce the risks
posed by a future eruption at Öræfajökull. A more complete
hazard assessment should also include the investigation of smaller
eruptions (VEI4) as they appear to be most frequent events
at Öræfajökull as reported in Section “Geological Background.”
The choice to look first at a VEI6 eruption was dictated by the
need to quantify the potential damage the worst case scenario
would cause to the society nowadays. The indications provided
by the Icelandic Civil Protection addressed this research and
supported the worst case scenario as the reference scenario for
Öræfajökull.

Geological Background
Öræfajökull is an ice-capped stratovolcano located in South-
East Iceland on the southern margin of Vatnajökull glacier
(Thordarson and Larsen, 2007; Gudmundsson et al., 2008;

Sharma et al., 2008; Larsen et al., 2015). It is about 20 km
in diameter with a 3 by 4 km ice-filled caldera which rises
to a summit of 2110 m a.s.l. (Figure 1). The volcano is part
of the intraplate Öræfajökull Volcanic Belt, situated to the
east of the current plate margins and possibly represents an
embryonic rift (e.g., Thordarson and Larsen, 2007; Thordarson
and Höskuldsson, 2008).

The Öræfajökull central volcano has featured two explosive
eruptions in historical times (e.g., Thorarinsson, 1958). The most
recent was a small icelandite eruption of VEI4 in 1727–1728
CE (e.g., Larsen et al., 1999; Larsen et al., 2015). This was
preceded by a much larger rhyolitic Plinian (VEI6) eruption in
1362 CE. Studies on the tephra stratigraphy in soils around the
volcano have revealed five prehistoric silicic explosive eruptions
at Öræfajökull and all are assumed to be smaller in magnitude and
intensity than the 1362 CE event (Gudmundsson, 1998; Larsen
et al., 2015).

In Iceland VEI6 events are infrequent and only three such
events are known during the Holocene: the before mentioned
1362 CE event at Öræfajökull along with the two largest Holocene
silicic explosive eruptions in Iceland, the 3 ka H3 and 4.2 ka
H4 events at the Hekla volcanic system (e.g., Larsen and
Thorarinsson, 1977; Stevenson et al., 2015).
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FIGURE 2 | The four main steps at the base of this study. It starts with the identification of the scenario of interest (and its volcanological parameters), the synthetic
scenario is designed to fulfill the need of input data required to run the numerical model, several simulations are executed by using different meteorological conditions
in input and finally the multitude of results are integrated in one single probabilistic map.

TABLE 1 | Volcanological parameters characterizing the 1362 eruption at Öræfajökull as reported in Thorarinsson, 1958.

Volcano Volume uncompacted (km3) Tephra mass (kg) Duration (h) Plume height (km a.s.l.) Reference eruption

Öræfajökull ∼10 ∼4.8 × 1012 18–24 25–35 1362

The 1362 CE Öræfajökull eruption is the largest rhyolitic
eruption in Iceland since settlement in the 9th Century, with an
estimated volume of freshly fallen tephra of 10 or ∼6 km3 of
compacted tephra and about 2 km3 when calculated as dense rock
(Thorarinsson, 1958). Sharma et al. (2008) obtained a smaller
volume of 2.3 km3 assumed to equal 1.2 km3 calculated as dense
rock. Early stage pyroclastic density currents and intercalated
jökulhlaups, along with the subsequent tephra fall, inundated
the then prosperous farming district “Litla Hérað” causing
fatalities (e.g., Thorarinsson, 1958; Jónsson and Valdimar, 2007;
Thordarson and Höskuldsson, 2007). The reconstructed tephra
dispersal is shown in Figure 1, where isopachs (i.e., lines of

TABLE 2 | Estimation of total mass emitted during the 1362 eruption by using
different ways to interpolate the isopachs drawn by Thorarinsson (1958).

Total mass Volume DRE

Thorarinsson, 1958 4.8 × 1012 kg 2 km3

Thorarinsson GIS simple 4.29 × 1012 kg 1.79 km3

Thorarinsson GIS interpolation 6.96 × 1012 kg 2.9 km3

Model 2.75 × 1013 kg 5.5 km3

The mass estimated to match the reconstructed deposit with the modeled results
is also shown.

equal thickness) for the 1362 eruptions are shown as black
lines, and the dashed lines indicate the inferred dispersal over
the sea. About half of the country received >1 mm of ash as
a consequence of the tephra fall from this eruption. Close to
the volcano up to 20 cm of ash has been accumulated over
an area of 1000 km2, peaks in the deposit thickness are found
in Grófarlækur (40 cm) at about 10 km from the summit
volcano (Thorarinsson, 1958) and between Hnappavellir and
Fagurhólsmýri where the thickness reached 2 m (Jónsson and
Valdimar, 2007; Sharma et al., 2008) (Figure 1). Tephra from
Öræfajökull has been identified in Western Europe (e.g., Pilcher
et al., 2005) and in Greenland ice-cores (e.g., Palais et al.,
1991).

The magma erupted in 1362 is a medium-K alkali rhyolite
that is extremely homogeneous in composition. It is thought
to be extracted from the topmost portion of a compositionally
stratified magma storage zone, although there is no geophysical
indication of any upper crustal (<15 km depth) magma storage
zone beneath Öræfajökull at present. In contrast to the East
Volcanic Zone and other rift zone rhyolites, which demonstrably
are generated by partial melting of hydrated metabasaltic crust
(e.g., Sigmarsson et al., 1992), the Öræfajökull and other silicic
magmas generated by intraplate volcanoes are inferred to have
evolved from a more mafic parent via fractional crystallization
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FIGURE 3 | Reconstructed Total Grain Size Distribution (TGSD) for a typical
rhyolitic Plinian fall deposit (adapted from Stevenson et al., 2015) used for the
synthetic scenario. Important to note that no accretionary lapilli have been
identified in the AD 1362 fall deposit (Thorvaldur Thordarson pers. com. 2018).

(e.g., Selbekk and Tronnes, 2007; Martin and Sigmarsson, 2007;
Sigmarsson et al., 2008).

Recent Unrest
From September 2017 Öræfajökull volcano has showed clear
indications of unrest. The reinvigoration of the geothermal
activity beneath the volcano was corroborated by elevated
seismicity, gas release and the formation of a cauldron in the
middle of the caldera. Consequently, the Icelandic Meteorological
Office raised the color code for Öræfajökull to yellow1 in
November 2017. The aviation color code was turned back to
green on 4th May, 2018 when the main monitoring parameters
indicated a stable situation with no immediate hazard to the
aviation. However, given the persistent potential for local hazards,
the Icelandic Civil Protection decided to maintain the level of
Uncertainty for Öræfajökull (IMO, 2018a).

In the period November 2017 to May 2018, a priority has
been placed on improving the real-time monitoring around
Öræfajökull. At the same time, hazard, and risk assessments
performed for glacial outbursts originating from this volcano
(Pagneux et al., 2015) were provided to the Department of
Civil Protection and Emergency Management of the National
Commissioner of the Icelandic Police to finalize the evacuation
plans for the Öræfi district (NCIP, 2017). The preliminary study
on tephra fallout and its potential impact on infrastructures at a
national level, here presented, was also finalized.

At the time of writing the seismicity is elevated and higher
than in November 2017. The deformation data (from both cGPS
and InSAR analysis) reveal clear indication of an on going
inflation process likely due to injection of new magma at depth
(IMO, 2018b).

MATERIALS AND METHODS

The methodology used for the hazard assessment in this study is
shown in Figure 2. It consists of four main steps: (1) identification

1http://en.vedur.is/about-imo/news/a-new-ice-cauldron-in-oraefajokull-volcano

of the scenario of interest (this can be defined on the basis of
an Event Tree outcome or from literature); (2) initialization of
VOL-CALPUFF model (Barsotti et al., 2008) by using a synthetic
scenario (selected eruption source parameters to be used as a
model input) as well as a range of meteorological scenarios); (3)
execution of several numerical runs by using different starting
times; (4) statistical processing of the results from multiple runs.
The obtained probabilities, as visualized in the final maps, are
those called “conditional probabilities,” i.e., conditioned to the
occurrence of that specific eruptive scenario.

Scenario Definition
Available publications (Thorarinsson, 1958; Jónsson and
Valdimar, 2007; Thordarson and Höskuldsson, 2007; Sharma
et al., 2008), provide the general framework for the eruption
source parameters used in the dispersal simulations. Calculating
the total mass emitted during the Plinian phase of the eruption is
a first order estimate because large portionof tephra fell onto the
sea (see Figure 1). Using the values given in Thorarinsson (1958)
the total mass is estimated to be 4.8 × 1012 kg (Table 1).

A GIS referenced reconstruction of the original map by
Thorarinsson (1958) is used to recalculate the erupted tephra
mass by (1) assuming a constant thickness between the different
isopachs and (2) by interpolating between two successive
isopachs assuming a linear trend. These two estimates give an
erupted tephra mass of 4.29 × 1012 and 6.96 × 1012 kg, where
the latter is about factor of 1.5 larger than that obtained from
Thorarinsson (1958) data (see Table 2).

TABLE 3 | Tephra fallout conditions investigated to cause insulator flashover and
pole and line damages for wet and dry ash (as reported in Wilson et al., 2012).

Dry ash Deposit thickness
<5 mm

Deposit thickness
>5 mm

Insulator flashover (line
voltage <33 kV)

Low Low

Insulator flashover (line
voltage >33 kV)

Low Low

Wet ash Deposit thickness
<5 mm

Deposit thickness
>5 mm

Insulator flashover (line
voltage <33 kV)

High High

Insulator flashover (line
voltage >33 kV)

Medium High

Dry ash Deposit thickness
<100 mm

Deposit thickness
>100 mm

Electrical tower and
pole damage

Low Medium

Electrical line damage Low Medium

Wet ash Deposit thickness
<5 mm

Deposit thickness
>5 mm

Electrical tower and
pole damage

Low-medium Medium-high

Electrical line damage Low-medium High

Frontiers in Earth Science | www.frontiersin.org 5 November 2018 | Volume 6 | Article 196

http://en.vedur.is/about-imo/news/a-new-ice-cauldron-in-oraefajokull-volcano
https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-06-00196 November 13, 2018 Time: 12:17 # 6

Barsotti et al. Tephra-Fallout Hazard at Öræfajökull Volcano, Iceland

In order to run a dispersal model several input parameters
need to be defined. VOL-CALPUFF model requires initial values
of parameters like the vertical exit velocity of the volcanic
mixture, the vent radius, the total grain size distribution (TGSD).
As we currently have no information on the values for these
variables, they are obtained via iteration by running VOL-
CALPUFF model with a range of input values for the above
mentioned variables. The output values selected are those that
produced the best fit between the modeled and the observed
deposit distribution as well as the eruption column heights.
In an attempt to reproduce the scenario reported in Table 1
and to match the isopachs as depicted in Thorarinsson (1958),
the VOL-CALPUFF dispersal model was run multiple times
using a vent radius from 150 to 300 m; a gas mass fraction
from 1 to 5% and three different TGSDs (one peaked at
phi = −3, one peaked at phi = 0 and a bi-modal distribution
with two peaks at phi = −3 and phi = 2, respectively). By
a comparison of the model results and the original isopach
map and by constraining the top plume height between 24 and
34 km, the best fit was obtained by using the following input
parameters:

1. Vertical velocity: 300 m/s
2. Vent radius: 300 m

3. Gas mass fraction: 3%
4. Total grain size distribution: bi-modal (see Figure 3).
5. Mass flow rate: 4.24 × 108 kg/s
6. Duration of the emission: 18 h

A forward run of the plume model with these input parameters
produced the following values for plume height and tephra
emitted mass (to compare with values reported in Table 1):

1. Plume height: 23.5–37 km a.s.l.
2. Total erupted tephra mass: 2.75 × 1013 kg

This synthetic scenarios is in a reasonable agreement with
anticipated duration of the Plinian phase and plume height.
However, there is a larger discrepancy in terms of mass. The
new numerical simulation results suggest that in order to
match the original isopachs, the DRE volume is 5.5 km3. This
volume is 2.75 times larger than that provided by Thorarinsson,
and 1.9 times larger than the value calculated with the GIS
interpolation (Table 2). Considering the huge uncertainites
affecting the meteorological conditions during the eruption, the
real extension of the deposit and the few observational data
available, we considered valuable in this study to use those input
parameters obtained through the matching procedure to perform
the probabilistic assessment.

FIGURE 4 | Model results are overlayed with the deposit isopach for the 1362 eruption. The simulation has been run by using a wind field characterized by a
westerly wind to match the prevailing direction of the deposit.
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FIGURE 5 | The nine windroses show the wind direction (the sectors correspond to the direction from which the wind blows) and speed (different colors) at different
altitudes over Vatnajökull glacier. 1000 mb corresponding roughly to the ground level up to 20 mb corresponding about to 24000 m asl. Ten years of ECMWF data
(1980–1990) have been processed to produce these windroses.

The tephra dispersal from the synthetic scenario is compared
with the isopachs reconstructed for the real event in Figure 4. The
gray filled contours are the model results whereas the solid black
lines are the deposit isopachs as reconstructed by Thorarinsson
(1958). A westerly wind has been selected to run the dispersal and
match the general feature of the deposit pattern. For the same
simulation (i.e., by assuming the same input condition) the model
reproduced a super-buoyant plume with height of 30.6 km above
the vent.

Numerical Approach
The Numerical Model
Plume ascent is described solving plume theory equations
(Bursik, 2001) to compute column height as a function of
volcanological source input data and wind field parameters.
The latter are relevant for simulating weak plumes that are
strongly affected by wind shearing. During plume ascent the
heaviest particles fall from the column and a lighter mixture
continues its upward motion, entraining air up to a null-vertical
velocity altitude where only lateral dispersion takes place. The
plume initially decelerates due to higher density compared with

surrounding atmosphere, but due to heating of entrained air
(mixed by turbulent motions) the mixture can eventually become
lighter than air. Buoyancy effect can cause the mixture to
accelerate upward until an equilibrium is achieved.

The dispersal code VOL-CALPUFF originates from the
CALPUFF model and it has been modified to reproduce some
processes specific of a volcanic eruption, e.g., plume rise phase
and the dispersal of a distribution of solid particles. It is a
hybrid model in which the plume rise phase is described with
a Eulerian approach, whereas the ash cloud transport is solved
in a Lagrangian framework. Along the plume and at its top
the material is released as a series of diffusing packets (puffs)
containing an initially assigned amount of particulate matter
which varies during the transport due to gravitational fallout.
Since its development the VOL-CALPUFF model has been
applied mostly at Mt. Etna to reconstruct past explosive events
(Barsotti and Neri, 2008; Barsotti et al., 2008), as an ash dispersal
forecasting tool (Barsotti et al., 2008) and to estimate potential
hazards posed by volcanic ash to human health and ground
infrastructures (Barsotti et al., 2010). In the past years VOL-
CALPUFF has been also applied to other active volcanoes to
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FIGURE 6 | Probabilistic hazard map for tephra loading higher than 1.0 kg/m2 given an eruption at Öræfajökull as 1362 AD. The isopachs reconstructed by
Thorarinsson (1958) are reported as a reference with black lines.

produce forecasting maps of ash dispersal during eruptive crises
at Redoubt Volcano (Alaska) in 2009, Eyjafjallajökull (Iceland)
and Mount Merapi (Indonesia) in 2010 (Barsotti et al., 2011;
Spinetti et al., 2013) and Grímsvötn (Iceland) in 2011.

Monte Carlo Simulations
Numerical models can be used to investigate the behavior of a
specific process process (Kavanagh et al., 2018) as for example
dispersal of ash (Bonadonna et al., 2011; Folch, 2012), lava
flow invasion (Del Negro et al., 2005; Favalli et al., 2005,
2009), maximum distances of pyroclastic flow (Esposti Ongaro
et al., 2012; Dufek, 2016). Each simulation needs specific
input conditions to characterize the volcanological scenarios
to be investigated. For volcanic ash dispersal simulation the
eruptive source parameters (ESP) as plume height, particle
size distribution, mass flow rate need to be quantified (Mastin
et al., 2009). As we do not know in advance about the next
eruptive conditions, like the weather and the ESP, a way to treat
this uncertainty is to reflect this into a probabilistic analysis.
Looking into a range of eruptive scenarios it is possible to get
a statistics that would investigate and reflect the uncertainty in
the assumption made analyzing a single scenario. By running
the model with several sets of starting conditions enables us to

estimate the probability that a specific area will be affected by a
certain type of hazard. A method widely used to achieve such a
result is called Monte Carlo approach and is based exactly on the
assumption that a model could be executed multiple times for as
many initial conditions as required for producing an ensamble
modeling (Sparks and Aspinall, 2013). The application of this
approach for a probabilistic analysis of a simulated volcanic
process can be found in Cioni et al. (2003), Hurst and Smith
(2004), Bonadonna et al. (2005), Macedonio et al. (2008), Costa
et al. (2009), Barsotti et al. (2010), Scaini et al. (2012, 2014), Scollo
et al. (2013), Biass et al. (2014), Bonasia et al. (2014).

A Monte Carlo simulation is performed for this study
by running several times the dispersal model VOL-CALPUFF
for a fixed volcanological scenario (the 1362 AD reference
eruption) and by using several years of meteorological data.
Each simulation is performed using the same input data given
in Section “Scenario Definition.” The simulations are initiated
with different starting date and times of the day, over a period of
10 years. This is done to ensure the randomness of the analysis
and to avoid bias in the results due to the daily variations of
the atmospheric parameters as we only investigate the effect of
the wind field statistics on the tephra dispersal. The potential
variability associated with the uncertainty in the volcanological
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FIGURE 7 | Probabilistic hazard map for tephra loading higher than 100 kg/m2 given an eruption at Öræfajökull as 1362 AD. The isopachs reconstructed by
Thorarinsson (1958) are reported as a reference with black lines.

scenario is not considered. A total of 500 simulations were
performed in order to obtain a convergence for the modeled
tephra dispersal distribution.

Forecast data produced by the Europen Centre of Medium-
range Weather Forecast is used to run the VOL-CALPUFF
model. The meteorological data for the probabilistic maps have
been downloaded from the ERA-INTERIM archive and cover
a period of 10 years, from 1980 to 1991. This dataset is
produced by re-analyzing the forecast, i.e., by assimilating the
observational data into the original weather forecast (Dee et al.,
2011). This means that this dataset provides a quite complete
and verified description of the 3D atmospheric fields over the
period of interest. On the other side the horizontal resolution
of the meteorological data is of 0.7◦ (i.e., about 35 and 77 km
in the longitude and latitude respectively), making the spatial
resolution of this dataset a bit coarse for the domain considered
in this project. The statistics for the investigated area around
Öræfajökull produced by using the ECMWF data over this time
period is shown in Figure 5.

In Figure 5 each windrose shows the direction of provenance
for the wind field, identified by the sector, and the wind velocity,
identified by the color. Each windrose is produced for a specific
altitude expressed in pressure from 1000 mb (surface level) to

20 mb (∼25 km). At low levels (1000 mb, a in Figure 5) the
wind is weak, with wind velocity between 5 and 10 m/s. The
prevailing direction at this altitude is location dependent, and has
a NE component over Vatnajökull. Higher up in the atmosphere
the wind field is more uniform and less affected by the surface
topography. The velocity tends to increase moving higher up to
300 mb (9–10 km, f in Figure 5). Further up the wind velocity
decreases to increase again at 20 mb (i in Figure 5) where there
is a clear W-E directionality, with Easterly winds weaker than
Westerly ones.

Impact of Tephra on Infrastructure
Tephra can have wide type of impacts either nearby and far away
the volcano. As reported in literature, at ground level volcanic
tephra can cause:

1. health issues (Baxter, 1990; Horwell and Baxter, 2006);
2. roofs/building collapse (Spence et al., 2005);
3. poor visibility conditions (Blong, 1996);
4. dangerous road conditions (Wilson et al., 2012; Blake et al.,

2017);
5. contamination of water reservoirs and vegetation (Wilson

et al., 2012; Ágústsdóttir, 2015);
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FIGURE 8 | Probabilistic hazard map for tephra loading higher than 1000 kg/m2 given an eruption at Öræfajökull as 1362 AD. The isopachs reconstructed by
Thorarinsson (1958) are reported as a reference with black lines.

TABLE 4 | Likelihood of receiving specific amounts of tephra is calculated for five
main towns in the country.

Town Probability to
exceed 1 kg/m2

Probability to
exceed 10 kg/m2

Probability to
exceed

100 kg/m2

Distance from
Öræfajökull

central volcano
(km)

Akureyri 25.4189 10.2073 1.17319 200

Reykjavík 5.714 1.429 0 259

Egilsstaðir 61.4466 49.1621 7.01942 177

Vík 35.2207 11.6758 0 134

Höfn 97.8526 94.8986 72.9586 76

6. damages to electrical infrastructures (Bebbington et al.,
2008; Wardman et al., 2012; Wilson et al., 2012);

7. transportation system disruptions (Casadevall, 1994;
Guffanti et al., 2009; Wilson et al., 2012);

8. impact on telecommunication networks (Wilson et al.,
2012).

Composition of the tephra, its grain-size distribution and
presence of precipitation might enhance some of these hazards,
as for example roof collapse conditions, damages to electrical
infrastructure and contamination of water and vegetation. Wet

tephra can reach higher load due to the contribution of rain that
remains trapped in the deposit (Macedonio and Costa, 2012).
This means that tephra fallout might have a different impact on
buildings if it rains during or shortly after the eruption. Similarly,
wet conditions might affect the conduction properties of tephra
enhancing its effect in flashover events (Wilson et al., 2012).
Finally silicic tephra can be strongly toxic for humans, pollute
water supplies and poison grazing animals (Thorarinsson, 1979;
Cronin et al., 2003).

Here, we investigate the potential impact of tephra fall on three
key infrastructures, because if damaged, it can result in prolonged
disruptions to the local population. The primary/direct hazards
due to tephra fall onto airports, roads and power-lines are here
considered.

Roads
Tephra on roads is an issue for traffic safety. It can result in the
reduction of tire friction, obscure road markings, cause blockage
of engine air intake filters and reduce the visibility for drivers. Few
studies have properly investigated the thresholds of tephra fall
capable to trigger critical driving conditions. Recently, Blake et al.
(2017) presented results of laboratory experiments on how the
properties of tephra fall (thickness, particle composition, particle
size) along with precipitation can compromise skid resistance.
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FIGURE 9 | Map showing potential impact of tephra fallout to roads in case of a 1362-like eruption at Öræfajökull.

These results showed that for a 1 mm-thick fallout the skid
resistance is below the “difficult site” safety levels. In case of
thicker deposit (>5 mm) the conditions are more favorable,
with skid resistance above the “safe” value. The study concludes
that tephra fall thickness of 5 mm is the critical limit for which
mitigation actions need to be taken to guarantee safe driving
conditions on roads. At the same time Blake et al. (2017) presents
a list of road disruptions occurred at volcanoes worldwide and
shows how in several cases deposit several-10s-of-mm-thick have
also been causing difficulties to the ground transportation. In this
study we use a threshold value of 3 mm to represent disruptive
conditions on the roads.

Airport
As reported in Guffanti et al. (2009) and Prata and Tupper (2009)
the primary hazard to airports is ashfall, which can cause loss
of visibility, create slippery runways, infiltrate communication
and electrical systems, interrupt ground services, and damage
buildings and parked airplanes. The skid resistance analysis
perfomed by Blake et al. (2017) can be partly applied to airfield
and runways, even though no clear thresholds exist for this
environment with each airport operating authorities responsible
for mantaining the runways functional and secure. Some critical
conditions described for roads can be also applied to airfield

and runways with few-mm ash deposit- to be considered a
condition that can be critical for safe operations. Here, we
use a threshold value of 1 mm to investigate the impact on
airports.

Power Lines
Several papers discuss the vulnerability of electrical
instrustructure to volcanic ash (Bebbington et al., 2008;
Wardman et al., 2012; Wilson et al., 2012) and are used to
identify correlation between specific thresholds of ash thickness
and the level of impact (low, medium, and high) it would
have on electrical infrastructure (Wilson et al., 2012). Critical
infrastructure as power-lines have been investigated for damages
due to:

o insulator flashover;
o electrical tower and pole damage;
o electrical line damage.

The effect of tephra fall on this type of infrastructure depends
on three main factors: the grain-size, the tephra load and presence
of precipitation (wet deposition).

In this study we only look into those critical conditions
associated with fine tephra because, as shown in Figure 3,
this is the assumption we use for an eruption at Öræfajökull.
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FIGURE 10 | Map showing potential tephra fallout impact to airport in case of a 1362-like eruption at Öræfajökull.

Table 3 summarizes the results as reported in the mentioned
paper for fine tephra. For a deposit larger than 5 mm in wet
conditions there is a high likelihood of insulator flashover.
Damages to tower, poles and lines are highly likely for thicknesses
larger than 100 mm in dry conditions and 5 mm in wet
conditions. In the following analysis we have been considering
the likelihood to get deposit larger than 10 and 100 mm
in dry conditions. The assumption is that these limits can
be considered as of danger in wet condition for a fully
wet deposit (i.e., all the voids in the deposit are full of
water).

RESULTS

Probabilistic Hazard Maps
We performed numerical simulations of volcanic tephra dispersal
by using VOL-CALPUFF code. The simulations yielded tephra
thicknesses and concentrations data points over Iceland. We
then generated probabilistic hazard maps for tephra loading at
given thresholds by adopting a Monte Carlo approach. Here, we
present three probabilistic hazard maps (Figures 6–8) for tephra
loading thresholds of 1.0 kg/m2 (equivalent to about 0.1 cm

under the assumption of a deposit of 1000 kg/m3), 100 kg/m2

(equivalent to about 10 cm) and 1000 kg/m2 (equivalent to about
1 m).

Comparison of these three maps reveals that the higher
deposit load threshold investigated, the smaller is the
area likely interested by this load. This is because in each
simulation the thick deposit impacts a proximal area around
the volcano, whereas thinner deposit can spread over a
larger domain. In addition, in all maps there is a general
eastward trend that reflects the meteorological statistics, as
shown in Figure 5. At high altitudes the stronger westerly
wind dominates the distribution of tephra toward the
East.

In Figure 6 the isoline of 0.1 cm thickness produced by
Thorarinsson (1958) falls entirely within the 25–50% probability
of reaching this deposit thickness. All the country, apart from the
northern part of the Westfjords, has at least a 5% probability of
exceeding a ground load threshold of 1 kg/m2.

In Figure 7 the isoline of 10 cm produced by Thorarinsson
(1958) falls entirely within the 75–100% probability of reaching
this deposit thickness. About half of the country has at
least a probability of 1% of exceeding a ground load of
100 kg/m2. This area includes eastern and South-Eastern
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FIGURE 11 | Map showing potential tephra fallout impact to power-lines in case of a 1362-like eruption at Öræfajökull.

Iceland, most of the highlands and parts of the North–
East.

In Figure 8 the likelihood of exceeding a threshold of
1000 kg/m2 is confined to a small area closest to the volcano
edifice. Part of the proximal area enclosed within the 20 cm
isoline falls within the 5–25% probability of reaching a deposit
thickness of 1 m.

The potential impact of tephra fallout can also be investigated
at specific locations by performing an analysis site by site. For
example Table 4 shows the likelihood of exceeding specific tephra
ground loads at five key population centers in Iceland (Figure 1).
All of these population centers have a likelihood higher than
5% of experiencing tephra fallout deposit exceeding a thickness
of 1 mm. Höfn (97.8%) and Egilsstaðir (61.4%) are the most
vulnerable centers as they are closest to the volcano. Höfn can
experience very high loads (10 and 100 kg/m2) and the likelihood
is about 95 and 73%, respectively.

Reykjavík is the less exposed town due to its distance
from the volcano and mainly because it is located
upwind the dominant wind direction. Akureyri (in the
North), despite its long distance, is showing intermediate
values.

Impact Maps
An analysis to investigate how these results translate
into an impact assessment has been done by quantifying
the level of disruption due to tephra fallout on roads,
airports, and powerline network. The type of disruption
has been defined with regards to: (1) kilometers of roads
potentially exposed to critical driving conditions, (2)
number of airports potentially affected by tephra fallout on
the runways, and (3) kilometers of powerline potentially
affected by tephra fallout that can cause either flashover and
physical damage to the lines. For each of this infrastructure
a map has been created and the results are shown in
Figures 9–11.

When looking at the possible disruption to road traffic
(Figure 9) we can see that up to 268 km of the main
road system (either paved and unpaved according to the
National Land Survey IS50V database v3.4, 2012) could be
affected by tephra fallout thicker than 3 mm with a likelihood
between 75 and 100% (red road sector). There is a 25%
likelihood that more than 2000 km of the road network
can be affected by this condition (the yellow, orange, and
red road sector). The main road extending from Vík, in the
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South, to Húsavík, in the North, passing through the East
part of the country will be impassable (see Figure 1 for site
locations).

The analysis performed for the airports network includes all
the main airports in the country for which flights are regularly
scheduled (as reported from the National Land Survey IS50V
database v3.4, 2012). The analysis reveals that the airport in
Hornafjörður will be affected by a deposit thicker than 1 mm
with a probability between 75 and 100%. The likelihood for
two more airports (Egilsstaðir and Vopnafjörður) to receive
this amount of tephra is between 50 and 75%. These three
airports are located in the Eastern sector of the country. The
international airport of Akureyri shows a likelihood between
25 and 50%, whereas the domestic airport in Reykjavík is
calculated to have a likelihood between 5 and 25%. The
International airport of Keflavík has potential to be affected
by tephra fallout from Öræfajökull volcano with a likelihood
between 1 and 5%. All the main airports of Iceland (14 in total)
have >0% likelihood to be affected by tephra fallout capable
to create disruption to the operations of landing and taking
off.

Figure 11 shows a zoomed domain around Öræfajökull, as
the main impact on the power line network is assessed to
be quite proximal to the volcano. Only the network owned
by the principal Icelandic provider Landsnet, which operates
>33 kV powerage line, has been considered here. For this
investigation a threshold of 100 mm of ash has been adopted, as
given in Tables 3, 4. We assume this condition, corresponding
to a load of about 100 kg/m2, to correspond to critical
conditions for powerlines. The results show that up to 115 km
of powerline network will be exposed to such a load with
likelihood of 75 to 100%. This is the part of the powerline
passing nearby the volcano at a minimum distance of about
9.5 km (red line sector). Additional 45 km will be exposed
to such load with a likelihood between 50 and 75%. So that
overall more than 160 km of the powerline network can be
damaged by an eruption at Öræfajökull and the likelihood for
such an occurrence is greater than 50%. Almost the entire
powerline network feeding the Öræfi district is vulnerable to
these effects.

DISCUSSION AND CONCLUSION

An eruption at Öræfajökull is likely to have a significant
impact in Iceland, its nearby Nordic countries and, Europe.
As evidence shows, such an eruption can produce pyroclastic
density currents that will inundate the communities at the base
of the volcano, glacial outbursts can also cover a substantial
area (possibly >300 km2) around the volcano. On top of that
a heavy tephra fallout is expected to occur over a period of
about 1 day (e.g., Thorarinsson, 1958; Jónsson and Valdimar,
2007; Thordarson and Höskuldsson, 2007; Gudmundsson et al.,
2008).

The volcanological scenario selected for this study represents
the worst case scenario known to have happened at Öræfajökull,

the 1362 AD eruption. The model results and the probabilistic
hazard maps clearly indicate how, in case of a similar event, the
associated tephra fallout might have effects all over the country.
However, the location of the volcano, in the southernmost tip
of the island, together with the prevailing westerly wind at
high altitude favor the tephra fallout and ash dispersal to occur
mainly toward the East. This will possibly represent a serious
issue for the air traffic over the European air space, as occurred
in 2010 when Eyjafjallajökull volcano erupted (Reichardt et al.,
2018).

This study highlights two main issues: firstly, there are
no places in the country completely safe from receiving ash
generated from an eruption like 1362 at Öræfajökull (Figure 6);
second, the tephra fallout can have a very severe impact in
the proximity of the volcano with up to 1000 kg/m2 of ash
expected up to a distance of only 25 km the vent (Figure 9).
Most of the main towns in Iceland have likelihood higher
than 1% to receive an amount of ash larger than 10 kg/m2

(Table 4).
The impact analysis performed for three different types of

infrastructures (roads, airports, and power lines) reveals the
vulnerability of the country in case of such an eruption. Figure 9,
which shows the kilometeres of road network potentially affected
by critical driving conditions, suggests that the entire Eastern
part of the country will be hardly reached by car either through
the Southern and the Northern ring road section. The main
town of Egilsstaðir and the very popular localities of Höfn,
Skaftafell and Jökulsarlón will be cut off the main viable
connections, with important implications for either inhabitants
and tourists potentially trapped in the area due to very low
visibility conditions and unsafe driving conditions of paved
roads.

The results show also that the likelihood for the airports in
Hornafjörður (next to Höfn) and Egilsstadir to be disrupted by
the tephra fallout is >50% (Figure 10). Consequently, connection
with the Eastern part of the country via air or road will be very
difficult and dangerous during and shortly after the eruption. An
eruption like 1362 will affect the communication and commuting
between the East part of the country and the Greater Reykjavík
area (i.e., the capital and its surroundings).

Failure of the electricity provision can be expected due to
damages to powerlines during and shortly after the eruption
(Figure 11). These data need to be seriously evaluated when
planning for mitigation actions and evacuation plans. The impact
of a similar scenario would be even more dramatic if an eruption
will take place during the winter time, when the daylight time
is very short and the need for electricity to illuminate is higher
and essential for the daily activities of the society and its
economy.

The results shown so far are just the beginning of a long study
that is needed to fully address the volcanic hazard at Öræfajökull
volcano, but still enough to identify the potential critical scenario
that could raise if it will erupt again with a similar intensity
as in 1362. The unrest phase declared in November 2017 has
been putting emphasis on the need of a proper multi-hazard
assessment for Öræfajökull and this study is a contribution to it.
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