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Abstract
The theme of this thesis is the study of heat transfer from lava or hot rocks where
water, including ice melt, is the main medium transferring heat to the surroundings.
This is done through (1) laboratory studies of lava-ice and rock-water interaction, (2)
observations and analysis of the progression of lava under ice, and (3) measurements of
heat loss from a high temperature geothermal area in its natural state. (1) The laboratory
experiments were done on benmoreite samples from Eyjafjallajökull 2010, and involved
both direct contact between ice and molten lava and settings where a small space
existed between ice and melt. The direct contact experiments provided initial ice-melt
contact temperature of 1100°C and heat flux of up to 900 kWm−2, declining to <100
kWm−2 and melt-ice contact temperature of 200-300°C in 2-3 minutes. The same heat
flux values for the no contact experiments were 100-180 kWm−2, and 50-80 kWm−2.
Experiments with cooling of initially hot rock cubes provided thermal conductivity
values of 1.2-1.7 Wm−1K−1 and diffusivity of about 9 · 10−7m2s−1. (2) In the lava
flow study data obtained during and after the formation of a 3.2 km long lava flow in
the Eyjafjallajökull eruption in 2010 were used. The lava flow was mostly emplaced
along water-filled meltwater tunnels under ice. About 50% of the thermal energy of
the subglacial lava was used for ice melting, about 4% was lost with hot water and
of order 1% was released as steam. The remaining heat (45%) was released after the
eruption at a much longer timescale. Average heat fluxes of 125-310 kWm−2 were
observed during advancement of the lava. (3) The natural heat output of the pristine
Kverkfjöll high temperature geothermal area in central Iceland was estimated using
mapping of geothermal features and surveys of surface temperatures, soil temperature
gradients, steam and hot pool emissions, and ice melting. The heat flux values found
for the active, hot areas was 120-330 Wm−2 and the total natural heat loss for the whole
area, including West Kverkfjöll, Kverkjökull and Hveragil, is 270±70 MW.
The settings observed span three orders of magnitude in heat flow values, contrasting
the heat transfer in geothermal areas, which happens mostly by flow of fluid through
porous media, with the direct heat transfer from molten lava to ice or water. A good
agreement is found between the laboratory values for heat flux and those observed from
the advancing subglacial lava.





Útdráttur

Í ritgerðinni er fjallað um varmaflutning frá bergbráð eða heitu bergi þar sem hræring eða
meðburður vatns, þar með talin bræðsla íss, er megin flutningsmáti varmans. Þrennar
mismunandi aðstæður voru rannsakaðar: (1) bræðsla íss með bergbráð og kæling heits
bergs á tilraunastofu, (2) framrás hrauns undir jökli, og (3) háhitasvæðið í Kverkfjöllum.
(1) Mælingarnar á tilraunastofunni í Würzburg í Þýskalandi voru gerðar á sýnum
úr benmoreite hrauninu sem rann í gosinu í Eyjafjallajökli árið 2010. Líkt var eftir
aðstæðum þar sem hraun rennur undir ís, hraun rennur ofan á ís og þegar hraun rennur
meðfram eða nærri ísvegg. Hraðasti varmaflutningurinn varð þegar bráðið berg var
lagt ofan á ís, allt að 900 kWm−2 í upphafi. Varmaflæðið lækkaði í <100 kWm−2 á 2-3
mínútum samhliða því að bráðin storknaði og kólnaði. Mun lægri gildi, 100-180 kWm−2

sem féllu í 50-80 kWm−2 á 2-3 mínútum fengust þegar nokkurra sentímetra bil var
milli íss og bergbráðar. Einnig fengust úr þessum tilraunum gildi á sveimstuðli bergsins
(9 ·10−7m2s−1) og varmaleiðnistuðli þess (1.2-1.7 Wm−1K−1). (2) Framrás, ísbráðnun
og myndunarhættir hins 3,2 km langa hrauns sem myndaðist í Gígjökli (Eyjafjallajökli
2010) var rannsakað. Hraunið rann að mestu fram í vatnsfylltum ísgöngum við botn
jökulsins. Um það bil helmingur varmaorku hraunsins fór í að bræða ís, um 4% barst
burtu með heitu vatni niður til Markarfljóts og myndun gufumakka sem stigu upp af
hrauninu tók um 1% varmaorkunnar. Rúmlega helmingur varmaorkunar varð eftir í
hrauninu þegar gosinu lauk en sá hluti tapast margfalt hægar en á meðan gosinu stóð.
Varmaflæði frá hrauninu meðan það var að myndast undir jöklinum var að meðaltali á
bilinu 120-310 kWm−2. (3) Náttúrulegt varmatap frá jarðhitasvæði Kverkfjalla var metið
með mælingu á útbreiðslu heitra svæða á yfirborði, hitastigli innan þeirra, varmatapi
gufu og vatnshvera og ísbráðnun í Gengissigi og Galtarlóni. Varmaflæði innan heitra
svæða var 120-330 Wm−2 en náttúrulegt varmatap (afl) Kverkfjallasvæðisins (Vestari
Kverkfjalla, Kverkjökuls og Hveragils) er 270±70 MW. Þessar tölur eru miklu lægri
en þær sem fengust með skoðun hitamynda úr flugvél á 7. áratug 20. aldar. Sennilegast
eru að þær niðurstöður hafi verið verulegt ofmat.
Þau gildi varmaflæðis sem rannsóknin náði til spanna þrjár stærðargráður (frá hundruð-
um Wm−2 til hundruð þúsunda Wm−2). Þessi mikla breidd í gildum kemur ekki á
óvart. Varmastraumur innan jarðhitasvæðisins ræðst m.a. af lekt jarðhitageymisins, þ.e.
hversu hratt jarðhitavökvinn getur leitað upp til yfirborðs. Þær aðstæður eru mjög ólíkar
þeim sem verða þegar bráðið berg og vatn eða ís snertast. Þá er varmaflutningur mjög
hraður. Það styður niðurstöðurnar um varmaflæði að gott samræmi er milli tilraunanna
og talnanna sem fengust fyrir framrás hraunsins í Eyjafjallajökli.
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1 Introduction
This PhD thesis was carried out at the Institute of Earth Sciences, University of Iceland.
The aim of the thesis is to explore and quantify processes of heat transfer in volcanic set-
tings where water is the main carrier of the heat from magma or hot rocks. The settings
explored are lava-ice interaction and the heat loss from a high temperature geothermal
area. The results are presented in paper I, published in Journal of Geophysical Research
- Solid Earth, paper II, published in Bulletin of Volcanology and paper III, a manuscript
in preparation to be submitted to Geothermics.

Paper I: Oddsson B, M. T. Gudmundsson, I. Sonder, B. Zimanowski, and
A. Schmid (2016) Experimental studies of heat transfer at the
dynamic magma ice/water interface: Application to subglacially
lava emplacement. Journal of Geophysical Research - Solid Earth,
121, doi:10.1002/2016JB012865.

Paper II: Oddsson B, Gudmundsson M.T., Edwards B, Thordarson T, Mag-
nússon E, Sigurðsson G (2016) Subglacial lava propagation, ice
melting and heat transfer during emplacement of an intermediate
lava flow in the 2010 Eyjafjallajökull eruption. Accepted for pub-
lication in Bulletin of Volcanology, 78:48 doi: 10.1007/s00445-
016-1041-4.

Paper III: Oddsson B, Gudmundsson M. T, Ólafsson A. and Pálsson F. Nat-
ural heat output from the Kverkfjöll geothermal area in Iceland.
To be submitted to Geothermics.

Initial plans for the PhD work were to perform experimental studies in the laboratory
and compare the results to the outcome of the heat transfer measurements obtained
from the field in the Kverkfjöll geothermal area. In March 2010 an effusive basaltic
eruption started at Fimmvörðuháls, a snow covered pass midway between Mýrdalsjökull
and Eyjafjallajökull in South Iceland. During this eruption interaction between the
lava and perennial snow was monitored (Edwards et al., 2012). Two days after the
eruption at Fimmvörðuháls terminated an explosive eruption began under 200 m thick
ice in Eyjafjallajökull. The eruption in Eyjafjallajökull offered a unique opportunity to
monitor and observe volcano-ice interaction for 39 consecutive days. The first phase of
the eruption was explosive where ice was melted causing swift jökulhlaups (Magnússon
et al., 2012). The second phase was a mixed effusive and explosive eruption with lava
advancing down Gígjökull, an outlet glacier that flows north from the summit caldera.
The third phase of the eruption was explosive and the lava flow advance came to a
halt. Explosive subglacial eruptions have been previously monitored in Iceland (e.g
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Grímsvötn 1998, 2004, 2011 and Gjálp 1996), but advancing lava in a glacier of this
scale has not been monitored before. Thus, during the eruption in Eyjafjallajökull a
rare opportunity presented itself to monitor various settings where lava interacted with
ice and meltwater as it advanced subglacially, eroding the glacier mechanically and
thermally. Lava was observed where it flowed adjacent to glacier ice, in ice tunnels and
submerged in meltwater. The eruption in Eyjafjallajökull gave new insight into settings
where lava interacts with ice and provided motivation for new setup for experimental
studies where the subglacial lava flow in Gígjökull is used as an analog.

Paper I (Experimental studies) and Paper II (Lava flow in Gígjökull) are directly
linked as the experiments were modified to resemble the lava-ice settings observed
during the advancement of the lava flow in Gígjökull. Moreover, the thermal properties
of the lava were investigated and determined. Paper III (Kverkfjöll) is an independent
research paper where the same heat transfer principles and thermodynamics are applied
to measure heat transfer rates and estimate the heat loss from the geothermal sources
to the atmosphere. The results from these three papers are compared in respect of heat
transfer rates where the heat source in all of these settings is of volcanological origin,
water is the heat transfer medium where heat is extracted from cooling magma bodies
or rocks and transferred to the atmosphere.

Experiments were conducted in Würzburg, where both previously described methods
and new settings of experimental procedures were developed and tested for measure-
ments of heat transfer rates from remelted and heated rocks. These methods can be
used to inspect in further details the physical properties of the heat source and the heat
transfer rates.

To measure the various settings of heat transfer in the Kverkfjöll geothermal area,
known methods were used, but also newly developed methods were introduced and
tested.

1.1 Research aims

Based on the aims set at the onset of the project, and through exploiting the unique
opportunities presented by the lava-ice interaction observed in the Eyjafjallajökull
eruption in 2010, the main objectives of this thesis are the following:

1. Introduce experiments performed to inspect the heat transfer modes of molten
lava-ice interaction; explain and quantify processes of heat transfer from pure
lava melt to ice and water through laboratory work; and define thermal properties
of crystalline lava samples from the lava in Gígjökull (benmoreite-trachyte):
conductivity, heat capacity and diffusion

2. Describe the lava-ice interaction during emplacement of the lava flow in Gígjökull
during the eruption in Eyjafjallajökull 2010. Establish a thermal model for the
system that describes as accurately as possible the heat transfer mechanisms
involved, and construct a conceptual model for the lava emplacement.

3. Apply standard methods to measure heat transfer from geothermal features in
Kverkfjöll as well as to develop and test new methods that will facilitate estimates
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of natural heat loss at other geothermal areas

4. Improve estimate of the total heat loss of the Kverkfjöll geothermal area that will
add to the accuracy of estimates of heat fluxes in the volcanic zones in Iceland.

1.2 Glaciovolcanism

1.2.1 Volcano ice interaction on a global scale

Volcanic eruptions at ice-covered stratovolcanoes occur globally, including North and
South America, Kamchatka, New Zealand, the Antarctic and Iceland. Rapid snow/ice
melting during these glaciovolcanic eruptions can be caused by dome collapses or
pyroclastic flows onto ice-covered slopes and can produce swift outburst of floods and
lahars (Major and Newhall 1989, Pierson et al. 1990, Belousov et al. 2011, Waythomas
2014). The major hazard that lahars can pose at ice-clad volcanoes was demonstrated
by the 1985 eruption of Nevado del Ruiz, where more than 20,000 people in the
small town of Armero, Columbia, lost their lives during one of the worst volcanic
disasters in modern times, generated by a relatively small eruption onto the volcano’s
ice-covered summit (e.g. Pierson et al. 1990, Witham 2005). Other well-documented
examples of explosive or dome-collapse glaciovolcanic eruptions that produced flooding
include Cotopaxi, Ecuador (1880; Mothes et al. 2004), Katla, Iceland (1918), Mt. St.
Helens, U.S.A. (1980; Janda et al. 1981), Redoubt, U.S.A. (1989-90, 2009; Waitt et al.
1994, Waythomas et al. 2013), and Hudson, Chile (1991; Naranjo et al. 1993). At
some stratovolcanoes historic effusive eruptions have also produced meltwater floods
when lava interacted with ice and snow (e.g, Villarrica, Chile: Naranjo and Moreno
2004, Llaima, Chile: Moreno and Fuentealba 1994, Hudson: Naranjo et al. 1993,
cf.Major and Newhall 1989 for other examples). Many examples of effusion-dominated
glaciovolcanic eruptions have also been identified within the geological record (e.g.
Lescinsky and Fink 2000, Loughlin 2002, Edwards and Russell 2002, Stevenson et al.
2006, Óskarsson 2009, Edwards et al. 2012).

Studies of the interaction of magma/lava and ice are divided loosely into four
categories: (1) lava interaction with thick ice, (2) lava interaction with thin ice, (3)
confinement of lava by ice, and (4) lava interaction with snow (e.g. Smellie and
Skilling 1994, Smellie 1999, Lescinsky and Fink 2000, Edwards and Russell 2002,
Gudmundsson 2005, Mee et al. 2006, McGarvie et al. 2007, Edwards et al. 2012,
Edwards et al. 2015).

1.2.2 Volcano ice interaction in Iceland

Volcanic eruptions where magma interacts with water and ice are frequent in Iceland
(Larsen 2002, Thordarson and Larsen 2007, Jakobsson and Gudmundsson 2008, Gud-
mundsson et al. 2012). In the last 11 centuries about 60% (125 eruptions out of 200;
Thordarson and Larsen 2007) of all known eruptions in Iceland have occurred in volca-
noes that are partly or fully ice-covered, many of them where ice thickness is substantial
(100-700 m). The initial phase of the eruptions is often fully subglacial, with most
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of the thermal energy transferred from magma used to melt ice (Gudmundsson 2003,
Gudmundsson et al. 2004, Jude-Eton et al. 2012, Magnússon et al. 2012). Such fast
generation of meltwater poses hazards to communities in the vicinity of volcanoes
(Gudmundsson et al. 2008, Tuffen and Betts 2010) as the water can burst out from the
glacier in jökulhlaups, which are hazardous high discharge floods carrying meltwater,
volcanic debris and ice blocks (Björnsson, 2010). The rate of meltwater generation is
correlated with the heat transfer rates from magma to ice and water. The heat transfer
that occurs in such settings is therefore an important parameter for any assessment of the
likely impact of subglacial eruptions and associated floods, and thus hazard assessment
for potentially affected areas.

1.2.3 Heat flow in volcano-ice settings

Three modes of heat transfer from lava to the surrounding ice and water that occur in
glaciated environments (e.g. Höskuldsson and Sparks 1997, Gudmundsson 2003, Wood-
cock et al. 2012, Woodcock et al. 2014) are (1) free or forced convection (advection)
where heat is removed from the surface of the cooling body and transported by water,
steam or air; (2) through direct contact of ice and hot rocks (partly convection in water
and partly thermal conduction through rock and ice contact), and (3) through thermal
radiation from hot rock or magma to ice.

The settings where heat is extracted from magma and melts ice during eruptions
in glaciated areas (Tuffen 2007, Woodcock et al. 2014, Edwards et al. 2015) can be
divided into:

1. Eruptions under ice where magma-water interaction at the vent controls the style
of activity (Gudmundsson et al., 1997). A common feature in such eruptions is
magma fragmentation leading to extremely fast heat transfer from rapidly cooling
fragmented volcanic glass to the surrounding meltwater. Examples include the
Gjálp eruption in Iceland in 1996 and eruptions in the ice-covered volcanoes
Katla and Grímsvötn (Björnsson 2003, Gudmundsson et al. 1997, Magnússon
et al. 2012).

2. Eruptions in stratovolcanoes with partial ice cover and where vent activity is not
significantly affected by the presence of ice are not uncommon. In such cases
melting occurs through interaction of either pyroclastic flows or hot debris flows
(Waythomas et al., 2013) or where lava flows underneath, adjacent to, or on top
of ice (e.g. Lescinsky and Sisson 1998, Lescinsky and Fink 2000, Edwards et al.
2012).

1.3 Experimental volcanology

Within science in general, experiments are used for four primary purposes; As a tool
to explore novel phenomena and to provide systematic observations of processes, to
determine the values of key parameters, to test hypotheses and theoretical models, and
to validate computational models, which themselves can be considered as numerical
experiments (Mader et al., 2004).
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Experimental volcanology is practiced at various places around the world (e.g
in Würzburg and Munich in Germany; Bari in Italy; Buffalo and Syracuse in USA;
Lancaster in the UK). There the goal is to constrain fundamental parameters and
processes in volcanic eruptions in controlled experimental environment.

The settings and set-up for these experiments are of various types and can cover
many fields within volcanology, e.g. seismology, magma fragmentation, magma crystal-
lization, pyroclastic flows, geochemistry and tephra dispersion. In this thesis the focus
is on remelted lava and heated rocks and interaction with ice and water.

A considerable body of information on heat transfer during magma-water interac-
tion during fragmentation exists, both from field observations during eruptions (e.g.
Gudmundsson et al. 2004, Magnússon et al. 2012) and through laboratory experiments
of heat transfer from hot particles in fluids (Xu and Zhang 2002, Schmid et al. 2010). In
contrast, experimental and observational data on rates of melting during ice-molten lava
contact have been scarce (Edwards, 2013).

Measurements of heat conductivity, thermal diffusion and heat capacities of different
rocks and materials have been carried out by employing different methods and various
values have been published (e.g Robertson and Peck 1974, Horai 1991, Schärli and
Rybach 2001, Vosteen and Schellschmidt 2003, Hirono and Hamada 2010). Thermal
conductivity is dependent on temperature, pressure, porosity, composition and properties
of pore filling fluids and gasses (Eppelbaum et al., 2014). The values in the literature
come from different methods of measurements and samples from various types of
compositions. Discrepancies between published values can be explained by the local
characteristics of the rocks and/or sampling dependence as mentioned above.

1.4 Study areas

The work presented in this thesis is partly based on observations and data from two
central volcanoes in Iceland. These are Eyjafjallajökull on the south coast and its
eruption in 2010, and Kverkfjöll in central Iceland and its unexploited geothermal area
(Figure 1.1).

1.4.1 Eyjafjallajökull

Eyjafjallajökull is an ice-capped stratovolcano located near the southern sector of the
Eastern Volcanic Zone (Figure 1.1). It is elongated east-west, rising to 1650 m above
sea level (asl.) from a base at 20-200 m asl. The summit of the volcano is covered by an
80 km2 ice cap and contains an ice-filled summit caldera about 2.5 km in diameter with
a maximum ice thickness of 400 m in the eastern part, but about 200 m in the western
part (Strachan 2001, Magnússon et al. 2012) where the 2010 eruption was located. On
the slopes outside the caldera the ice thickness is typically less than 100 m (Strachan
2001, Magnússon et al. 2012). The caldera wall is breached on the north side, where ice
in the caldera flows into the Gígjökull outlet glacier through an 800 m wide gap. Prior
to the 2010 eruption the ice elevation at the northern caldera margin near the head of the
Gígjökull outlet glacier was about 1400 m asl. The outlet glacier cascades downwards
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Figure 1.1. Iceland and the study areas, Kverkfjöll and Eyjafjallajökull. Jörfi is the highest peak
in Kverkfjöll (1933 m asl)

from the caldera with an average slope of 14° from 1400 m down to 800 m asl., while
between 800 m to 200 m it becomes considerably steeper (up to 26°). Prior to the 2010
eruption the outlet glacier terminated in the Gígjökull proglacial lagoon. Before 2010,
Eyjafjallajökull had erupted at least four times in the last 1500 years: ca. 500, 920, 1612
and 1821-23 CE (Larsen et al. 1999, Gudmundsson 2005, Óskarsson 2009).
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Figure 1.2. Eruption in Eyjafjallajökull 2010 viewing to the south. The main active crater was
located within the summit caldera. In the foreground, Gígjökull glacier is broken and melted due
to jökulhlaups and advancement of the lava.

The 2010 eruption in Eyjafjallajökull was preceded by seismicity and ground
inflation in 1994, 1999 and 2009 that is thought to have been caused by intrusive activity
(Sturkell et al. 2003, Pedersen and Sigmundsson 2006, Sigmundsson et al. 2010). Level
of seismicity and uplift was again elevated in January 2010 and the civil protection
authorities raised the alert level for the volcano. The activity intensified significantly
in March (Sigmundsson et al., 2010) and on 20 March a small basaltic effusive fissure
eruption started at Fimmvörðuháls, on the northeast flank of Eyjafjallajökull, 9 km
to the east of the summit caldera. This eruption produced a series of lava flows that
covered an area of 1.3 km2 and had a total volume of 0.02 km3 (Edwards et al., 2012).
The flank eruption terminated on 12 April. In the evening of 13 April, an intense swarm
of earthquakes started beneath the summit caldera and the subglacial eruption started
at about 01:30 GMT on the morning of 14 April. A white eruption plume was visible
at 06:00 (Gudmundsson et al. 2012, Magnússon et al. 2012). Due to the threat of
jökulhlaups resulting from the melting of the caldera glacier, 800 people living in the
vicinity of the volcano were evacuated. The eruption was explosive from 14 to 19 April
(phase 1), supporting 6-8 km high plumes, but by 19 April the vigour of the eruption
was much reduced, demarcating the onset of phase 2 (e.g. Gudmundsson et al. 2012).
While the explosive activity continued, its intensity weakened and only produced plume
heights in the range of 3-5 km (Figure 1.2). During this period a lava flow field was
formed that advanced 3.2 km down into Gígjökull outlet glacier. The intensity of the
explosive activity picked up again around 5 May and remained at higher levels until
17 May supporting 6-8 km high plumes (phase 3). A final and fourth phase of activity
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started on 18 May and was characterized by a steady decrease in the intensity and
eventual cessation of the explosive activity on 22 May.

1.4.2 Kverkfjöll

Kverkfjöll is a large central volcano located at the northern margin of Vatnajökull.
Volcanic activity has been minor or absent over the last 1000 years at least but a major
geothermal area is located in the western part of Kverkfjöll (Friedman et al., 1972),
some minor thermal activity is found at the highest peak, Jörfi (1933 m a.s.l.) and high
discharge hot springs are found in Hveragil on the eastern lower slopes of Kverkfjöll
(Ólafsson et al., 1999).

Figure 1.3. The Kverkfjöll mountain range and area of studies. The view is to the south

The main heat release in the Western Kverkfjöll occurs in a few well defined areas:
Gengissig, Efri Hveradalur, Neðri Hveradalur, a line of thermal spots in Langafönn
north of Neðri Hveradalur, and some thermal activity occurs under Kverkjökull (Figure
1.3). The thermal activity is most conspicuous in Efri Hveradalur with several large
steam fumaroles, hot springs and patches of steaming ground and in Gengissig, with
its large ice-dammed lake. Ólafsson et al. (1999) mapped the extent of the geothermal
activity and estimated from chemical geothermometers a base temperature of about
300°C for Western Kverkfjöll.

Gengissig is a large depression with an ice-dammed lake (usually 0.1-0.2 km2) at its
bottom. The level of the lake is usually 1610-1615 m asl., its depth is then 10-15 m and
temperature of the water body is about 5°C. Occasionally, the level of the lake rises by
up to 40-50 m, resulting in a swift jökulhlaup emerging from underneath Kverkjökull
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in the river Volga. The reasons for this behavior are unknown. A steam explosion
occurred in late summer 1959 (Jóhannsson, 1959), May 1968 (Þórarinsson, 1968) and
in the summer of 2013 (Gudmundsson et al., 2013). These explosions all occurred
in the Gengissig area (Figure 1.4). However, on the whole, thermal activity seems to
have been of the same order of magnitude since at least the 1930s when travellers and
scientists began to visit the area. Friedman et al. (1972) estimate the thermal power
of the thermal areas in Western Kverkfjöll as 1200-2200 MW, using infrared thermal
imagery and assumed values of several parameters. One of the aim of the PhD study is
to refine the estimate from 1972.

Figure 1.4. The lake in Gengissig in 2011. A view to the south.

The combination of a partly subglacial and partly subaerial geothermal area makes
Kverkfjöll an interesting test case for estimation of thermal output. Ice-calorimetry
can be applied to parts of the system while thermal imagery, heat flux estimates from
steaming ground, hot springs and fumaroles must be applied to the subaerial parts.
Ice-calorimetry of sorts may also be used for individual hot springs since snow and ice
is usually plentiful in early summer.

9





2 Methods

2.1 Heat transfer

Heat is transferred by three mechanisms (Turcotte and Schubert, 2002); by conduction,
convection and radiation. In the Earth, conduction and convection are important heat
transport mechanisms while radiation is only important on a small scale (Turcotte and
Schubert, 2002) within the Earth. Igneous rocks and melts are poor conductors of heat
(McBirney, 1993), making convection of fluid (water/steam) in porous media the most
effective mechanism of heat transfer.

Conduction takes place in solids, liquids and gases. The heat per unit area (Wm−2)
conducted where T is the temperature (K), and x is distance (m) can be expressed by
the Fourier´s law:

qcond =−k
dT
dx

(1)

where dT/dx is the thermal gradient (Km−1) and k is the thermal conductivity
coefficient (Wm−1K−1). Convection is the mode of energy transfer in a liquid or gas
that is in motion due to buoyancy forces (e.g. where a liquid or gas is heated above a
hot plate or surface). The basic equation for heat transfer by convection in a fluid is
Newton´s law of cooling:

qconv = h(Ts −Tf ) (2)

where h is the convection heat transfer coefficient (Wm−2K−1), Ts is the temperature
of the hot surface below the fluid with temperature Tf . Radiation is the energy emitted
by matter in the form of electromagnetic waves.

qrad = σε(T 4 −T 4
0 ) (3)

where σ is the Stefan-Boltzman constant (5.67 ·10−8Wm−2K−4) and ε is the emis-
sivity of the material emitting (often 0.9−1.0).

Several, more specific equations are used in individual parts of this work, and are
presented and discussed in relevant papers. For further details, the reader is therefore
referred to papers I-III. In this thesis, heat transfer rates from hot magma and cooling
lava is explored through experimental studies as well as field measurements, both
during a volcanic eruption as well as in a high temperature geothermal area. During
volcanic eruptions where ice and magma interacts, heat transfer rates from erupted
magma to surrounding ice and water determines how fast meltwater is generated that
can eventually pose hazard to lives and constructions. This is an important factor when
hazard is assessed prior to or during volcanic eruptions under ice.
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In respect to geothermal areas, the heat transfer rates define how fast heat is extracted
from the heat source of the area. By estimating the natural heat loss from geothermal
areas, important information that can be used to estimate the size of the geothermal
heat source is obtained. The natural heat loss is also important for studies of the life
span of geothermal areas and in assessing the factors that govern characteristic such as
permeability, faulting and the role of intrusive activity (Böðvarsson 1961, Björnsson
2003).

2.2 Experiments

Two sets of experiments were devised and set-up for the purpose of this study. In the
first, pure lava melt and ice were brought together, and in the second, hot crystalline
lava rocks were cooled in a calorimeter. The main parts of the experimental setups
were already present at the laboratory in Würzburg, the induction furnace (Zimanowski
et al., 1995) and the calorimeter (Schmid et al., 2010). In both sets of experiments,
the induction furnace was used to either produce the pure melt (1200°C) or heat up
crystalline lava to a temperature of 900°C. The calorimeter was used for the second
part of the experiments where hot crystalline lava was submerged into water. The
experiments were performed during one to two week periods in November 2010 and
December 2011.

2.2.1 Pure melt - ice interaction

The set-up for pure lava melt experiments consisted of a wire basket, two holders
to support the wire basket above a measuring bowl that sits on a scale (2.5). Two
thermocouples measured temperature of the melt and meltwater accumulating in the
measuring bowl. Mass of the meltwater was measured with the scale. The experiment
was recorded by two video cameras, an infrared camera (FLIR) and a high-speed camera
(300 frames pr. second).

Pure melt was prepared by crushing solid lava samples that are poured into a steel
crucible, which is heated in the induction furnace. In two experimental runs a massive
ice block was used and in two other runs the ice was crushed. In the last two runs, ice
did not have any contact with the pure melt.

When the lava was completely melted it was poured into the wire basket, either on
top of ice or at the bottom of the basket and ice was placed on top of the melt. The
core temperature of the melt was measured by pushing a thermocouple into the melt.
Surface temperature of the melt was measured by thermal imagery using a FLIR camera.
Images were taken as the melt cooled down and compared to the temperature inside
the melt. Each run was allowed to continue until the melt reached temperatures below
100°C. Total duration of the experimental runs was between 6 and 25 minutes.
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Figure 2.5. Setup for the experiments where molten lava and ice interacts.

2.2.2 Calorimeter experiments

Hot crystalline lava experiments were conducted inside the calorimeter with a stirrer
containing a small wire basket to hold the lava cubes in place above the bottom of the
calorimeter.

Eight cubes were cut out of larger samples from the lava emplaced in Gígjökull
during the Eyjafjallajökull eruption in 2010. The cube dimensions varied from 3-5 cm
and their weight was in the range 70-215 g. To ensure that no external or pore water was
present in the cubes, they were heated in an oven for 24 hours at 400°C before being
placed in the induction furnace.

Each cube was heated individually in the induction furnace up to 840-920°C for
up to two hours prior to the experiment. When the desired temperature was reached,
the cube was quickly moved from the furnace and placed inside the calorimeter which
was full of water. Eight thermocouples at two depths measured the water temperature
in the calorimeter. Two types of experiments were conducted; firstly without a stirrer,
and secondly where forced convection was generated using stirrer. The experiment was
repeated 10 times. After each run, the cube was weighed and dried again in the oven.
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2.3 Monitoring the Eyjafjallajökull eruption

During the eruption in Eyjafjallajökull in 2010, various monitoring methods were
used. For this study observations done by air and during field visits were employed.
Observation flights were frequent and conducted by various people. A complete list
of dates and participants can be found in Appendices 6.2 and 6.3 in Karlsdóttir et al.
(2012). The fieldwork was conducted in August 2011 and 2012.

Figure 2.6. Eruption in Eyjafjallajökull in 2010. The radar image (SAR) taken on May 4th,
showing the main vent area in the summit caldera and the ice canyon in the upper part of
Gígjökull. The SAR was the single most important tool for the monitoring of the ice geometry and
progression of the lava flow. A cinder cone can be seen on the image, located within the ice
cauldron.

2.3.1 Syn-eruption observations

Airborne observations were made almost daily using helicopters and a Dash 8 turbo-
propeller driven airplane from the Icelandic Coast Guard and small commercial piston-
engine airplanes. The Dash 8 is equipped with high definition cameras, infrared video
recorders, side scan radar and a Synthetic Aperture Radar (SAR) (Magnússon et al.,
2012). The SAR images were critical for monitoring the eruption because they can
image through clouds and ash plumes (Figure 2.6), and the distance-to-target can range
from 15 to 90 km at an altitude of 4-5 km asl., allowing observations at a safe distance
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from the volcano. In the first hours and days of the eruption, the SAR was used to
record the formation of the ice cauldrons by rapid ice melting (Magnússon et al., 2012).
During lava effusion in the period 18 April – 4 May, thick steam clouds frequently
reduced visibility but did not affect the SAR. Thus, the changes related to ice surface
subsidence and advancing lava could be monitored.

2.3.2 Post eruption observations

The lava field in Gígjökull was visited in August 2011 and August 2012. It was confined
on the east and west by ice walls, and accessing the lava was only possible by helicopter.
Textural and morphological variations of the lava were documented to identify possible
evidence of lava-water-ice interaction (Figure 2.7). On-ground mapping was also done
to cross check the aerial and satellite observations. Eyjafjallajökull was mapped with
an airborne LiDAR on August 12, 2010 (Jóhannesson et al., 2013). The density of the
lidar point clouds allows for interpolation of regular elevation grid with 2x2 m cell size
while the vertical accuracy is <0.5 m (Jóhannesson et al., 2011). The lidar map gives
accurate and detailed topography, including the lava flow surface, crevasse patterns, and
the various depressions and features in the glacier surface. An accurate digital elevation
model (DEM) was derived from the map allowing for creation of detailed cross sections
of the lava field and for area calculations.

Figure 2.7. Eruption in Eyjafjallajökull 2010. Example for subglacial ice tunnels that was carved
out due to mechanical and thermal erosion from meltwater. The lava is much smaller than the
tunnel.
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2.4 Geothermal features

General guidelines to define and describe geothermal features have been published
in Iceland, USA and New Zealand (e.g Jóhannesson and Sæmundsson 2005, Heasler
et al. 2009, Scott 2012). For this study, definition from Keam et al. (2005) is used for
geothermal features.

The term geothermal refers to any system that transfers heat from within the Earth
to its surface. Hot rocks without water, are geothermal. Hydrothermal is a subset
of geothermal, and means that the transfer of heat involves water, in either liquid
or vapour state (Heasler et al., 2009). Geothermal features in general occur where
surface discharge of any combination of steam, water, gases and minerals in solution
occur. All major geothermal features where heat is discharged through the surface are
hydrothermal. In Kverkfjöll, dominant hydrothermal features are; geothermally heated
ground, fumaroles and steam heated pools (Figure 2.8). Measurements of heat flow
can be applied directly to individual geothermal features at ice free areas. Where ice
covers geothermal areas, direct measurements cannot be applied, but melting of the
overlying ice can be used as a calorimeter and total heat output for the given area can
be estimated.

Figure 2.8. Geothermal features in Efri Hveradalur.

The main geothermal area of Kverkfjöll is partly ice covered. Methods to measure
heat transfer rates from geothermal features can therefore either be applied directly
to the features or indirectly by estimating the ice melt where the geothermal area is
covered by ice. For the geothermal features, both standard methods were used as well
as experiments with new methods.

For geothermal heated ground a method used by Fridriksson et al. (2006) was
applied where an empirical relationship has been defined between temperature at a
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depth of 15 cm and heat flux through soil. The areas of geothermal heated ground in
Kverkfjöll were mapped from aerial photographs and verified by on ground observations
(temperature gradient measurements) and infrared imagery. In addition two heat flux
plates were used to measure the heat flux in the soil.

Figure 2.9. Heat flux was measured in the soil by using two heat flux plates.

Heat flow from fumaroles was determined by measuring the mass flow rate of
steam emitting from individual fumaroles. A method introduced by Fridriksson et al.
(2006) was used where velocity of steam emitting from the vent is measured through
a known cross-sectional area. A cover of thick waterproof fabric with a cylinder in
the center is placed over a fumarole to collect the steam, which is lead through the
cylinder (chimney). The speed of the steam is measured in the cylinder with a hot wire
anemometer and mass flow rate is calculated.

Energy lost to the atmosphere from hot water in springs was calculated by estimating
the discharge rate of water and by measuring the water temperature.

An approach not knowingly tried before in these conditions was employed to steam
heated pools, where snow was poured into a steam-heated pool and the recovery time
of temperature is measured to estimate the input of heat. Energy flux into the springs
was then estimated from the rate at which the hot spring regained equilibrium.

A calorimetic method based on thermal properties of ice was applied to ice covered
geothermal areas in Kverkfjöll. This method has been used before in subglacial eruptions
and ice covered geothermal areas (e.g. Gudmundsson et al. 2007). The geothermal
manifestations is in the form of ice melted due to the underlying geothermal area. Three
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different types of manifestations were defined; depressions, ice dammed lakes and ice
caves.

Fieldwork in Kverkfjöll was conducted in six visits; in June and August 2008, June
and July 2009 (Figure 2.10), June 2010 and August 2011.

Figure 2.10. The author and the youngest field assistant in July 2009 during the Hveragil
fieldwork.
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3 Summary of papers

3.1 Paper I

Paper I, Experimental studies of heat transfer at the dynamic magma ice/water interface,
application to subglacial lava emplacement, is based on laboratory experiments that
were carried out to explain and quantify lava thermal properties and processes of heat
transfer from pure melt to water and ice and from hot crystalline lava rocks to water.

Settings of lava-ice interaction observed during the eruption in Eyjafjallajökull 2010
were used as an analog to the experiments. Two types of samples were used, remelted
lava rocks (pure melt) and heated crystalline lava cubes. In both types of experiments,
samples from the lava field in Gígjökull (Eyjafjallajökull 2010) were used.

For the pure melt/ice experiments the samples were granulated and pure melt
produced by heating the granulates up to 1200°C. Direct contact was studied with pure
melt being placed on ice and with ice placed on pure melt. Experiments without direct
contact were also conducted. The direct contact experiments provided very high initial
heat fluxes while the no physical contact gave values that were 5-9 times lower.

For the experiments where hot crystalline rocks were subjected to water in a
calorimeter, cube formed samples were cut out and heated up to 900°C. Water tempera-
ture was measured by eight thermocouples and the average temperature rise in the water
used to estimate thermal properties of the samples. The values for heat flux obtained are
in the range observed during the advance of the subglacial lava in the Eyjafjallajökull
2010 eruption.

New methods were used to measure heat fluxes and thermal properties of lava
samples. The results obtained are in agreement with other published values, and support
the validity of the methods.

• A new experimental method is presented where thermal transfer of energy from
molten lava to ice is conducted. The method gives good estimates for the thermal
flux. Another method where heat was extracted from heated rocks to water in a
calorimeter was also presented to measure thermal properties of rock blocks.

• Our results show that a small calorimeter is useful to make thermal experiments
with small cube like samples (d >10 cm). Heat transfer rates where heated cubes
are submerged into water were measured and thermal conductivity, diffusivity
and the specific heat capacity of the cubes can be obtained.

• Heat transfer rates of the experiments where ice and molten lava interact with
direct physical contact are highest in the first 10 s, reaching up to 900 kWm2

where crushed ice is dumped on top of the molten lava. Crushed ice keeps
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physical contact (larger surface area) to the molten lava longer than a block of
ice, where a cavity can form. Heat transfer rate falls fast with time and drop
below 100 kWm2 within 2-3 minutes. Radiation accounts for 1-15% of the total
observed heat transfer.

• Heat transfer rates at experiments where no physical contact exist between ice
and molten lava is 6-9 times lower than where physical contact is made. For
these experiments radiation is an important mode of heat transfer, accounting for
almost half of the total rate.

• Thermal properties of the benmoreite-trachyte samples used for the experiment:
thermal conductivity 1.4-1.7 Wm−1K−1, diffusivity of 9 ·10−7m2s−1, however,
the uncertainty in these values are high. The specific heat capacity value obtained
is 1.0±0.1 ·103Jkg−1K−1.

3.2 Paper II

Paper II, Subglacial lava propagation, ice melting and heat transfer during emplace-
ment of an intermediate lava flow in the 2010 Eyjafjallajökull eruption, describes
the emplacement history of the benmorite lava that was emplaced during the mixed
effusive-explosive phase between April 18 and May 4 in Gígjökull. The lava was mostly
emplaced subglacially and reached 3.2 km along a path extending from the main vent
and onto the northern slopes of the volcano. When the lava came to a halt it covered a
0.55±0.10km2.

The eruption in Eyjafjallajökull was monitored and recorded in a variety of ways:
Aircraft-based Synthetic Aperture Radar (SAR), other airborne observations (visual and
infra-red imaging), satellite imaging, tephra sampling, seismicity, web cameras, and
river measurements (e.g. Arason et al. 2011, Marzano et al. 2011, Gudmundsson et al.
2012, Magnússon et al. 2012). In this paper the results and analyses based on mainly
visual and aircraft observations during the 15 days of the emplacement are presented.

During the first 8 days, the lava advanced slowly (< 100 m day−1) building up to
a thickness of 80-100 m under ice that was initially 150-200 m thick. Faster advance
(up to 500 m day−1), forming a thinner (10-20 m) lava flow was observed on the slopes
outside the caldera where the ice was 60-100 m thick. This subglacial lava flow was
emplaced along meltwater tunnels under ice for the entire 3.2 km of the flow field length
and constitutes about 90% of the total lava volume erupted. The remaining heat, mostly
stored in the thick lava within the summit caldera, was released gradually on a time
scale much longer than the duration of the eruption. Heat was mostly released by forced
convection of fast-flowing meltwater with observed, average heat fluxes of 125-310
kWm−2.

• The total volume of lava erupted during the 2010 Eyjafjallajökull eruption is
2.5± 0.6 · 107m3and it covers an area of 0.55± 0.10km2. The 2010 lava flow
is divided into two types: A subglacial lava flow which was emplaced first and
under the glacier. It interacted extensively with meltwater. The subaerial lava
flow was emplaced after an ice canyon had been formed and flowed subaerially
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with limited meltwater interaction. The subglacially emplaced lava flow is larger
and accounts for about 90% of the total lava output.

• Continuous meltwater generation from ice melting has an important influence
on the advance of the subglacial lava flow due to the formation of ice tunnels
and the thermal extraction from the lava. Meltwater expanded tunnels in front of
the lava flow as it advanced, allowing the lava to move further and more rapidly
beneath the ice. The rapid downslope movement of meltwater and lava was also
controlled by the slope of the bedrock and the pre-eruption ice thickness.

• Thermal constraints based on field observations and measurements indicate that
about 45% of the total heat of the subglacially emplaced lava was used for ice
melting, about 4% was advected away from the glacier as warm water and about
1% was released as steam to the atmosphere. The remaining 50% was stored
in the lava, mostly in the 80-100 m thick pile in the caldera to the north of the
craters.

• The heat was mostly released by forced convection of fast-flowing meltwater with
heat fluxes of 125-310 kWm−2.

• Our emplacement model for the lava accounts for the complex lava-ice interac-
tions that occurred when lava flowed inside subglacial tunnels down the Gigjökull
outlet glacier for 3.2 km.

3.3 Paper III

The aim of paper III, Natural heat output from the Kverkfjöll geothermal area in Iceland,
is to estimate the natural heat output of the high-temperature geothermal system within
the central volcano Kverkfjöll, located at the northern edge of Vatnajökull glacier in
Iceland. The geothermal system is remote and difficult to access and has therefore not
been considered for commercial exploitation. Limited work has been done to explore
the geothermal area in detail but it has been visited on a regular basis since 1953 by the
Icelandic Glaciological Society and descriptive reports made.

The fieldwork in Kverkfjöll aimed at defining geothermal features where heat was
transferred through the surface, to apply appropriate methods to measure typical heat
transfer rates for each feature and in that way obtain a reliable estimate of the natural
heat output. Geothermal heat was found at three geographical locations; a) Hveragil,
east from the mountain range, b) Kverkjökull, an outlet glacier which divides the
mountain range in two parts, and c) Western Kverkfjöll which is divided into sub-areas;
Hveratagl, Neðri Hveradalur, Efri Hveradalur and Gengissig.

Surface extent of the high-temperature system of Kverkfjöll was mapped. Geother-
mal heat was found in Hveragil and in semi-continuous area in western Kverkfjöll
divided into Hveratagl, Neðri Hveradalur, Efri Hveradalur and Gengissig. The total
area where signs of geothermal heat are visible on the surface is estimated as 2.0-2.5
km2. Six distinctive features through which heat is transferred to the atmosphere were
defined; ice dammed lakes, ice caves, fumaroles, geothermally heated ground, steam
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heated pools and hot springs. Various methods were used for the exploration of the heat
transfer in Kverkfjöll. Some of them were well known and previously used with good
success, while others were introduced and used for the first time during this study. Heat
transfer rates are commonly in the range 50-200 Wm−2 in geothermally heated ground
but may reach up to 700 Wm−2 in places where surface temperatures reach boiling
temperature. When average over the sub-areas in Western Kverkfjöll the flux values are
in the range of 120-330 Wm−2. In total, natural heat output of geothermal in Kverkfjöll
is found to be 270±70MW . Most of the heat is transferred from ground to water where
ice creeps over spots of geothermal activity with the resulting melt of ice. This accounts
for about 50% of the observed geothermal power. The second most important is heat
transferred to the atmosphere through geothermally heated ground (22%) and slightly
less important are the hot spring in Hveragil (18%).
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4 Concluding remarks
In this thesis heat transfer in volcanic settings where water is the main carrier of heat
from magma and hot rocks, as opposed to this heat being dissipated directly into the
atmosphere, is explored. In natural settings this type of heat transfer occurs either where
magma erupts into a body of water or under a glacier, and where geothermal fluids
extract heat from hot rocks and intrusions at depth. For the subaqueous/subglacial
setting, the interaction of an effusive lava and ice/meltwater is explored. Controlled
experiments are carried out in the laboratory and observations from an actual eruption
are used to establish the nature of the interaction and quantify the heat transfer rates.

The direct contact experiments provided initial heat flux of up to 900 kWm−2 at
1100 °C declining with time to <100 kWm−2 at 200-300 °C, while the no physical
contact experiments yielded a maximum of 100-180 kWm−2. Heat flux during the lava
emplacement in Eyjafjallajökull is estimated to be in the range of 125-310 kWm−2.
This shows that the experiments fit within the order of magnitude in comparison to
the observed settings. The experiments were performed in a controlled laboratory
environment where precise instruments and techniques could be used while the flux
estimates for the lava-ice interaction in Eyjafjallajökull must be taken as crude estimates
offering order of magnitude rather than accurate values. For the geothermal area in
Kverkfjöll the heat flux is in the range of 200-600 Wm−2 at a scale of individual
geothermal spots of activity significantly larger than single hot spring or fumaroles. In
the lava-ice interaction, the heat transfer medium (water) has full access to the heat
source, heat transfer is two to three orders of magnitude higher than in the geothermal
area. For the geothermal system, the water has to be present to extract the heat from the
source and the surrounding bedrock has to be fractured to allow the water to mine the
heat. The up to 1000 fold difference in heat transfer rates between these two settings is
therefore not surprising.

Due to the frequent overflights during the emplacement of the lava flow in Gígjökull,
the advancement of the lava at various stages was observed and recorded. This results
in a comprehensive emplacement model that can be used for future hazard assessment
and forecasting in future events where lava is discharged in a glaciated environment. An
important observation after the eruption terminated in Eyjafjallajökull is that a lava flow
at the same initial temperature and initial rheology erupted within relatively short time
without any break in discharge. This can produce two distinctive lava morphologies
appearing as apparently formed in separate volcanic eruptions. This should be accounted
where prehistoric subglacial lava fields have been recognized.

In Kverkfjöll, standard methods to measure heat flux were employed and new
methods were developed. Both the new and standard methods gave convincing results
and can be used for future explorations at geothermal areas. The total heat output of the
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geothermal area in Kverkfjöll estimated in this study indicates that an older estimate of
the power of the geothermal area in Kverkfjöll is about two to four times too high. The
new estimate fits better with the size of the active geothermal area in Kverkfjöll when
compared with other areas in Iceland and elsewhere.
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Abstract Experiments simulating processes operating in volcano-ice interactions were carried out to
explain and quantify lava thermal properties and processes of heat transfer from pure lava melt to water
and ice and from hot crystalline lava to water. The samples used (70–200 g) were obtained from an
intermediate lava flow (benmoreite-trachyte) that was emplaced under and within the outlet glacier Gígjökull
in the 2010 eruption of Eyjafjallajökull. Experiments involved settings with direct contact between ice and lava,
and settings where melt and ice were separated by a few centimeters. Direct contact involved melt being
emplaced on ice and ice placed on melt. The direct contact experiments provided initial heat flux of up to
900kWm�2 at an initially lava melt surface temperature of 1100°C, declining to <100 kWm�2 at 200–300°C
within 1–2min, while the experiments without melt-ice contact yielded an initial maximum of 100–180kWm�2

dropping to 50–80 kWm�2 in 2–3min. In other experiments, where cubes of hot crystalline lava
were subjected to forced convection of water at initial temperature of 20–30°C, initial heat fluxes of
400–770 kWm�2 were followed by fast decline to<100 kWm�2 in 15–35 s, the rate depending on cube size.
The hot rock experiments provided thermal conductivity values of 1.2–1.7Wm�1K�1 and diffusivity of about
9× 10�7m2s�1. Values for heat flux obtained in these experiments are in the same range as those obtained
from field observations of the lava emplacement in the Eyjafjallajökull 2010 eruption.

1. Introduction

Volcanic eruptions where magma interacts with water and ice are frequent in Iceland [Larsen, 2002; Thordarson
and Larsen, 2007; Jakobsson and Gudmundsson, 2008; Gudmundsson et al., 2012]. In the last 11 centuries about
60% (125 eruptions out of ~200 [Larsen, 2002]) of all known eruptions in Iceland have occurred in volcanoes that
are partly or fully ice covered, many of them whose ice thickness is substantial (100–700m). The initial phase of
the eruptions is often fully subglacial, withmost of the thermal energy transferred frommagma used tomelt ice
[Gudmundsson, 2003; Gudmundsson et al., 2004; Jude-Eton et al., 2012;Magnússon et al., 2012]. Such fast genera-
tion of meltwater poses hazards to communities in the vicinity of volcanoes [Gudmundsson et al., 2008; Tuffen,
2010] as the water can burst out from the glacier in jökulhlaups, which are hazardous high-discharge floods
carrying meltwater, volcanic debris, and ice blocks [Björnsson, 2010]. The rate of meltwater generation is corre-
lated with the heat transfer rates frommagma to ice and water. The heat transfer that occurs in such settings is
therefore an important parameter for any assessment of likely impact of subglacial eruptions and associated
floods, and thus hazard assessment for potentially affected areas.

One type of volcano-ice interaction is when lava advances over, adjacent to, or under ice. Lavas that are
considered to have been partly or fully ice confined at time of formation have been described [Lescinsky
and Fink, 2000; Edwards et al., 2012], but direct quantitative observations have been lacking. During the erup-
tion of Eyjafjallajökull in 2010, a lava flow formed that advanced under ice to a point 3 km downslope from
the vents. These events prompted the studies presented here. The aim of this paper is to introduce experi-
ments performed to inspect the heat transfer modes of pure lava melt to ice interaction; explain and quantify
processes of heat transfer from lava melt to ice and water through laboratory work; and define thermal
properties of samples from lava emplaced in Gígjökull glacier during eruption in Eyjafjallajökull 2010
(benmoreite-trachyte): conductivity, heat capacity, and diffusion.
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1.1. Background

The settings where heat is extracted from magma and melts ice during eruptions in glaciated areas [Tuffen,
2007; Woodcock et al., 2014; Edwards et al., 2015] can be divided into (a) eruptions under ice where magma-
water interaction at the vent controls the style of activity [Gudmundsson et al., 1997]. A common feature in such
eruptions is magma fragmentation, leading to extremely fast heat transfer from rapidly cooling fragmented vol-
canic glass to the surrounding meltwater. Examples include the Gjálp eruption in Iceland in 1996 and eruptions
in the ice-covered volcanoes Katla and Grímsvötn [Björnsson, 2003; Gudmundsson et al., 1997, 2004;Magnússon
et al., 2012]; (b) eruptions in stratovolcanoes with partial ice cover and where vent activity is not significantly
affected by the presence of ice are not uncommon. In such cases melting occurs through interaction of either
pyroclastic flows or hot debris flows [e.g.,Waythomas, 2013] or where lava flows underneath, adjacent to, or on
top of ice [e.g., Lescinsky and Sisson, 1998; Lescinsky and Fink, 2000; Edwards et al., 2012].

A considerable body of information on heat transfer in magma-water interaction during fragmentation exists,
both from field observations during eruptions [e.g., Gudmundsson et al., 2004; Magnússon et al., 2012] and
through laboratory experiments of heat transfer from hot particles in fluids [Xu and Zhang, 2002; Schmid
et al., 2010]. In contrast, experimental and observational data on rates of melting during ice-molten lava contact
have been scarce [Edwards et al., 2013].

Threemodes of heat transfer from lava to the surrounding ice and water that occur in glaciated environments
[e.g., Höskuldsson and Sparks, 1997; Gudmundsson, 2003; Woodcock et al., 2012, 2014] are (1) free or forced
convection (advection) where heat is removed from the surface of the cooling body and transported by
water, steam, or air; (2) through direct contact of ice and hot rocks (partly convection in water and partly ther-
mal conduction through rock and ice contact), and (3) through thermal radiation from hot rock or magma to
ice. In order to inspect heat transfer modes in interaction of ice, both pure melt and hot but highly crystalline
rocks, we used controlled laboratory conditions for experiments in volcanology at a calorimeter facility in the
Physical Volcanology Laboratory at the University of Würzburg, Germany.

Measurements of heat conductivity, thermal diffusion, and heat capacities of different rocks and materials
have been carried out using different methods [e.g., Robertson and Peck, 1974; Horai, 1991; Schärli and
Rybach, 2001; Vosteen and Schellschmidt, 2003; Hirono and Hamada, 2010]. Thermal conductivity is dependent
on temperature-, pressure-, and texture-related issues like porosity, composition, and properties of pore-
filling fluids [Eppelbaum et al., 2014]. The values in the literature come from various analytical procedures
and lava compositions. Discrepancies among published values can be explained by the specific textural
and compositional characteristics of the analyzed samples and/or analytical methods.

1.2. Lava Emplacement in Gígjökull 2010

The eruption in Eyjafjallajökull in 14 April to 22May 2010 consisted of four phases [Gudmundsson et al., 2012]; all
were explosive while the second phase (18 April to 4 May) also displayed low-discharge effusive eruption.
During this effusive phase a rare opportunity presented itself to monitor settings where a lava flow advanced
subglacially in ice tunnels where direct contact between ice and lava and/or forced convection in the form of
flowing water over lava was dominant (Figure 1). The ice tunnels formed first by a swiftly flowing jökulhlaup
and later expanded by warm meltwater flowing from upper parts of the glacier where lava and ice interacted.
Due to the heat loss from the lava flow the tunnels collapsed forming an open ice canyon preventing further
interaction between flowing lava and ice. After the ice canyon formed, lava continued to flow for a short time
from the vent, covering a large part of the early stage, subglacially formed lava. This resulted in two distinctive
textures of lavas (Types A and B).

Type A was emplaced under the glacier, in meltwater tunnels and largely submerged in water. It is made of
lobes with smooth-surfaced crust (Figures1c and 1d), representing the early-stage lava and reaches to the far
end of the 3.2 km long lava flow field. Type B is an a′a lava emplaced after the ice melting and did not interact
with meltwater, but occasionally, ice fragments from the ice canyon walls fell onto it.

2. Cooling Models
2.1. Modes of Heat Transfer

We define Amelt (m
2) as the surface or contact area of the lava melt and heat flux, q (Wm�2), is defined as the

power, dE
dt

� �
in J s�1, transferred through the surface Amelt by all modes of heat transfer.
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q ¼ 1
Amelt

dE
dt

� �
total

(1)

In general, heat transfer modes, radiation, convection, and conduction [Harris and Rowland, 2009] are given
by a heat flux density (total heat flux through a given cross-sectional area) q as

qradiation ¼ σε TSurf
4 � Tamb

4
� �

(2)

qconvection ¼ hc TSurf � Tambð Þ (3)

qconduction ¼ �k δT
δy

� 	
(4)

where σ is the Stefan-Boltzmann constant (5.67× 10�8Wm�2 K�4) and ε is the emissivity of the lava surface,
with hc the convective heat transfer coefficient and Tsurf and Tamb the lava surface and ambient air tempera-
tures, respectively. δT

δy


 �
is the temperature gradient within the lava and k is thermal conductivity in (Wm�1 K�1),

k ¼ ρcpκ; (5)

Figure 1. (a) Map of the summit caldera of Eyjafjallajökull and its surroundings with the lava flow formed in 2010. Red dot
indicates the sample location on Figure 1c. (b) Photograph from 4May. The thick white steam plume indicates approximate
location of the lava front. (c) Place where samples from the subglacially formed lava were obtained 3 km from vent.
This part of the lava was covered by glacier ice fragments until summer 2011 and was emplaced under glacier (Type A lava).
(d) Close up of the sample location.
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where ρ is the density of the material (kgm�3), cp is the specific heat capacity (J kg�1 K�1), and κ (m2 s�1) is
thermal diffusivity.

2.2. Pure Lava Melt/Ice Interaction

The mass of water generated when ice is melted plus the change in water temperature can be used to calculate
energy balances between the pure lavamelt and ice andwater. Themass of accumulatedmeltwater can bemea-
sured and compared with other measured or calculated values, such as thermal energy content ofmelted lava or
crystalline lava samples used. The key parameter sought in our experiments is the rate of heat transfer. The flow
of heat from magma to ice and water, where Etotal is the total heat transferred to water is obtained from

dE
dt

� �
total

¼ dm
dt

ciceΔT þ Lice þ cwaterΔTwaterð Þ: (6)

where dm
dt is the rate of meltwater generated (kg s�1), cice is the heat capacity of ice (2.108 kJ kg�1 K�1), ΔT is

the difference between ice temperature and the melting point of ice, Lice is the latent heat of melting
(334 kJ kg�1), and cwater is heat capacity of water. Temperature of the meltwater in the experiments is in
the range from 10°C to 30°C. The variations in heat capacity over this range of temperatures are 0.3%, and
we therefore treat cwater as a constant of (4.187 kJ kg

�1 K�1 at 15°C) [Cengel and Boles, 2006].

Thermal energy, available in the lava melt, is calculated from

Elava ¼ mlava clavaΔT þ Llavað Þ: (7)

Where mlava is the mass of the lava melt (kg), clava is the heat capacity of pure melt (kJ kg�1 K�1), and Llava is
the latent heat of fusion (kJ kg�1 K�1), which is released when pure lava melt crystallizes. Due to high initial
cooling rates of the melt during the experiments discussed in this paper (of order 100°C s�1), the solidified
melt consists nearly entirely of glass. Therefore, no latent heat is released and the value for Llava is taken as 0.

The aim of the pure lavamelt/ice experiment (Figure 2) is to inspect heat transfer rates from lava melt to ice in
three different settings: pure lava melt on top of ice, ice on top of pure lava melt, and where the pure lava
melt is placed below ice without direct physical contact. Two additional types of contact experiments were
done, one where a massive ice block was used and the other where the ice was crushed to explore the effects
of ice geometry to melting rates.

2.3. Hot Crystalline Lava Cubes

In hot crystalline lava cubes experiments, thermal properties of the cubes are investigated by measuring the
heat transfer rate from the cubes to the surrounding water in a calorimeter (Figure 3). The primary heat trans-
fer parameter sought is thermal conductivity, k, of the cube itself; it is the property that controls how easily
heat is conducted from the interior of the cube. The process of forced convection of the water that transfers
the heat away is not analyzed further here.

Thermal energy, Ew (J), required to raise temperature of water by ΔT is calculated using

Ew ¼ mwatercwaterΔTwater (8)

where mwater is a constant mass (kg) of water in the calorimeter and ΔTwater is the temperature difference
between initial temperature (Ti) and final temperature (Tf). We assume that any steam that might be gener-
ated during the experiments recondenses in the water and is therefore ignored in thermal calculations.

The thermal diffusivity, κ, (m2 s�1) of a medium is the property that measures the ability of a material to con-
duct thermal energy relative to its ability to store thermal energy, defined as

κ ¼ k
ρcp

: (9)

Density can be calculated from cube mass and dimensions. Specific heat capacity (cp) can be derived by
equation (8):

cp ¼ Ew
mwΔT

(10)

The time-dependent heat transfer can be approximated by the heat conduction from a semi-infinite half
space of initial temperature T0, to the other (semi-infinite) half space at a fixed temperature T1. In our
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experimental setting the body with
temperature T0 corresponds to the
lava cube while the surroundings
with temperature T1 is the flowing
water. T0 is measured as the final
temperature in the crucible at the
time when the cube is moved to
the calorimeter. The average trans-
fer time is 3 s. Some drop in surface
temperature occurs during this
transfer and we estimate from
equation (2) that this amounts to
similar to 3% of total heat with a
corresponding drop in mean
temperature. The temperatures
reported in Table 1 use
this correction.

The corresponding cumulative heat
(J) transferred through a given area
(m2), Qcube (Jm�2), through the
boundary is given by [e.g., Turcotte
and Schubert, 2002]

Qcube ¼ ∫
t

0qdt
′ ¼ 2k T0 � T1ð Þffiffiffiffiffi

κπ
p ffiffi

t
p

¼ 2ρCp
ffiffiffi
κ

p
T0 � T1ð Þffiffiffi
π

p ffiffi
t

p
:

(11)

Under experimental conditions,
equation (11) is only valid for an
initial short time period due to the
finite sample size; while the thickness
of the layer affected by the heat
transfer within the cube-shaped
block is much less than the cube
dimensions, the heat transfer can be
expected to develop according to
equation (11). As time passes, the
half-space approximation is no
longer valid and a deviation from
the square root behavior is expected
to occur.

Heat capacity is obtained from equation (10). The remaining parameter to obtain is κ. Equation (11) can then
be written as

Qcube ¼ 2ρCp T0 � T1ð Þffiffiffi
π

p ffiffiffi
κ

p ffiffi
t

p ¼ α
ffiffi
t

p
(12)

where α is the slope of Qcube (Jm
�2) when plotted as a function of

ffiffi
t

p
. Since T0 and T1 can be measured, the

only unknown variable is thermal diffusion:

κ ¼ π

4 ρCp T0 � T1ð Þ� �2 α2 (13)

These equations are applied below to derive the heat capacity, thermal diffusivity, and heat conductivity of
the rocks used in the experiment.

Figure 2. (a) Experimental setup for molten lava/ice interaction. Molten lava
was placed in contact with the ice in a wire basket with a 25mm wire grid.
The basket hung above a measuring bowl, sitting on a scale where the mass
of meltwater was measured. (b–e) Schematic figures showing different pro-
cedures of experiments where molten lava and a block of ice or crushed ice
were brought into contact. (f and g) Schematic figures of molten lava
experiments where no physical contact was between the molten lava and
ice. Figure 2f ice block with a flat surface bottom and Figure 2g where the ice
block was produced with a bowl-shaped cavity at the bottom (igloo).

Journal of Geophysical Research: Solid Earth 10.1002/2016JB012865

ODDSSON ET AL. EXPERIMENTAL STUDIES OF MOLTEN LAVA 5

39



3. Methods

Two sets of experiments were
designed and built. In the first, pure
melt and ice were brought together
(Figure 2), and in the second, hot
crystalline lava was cooled in a calori-
meter (Figure 3). In both sets of
experiments, an induction furnace
[e.g., Zimanowski et al., 1995] was
used to either produce pure lava melt
(~1200°C) or heat up crystalline lava
cubes (~900°C).

3.1. Samples

Samples used for the experiments
were benmoreite to trachyte lava
[Sigmarsson et al., 2011] emplaced in
the outlet glacier Gígjökull during
the Eyjafjallajökull eruption in 2010.
Lava of type A was sampled ~3 km

from the vent (Figures 1c and 1d) and used for both experimental setups. The lava had a glassy crust, but
the cubes were obtained from the crystalline interior (Figure 4). Porosity of the cubes is estimated from den-
sity measurements of individual cubes using calculated grain density (2600 kgm�3) from the composition
[Sigmarsson et al., 2011] using methods inMcBirney [1993] and Lesher and Spera [2015]. The porosity for cubes
A–C is 30–39% and about 50% for cube D. Effects of porosity on the surface area of each cube are accounted
for in Table 3 and the heat flux calculations. This results in 5–20% increase of the surface area compared to a
smooth surface.

In the beginning of the experiments the cubes were all massive with no visual fractures, but due to the
cooling contraction when they were submerged into the water, fractures were formed (Figure 4).

3.2. Error Estimates

Prior to the experiments, the equipment and setup were tested for several runs. Offsets in thermocouples
were found from readings obtained in a mixture of ice and water (0°C). The infrared camera was calibrated
by comparing the temperature of a given object measured by a K-type thermocouple. The calibration process
of the thermocouples showed that temperature readings were stable and with a relative accuracy better than
0.3°C. Instrumental error for the time measurements is ±1 s and for mass ±1 g.

3.3. Pure Lava Melt/Ice Setup and Procedure

The setup for pure lava melt/ice experiments consists of a wire basket supported by two holders and located
above a measuring bowl sitting on a scale (Figure 2). Two thermocouples measure temperature of the lavamelt

Table 1. Pure Lava Melt/Ice Experimentsa

Run
Meltwater
Mass (kg)

Melt
Mass (kg)

Spill
Time (s)

Initial Melting
Rate (gs�1)

Tmax
Melt (°C)

Bubbles,
(limu o Pele)

Tinitial
Water (°C)

T @ 40 s,
Water (°C)

1 0.317 0.191 8 6.8 1135 Yes 21 18
2 0.590 0.169 12 9.5 1183 Yes 19 13
3 0.393 0.194 15 5.8 1124 No 22 40
4 0.335 0.143 10 2.0 1028 No 22 27
5 0.531 0.215 11 1.2 1196 No 22 17
6 0.293 0.170 12 1.6 1152 Yes 21 23

aMeasured values for the pure lava melt during experimental runs 1–6, where (1) lava on ice block, (2) lava on crushed
ice, (3) crushed ice on lava, (4) ice block on lava, (5) igloo above lava, (6) ice block above lava.

Figure 3. Experimental setup for the cooling rock cubes. The cubes were
heated up in the induction furnace and when they reached desired
temperatures they were moved into the calorimeter where they hung in a
wire net 8 cm above the bottom. Temperature of the water was measured
using eight thermocouples at two levels. Experiments with free and with
forced convection were conducted, with forced convection imposed using
an electrical stirrer.
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(Tm) and meltwater (Tw) accumulating in the measuring bowl. Mass of the meltwater (mw) is measured with the
scale. The experiment was recorded by two video cameras, an infrared camera (FLIR) and a high-speed camera
(300 frames per second).

Pure lava melt is prepared in a steel crucible filled with granulated solid lava particles (diameter 5–10mm)
and heated in an induction furnace to close to 1200°C, located within 1m of the experimental setup. The
heating process lasted up to 2 h to ensure that a pure homogenous melt was produced and all phenocrysts
melted. Ice was produced in a freezer (�20°C) from ionized water in an open-topped plastic box. In two
experimental runs a massive ice block was used, and in two other runs the ice was crushed, leaving ice pieces
up to 5 cm in diameter.

When the lava sample was completely melted it was poured into the wire basket, either on top of ice or at the
bottom of the basket, and ice was placed on top of the pure lava melt (Figures 2b–2e). The pure lava melt was
easy to pour and it came down in one jet. A thermocouple was pushed into the lava melt, as close to the cen-
ter as possible, after it was poured into the wire basket. In the experimental run where melt was placed onto
pure lavamelt, a bed of gravel was used to prevent themelt flowing out of the wire basket into themeasuring
bowl. Heat lost to gravel was roughly estimated from FLIR images (surface temperature increase of 50–100°C)
as being of order 104 J, 3–5% of total sample heat.

Surface temperature (Tsurface) of the pure melt was measured using a FLIR camera. Images were taken as the
melt cooled down (solidified) and compared to the temperature inside the lava melt (Tmelt). Although the
thermocouple within the lava melt was located approximately in the center, it gives a single-point measure-
ment and it is not possible to say that it provides the maximum melt temperature. However, temperature
readings from this thermocouple during cooling and the temperature extracted from infrared images gave
similar values. These data are not sufficient to determine thermal gradients within the melt during cooling.
Some heat is lost through radiation during the pouring of the melt. This, however, is not investigated further
here and does not affect our energy estimates, as they are based on the temperature as measured in the melt
after the pouring.

In the beginning of each experimental run melting of ice was, in general, very fast, and the most important
data were recorded in the first 5min. However, each run was allowed to continue until the core temperature
fell below 100°C. The total duration of the experimental runs was between 6 and 25min.

Figure 4. Crystalline lava cubes used for experiments. Images were taken after experiments. Fractures in the cubes formed
during the cooling time in the calorimeter.
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3.4. Hot Crystalline Lava Cubes—Setup and Procedure

Motivation for the hot crystalline lava cubes experiments was to assess heat transferring in the settings com-
parable to those observed in the Eyjafjallajökull eruption [Gudmundsson et al., 2012] when the lava flow was
emplaced subglacially with streamingmeltwater on top. In this setting the surface is expected to have quickly
crusted over to form a solid layer. Heat transfer rates from these hot cubes (Figure 4) to the water are sought
as well as the thermal properties of the cubes.

The experiments were conducted inside a calorimeter (12 L cylinder) with a stirrer [Schmid et al., 2010],
containing a small wire basket to hold the rock in place above the bottom of the calorimeter (Figure 4).

Four pieces of rock where cut out of larger crystalline samples from the lava emplaced in Gígjökull. The cube-like
pieces (hereafter referred to as cubes) had side lengths between 3 and 5 cm and weight in the range 70–215g
(Figure 4). To ensure that no external or pore water was present in the cubes, they were heated in an oven for
24 h at 400°C before being placed in the induction furnace. Bulk densities, ρrock of the cubes were measured
after oven drying, both in air, Mr - air, and immersed in water, Mr - water, using

ρrock ¼
Mr-air

Mr-water �Mr-air
ρwater (14)

Each cube was heated individually in the induction furnace at 840–920°C for about 90min to ensure thermal
equilibrium, about an order of magnitude longer time than the 4–12min thermal equilibrium time (diffusion
time) for the lava cubes [Gudmundsson, 2003]. After heating, the cube was quickly moved from the furnace
and within a few seconds placed inside the calorimeter. The calorimeter contained water (~5 kg) at a known
initial temperature (Ti). Eight thermocouples at two depths recorded the water temperature field within the
calorimeter during the experiment. The experiments were conducted both with still water, leading to free
convection above the block, and where forced convection was generated using a stirrer in the water. The
experiment was repeated 10 times. After each run, the cube was weighed and dried again in the oven.
During each run, the temperature of the water in the calorimeter rose by a few degrees, raising the initial
temperature of the water for the coming run.

4. Results
4.1. Pure Lava Melt/Ice Experiment

The experiment was repeated 6 times. The heating process producing the pure lava melt was the same in
all cases (Figure 2). Each experimental run consisted of pouring the lava melt from the crucible. In experi-
mental runs 1 and 2, lava melt was poured on ice (Figures 2b and 2c). In runs 3 and 4, lava melt was first
poured into the wire basket on gravel and ice placed on top of the lava melt with physical contact
(Figures 2d and 2e), and in runs 5 and 6, lava melt was poured into the wire basket and an ice block placed
on top of the basket, without physical contact with the lava melt (Figures 2f and 2g). Transport delay due
to the trickling of meltwater through the ice fragments and gravel bed is observed to be minor or less
than a second.

Measured values and observations during each experimental run are in Table 1 and thermal properties are
displayed in Table 2.

Table 2. Thermal Properties for Pure Lava Melt Experimenta

Experimental Run Amelt (m
2)±0.1× 10-3 m2 Elava (J) 5% Error Eice (J) 5% Error erad (J)

1 Lava on ice block 8.0 × 10�3 2.88 × 105 1.06 × 105 0.01 × 105

2 Lava on crushed ice 5.6 × 10�3 2.55 × 105 1.97 × 105 0.29 × 105

3 Crushed ice on lava 5.4 × 10�3 2.93 × 105 1.31 × 105 0.13 × 105

4 Ice block on lava 2.8 × 10�3 2.16 × 105 1.12 × 105 0.11 × 105

5 Igloo above lava 5.6 × 10�3 3.25 × 105 1.17 × 105 0.47 × 105

6 Ice block above lava 8.1 × 10�3 2.57 × 105 0.99 × 105 0.48 × 105

aSurface area (Amelt) of the melt-ice contact was estimated by measuring the surface of the cooled melt that was in
contact with ice. Initial thermal energy of the lava melt (Elava) is calculated by equation (7), Energy required to melt ice
(Eice) by equation (6) and radiation energy (Erad) is derived from equation (2).
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In experimental run 1 (Figure 5a), pure melt was poured on to an ice block. The initial meltwater generated
escaped quickly by flowing evenly over the ice surface as a thin water film, but within 2 s the lava melted a
depression in the ice, allowing meltwater to pond for a short time and heat up. Meltwater eroded a channel
in the surface of the ice and flowed along it to the edge of the ice block and into the measuring bowl. A
vertical trench was also formed on the edge of the ice, extending slightly into the bottom. When melt was
poured onto the crushed ice (run 2) meltwater drained through the ice, no ponding occurred and no
meltwater channel formed. This run melted the highest volume of ice when compared to the other five runs
(Figure 6b) and had the highest melting rate (Table 1). Temperature of themeltwater dropped in both runs by
5–8°C (Figure 6a). In both runs, minor amounts of steam were released, and bubbles (3–6 cm) formed on the
surface of the melt quickly after it was poured. The bubbles did not burst, but when the sample was removed
from the basket, they usually broke into many pieces. It was highly fractured and glassy without any visible
crystals observed. The shape of the solidified melt emplaced onto ice resembled the depression formed in
the ice.

In experimental runs 3 and 4 (Figures 5c and 5d) melt was first poured onto gravel at the base of the wire
basket and then an ice block or crushed ice placed on top with full contact. Steam release was more visible

Figure 5. Photographs from the pure lava melt experiments. (a) Solidified melt from run 1 where molten lava was poured
on top of an ice block. Bubbles (limu o Pele) formed on the surface. (b) Sample from run 2 where pure lava melt was
poured on crushed ice. Bubbles formed on the surface. Results from runs (c) 3 and (d) 4 where pure lava melt was
poured at the base of the basket and ice placed on top. No bubbles formed and the surface is smooth. In runs (e) 5 and
(f) 6 no direct contact took place between the lava melt and ice. The solid on Figure 5e cooled with no interaction with
meltwater where the ice block was igloo shaped (run 5), while in Figure 5f meltwater drained onto the lava melt resulting in
bubble formation on the surface of the melt.
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than in runs 1 and 2 but still esti-
mated as minor, being more promi-
nent during the crushed ice
experiment (run 3). Temperature of
meltwater rose by ~20°C during run
3 and up to 5°C in run 4 (Figure 6a).
No bubbles formed on the surface of
the solidified melt, which had a
smooth surface. When removed from
the basket, it broke into pieces.

In the last two runs, 5 and 6 (Figures 5e
and 5f), pure melt was poured into
the basket and an ice block placed
with its base 7 cm above the melt
and without contact with it. First, a
dome-shaped ice block was placed
on top of the basket. Meltwater
drained to the sides of the dome
and into the measuring bowl with-
out contact with the melt, tempera-
ture of meltwater dropped by 5°C
and no steam was formed. In con-
trast, when the flat base ice was
used, drops of meltwater drained
onto the melt, minor steam was
observed, meltwater temperature
rose by 4°C (Figure 6a), and a large
bubble formed on the surface of
the solidified melt.

4.2. Hot Crystalline Lava
Cubes Experiments

Ten experimental runs were per-
formed with each experiment lasting
about an hour. Runs 1–5 and 10 pro-
duced free convection, as the stirrer
was not used. Temperature readings
from the two different height levels
of thermocouples in these experi-
ments showed a systematic differ-
ence of 4–6°C (Figure 7) where half
of the thermocouples showed the
lower temperature and the other half
the higher temperatures. At both
levels, temperature was elevated in
the beginning of the experiment

and a difference remained between the levels until 3000–4000 s passed and the temperature was identical
at all eight thermocouples.

Runs 5–9 (cubes A–D) involved forced convection as the stirrer was used with all thermocouples
showing similar values (temperature difference >0.3°C). The average of the readings from all eight
thermocouples was used to define initial temperature, Ti, and the highest temperature, T0 (Figure 8 and
Table 3).

Figure 6. Results from pure lava melt-ice experiments, runs 1–6.
(a) Changes in meltwater temperature during the first 200 s. (b) Mass of
meltwater accumulating over time. (c) Changes in temperature within lava
melt measured with thermocouple that was pushed into the lava melt. The
temperature profile for run 1 is obtained from thermal images as the
thermocouple was misplaced, and profile for run 3 is excluded due to
mistakes in measurements.
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5. Discussion
5.1. Heat Flux at the Pure Lava Melt-Ice/Water Interface

In the experiments heat flux is obtained for the initial contact by dividing the power obtained (equation (6))
with the surface area of the lava melt. Where full contact between ice and melt occurred, a heat flux of
150–900 kWm�2 was observed initially, but it fell to 100 kWm�2 within 50–60 s (Figure 9). Though minor
amounts of steam formed where lava is in contact with meltwater, the dominant working fluid, transferring
the heat in these experiments, is themeltwater. The heat flux for the no-contact experiments are considerably
lower, with the highest rate observed being 100–200 kWm�2 for the initial values, while falling below
100 kWm�2 within 80 s. These initial heat fluxes are similar to the calculated radiated heat fluxes from
equation (2), surface temperatures of 900–1100°C, and emissivity of 0.9 (qradiation = 100–180 kW).

In the first four runs, where there was physical contact between the lava melt and ice, radiation is estimated
to be 1–15% of the total energy used for ice melting (Table 2). A maximum value of radiated energy was

obtained for each 5 s interval by using
equation (2), temperature readings from
the thermocouple emplaced in the mol-
ten lava, and ambient temperature of
the experimental lab. Comparison of
this continuously recorded lava melt
temperature with the infrared record
obtained, e.g., run 2, shows that these
two measurements gave almost identi-
cal values. Lower values were obtained
where the ice was below the lava melt
and higher values where the ice was
placed on top of the molten lava
(Figure 6c). For the no-contact experi-
ments and using FLIR-derived melt
surface temperatures and equation (2),
radiation was estimated to be ~40% of
the total energy used for melting ice
where the shape of the overlying ice
formed an igloo and ~50% where flat
surfaced ice was placed above the
lava melt.

Figure 7. Meltwater temperatures from crystalline lava experiments. (a) Water temperature readings from eight thermocou-
ples at two depth levels during experiments without a stirrer. The higher temperature readings are from the higher thermo-
couples. (b) Experimental run where a stirrer was used to generate forced convection.

Figure 8. Change in water temperature normalized to measured mass of
each cube in calorimeter during experiments with hot cubes subjected to
forced convection using a stirrer. Each curve represents the average
temperature from eight thermocouples.
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In general, the heat transfer rates were higher when using crushed ice rather than ice blocks. This is due to
larger total surface area of the crushed ice as it was broken up into fragments, ensuring larger physical con-
tact area between ice, melt, and the heatedmeltwater. In contrast, in the ice block experiments themeltwater
ponds and flows in one channel away from themolten lava. When an ice block was placed on top of the melt,
a mostly air-filled cavity was formed at the base of the ice block as it melted, slowing down the melting of the
remainder of the ice.

When lava melt was poured on a block of ice, the initial melting process was faster due to the flat contact
between the lava melt and the ice. This initial phase lasted for 30–40 s and was followed by some boiling due
to ponding of meltwater. This also resulted in rapid cooling of the surface of the molten lava, especially in the
first 100 s. After 150 s generation of meltwater slowed down and afterward heat transfer was apparently domi-
nated by slow conduction in the molten lava and free convection in the water, with minor release of steam.

In runs 3, 4, and 6 the last contact of the meltwater was with the lava melt. This resulted in relatively high
meltwater temperature (Figure 6a). The largest temperature increase occurred during run 3 where crushed
ice was placed on top of the lava melt. This is not surprising as the ice-melt contact geometry was constantly
changing and maximizing contact as the ice blocks melted. In run 4 (single ice block placed on the melt), a
cavity formed leading to less contact between the ice and the melt, with the dripping meltwater falling off
the edges of the ice block. In runs 1, 2, and 5 the last contact of meltwater with ice was before it drained into
the measuring bowl. Therefore, most of the thermal energy was used for ice melting and the temperature of
the meltwater dropped.

Steam was observed in minor amounts in some experiments. No attempts were made to collect the steam in
order to quantify volume or mass. The largest amount of visible steam (in reality air with water droplets) was
observed as small fumes that rose to about 10 cm above the crushed ice in run 3 for about 1min. A crude

estimate of energy expended in
generating this steam, based on an
assumption of 20–30°C higher tem-
perature within the steam fumes rela-
tive to the surrounding air and
assuming that the density of the
heated air plus water droplets was
slightly less than that of the sur-
rounding steam-free air, indicates a
water content maximum at any given
time to have been of order 0.1 g.
Assuming that at maximum steam
generation this amount is produced
every second, using standard values
for the latent heat of evaporation
(2200 J g�1), taking into account
heating to 100°C, and that this steam
is rising from a melt surface of
approximately 10 × 10 cm2, the heat
loss would have been ~250W, or
25 kWm�2. This is an order of magni-
tude less than the average heat flux

Table 3. Measured Values for the Hot Crystalline Lava Cubes Experiments

Experiment
Cube Mass, Mr
(kg) ±0.001 kg

Cube Surface Area Ac
(m2) ±0.1 × 10�3 m2

Initial Cube Temperature,
Tr (°C) ±4°C

Mass Water,
Mw ±0.001 kg

Temperature Difference Twi(°C)
[Tf – Ti]±0.3°C Relative

Cube A 0.125 9.7 × 10�3 880 4.938 4.8
Cube B 0.090 7.8 × 10�3 920 4.930 3.5
Cube C 0.215 15.5 × 10�3 872 4.925 8.1
Cube D 0.070 9.6 × 10�3 848 4.907 2.7

Figure 9. Calculated heat transfer rates in pure lava melt/ice experiments
using equation (1). The highest flux rates occur where molten lava interacts
with crushed ice (runs 2 and 3), while the lowest rate occurs where no phy-
sical contact is between the molten lava and ice, and heat is apparently
transferred via radiation and free convection of air and steam (runs 5 and 6).
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for the first 60 s in run 2 and only 3% of the maximum initial flux (Figure 9). Given that steam generation was
much less in other runs, we conclude that its effects are insignificant in our experiments. However, in other situa-
tions where supply of ice or water is less, the relative importance of heat transport by steammay bemuch higher.

In runs 1 and 2 where pure melt was poured on top of ice, large (3–10 cm) bubbles formed on the surface of the
cooling melt. Such limu o Pele bubbles have been observed in nature during volcanic eruptions in Hawai and in
explosive submarine strombolian eruption W. Mata volcano, Lau Basin [Maicher and White, 2001; Schipper and
White, 2010]. They form when steam is generated from water trapped below the melt, resulting in the bubbles
observed. Comparable limu o Pele was also observed by Edwards et al. [2013] during large-scale experiments
where 75–300 kg of lava melt was poured onto ice and during magma-water interaction in controlled laboratory
conditions, where pure lava melt jet was poured into a water-filled container [Schipper et al., 2013].

5.2. Heat Flux and Thermal Properties of the Crystalline Lava Cubes

Heat flux calculated for the heated cubes are initially 400–770 kWm�2 for the first 5 s, dropping down to
200–300 kWm�2 in the next 5 s, and falling below 100 kWm�2 (Figure 10a) in 15–35 s, with the fastest drop
observed for the smallest cubes. This is similar to the results for the pure lavamelt experiments, but the lowest
values from the immersed cubes are higher than the lowest values from the lava melt experiment. This might
be because the cubes are completely immersed in water, allowing heat to be extracted from the whole sur-
face while in the pure lava melt experiments the ice/water contact is mostly on one side of the lava melt.

The quality of the measurements and the internal consistency of the system can be checked by comparing
the maximum temperature change in the calorimeter (Tf–Ti), with the original thermal energy content of
the cubes (Figure 11). A good linear fit is obtained that extrapolates to zero, confirming internal consistency
and indicating that the calorimeter is accurately reproducing the energy fluxes.

Thermal diffusivity was obtained from the slope of the graphs for the first 4 s on Figure 10b, using equation (14).
The resulting values range from (8.5 ± 2.6) × 10�7 to (9.2 ± 2.8) × 10�7 m�2 s�1. The large uncertainty is a
result of the considerable scatter in temperatures within the calorimeter in the initial seconds of the
experiments (Figure 10b).

The specific heat capacity was calculated for each cube and found to be in the range between 0.99 and
1.01 × 103 J kg�1 K�1. Thermal conductivity was calculated as 1.2–1.7 Wm�1 K�1 (Table 4).

Knowing the specific heat capacity, equation (7) can be used to calculate the heat stored in the cube at a
given temperature when they were removed from the furnace. The results can be used to compare with

Figure 10. (a) Heat transfer rates in cube experiments. The plot for Cube A is more scattered than for the others as the stir-
rer was on lower voltage resulting in less uniformdistribution of heat in thewater. For description of cubes A–D, see Table 2.
(b) Accumulated heat extracted for the four cubes studied. Graph for experiments where heated cubes were cooled in a
calorimeter.Q is definedby equation (13) and the slopeof thebestfit lineof each cube is defined in equation (14). The slope is
used to find thermal diffusion for each cube. The starting point is defined from the first heating signal detected on the
thermocouples, which is set at t = 0.125 s, half the measurement interval.
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the thermal energy increase within
the calorimeter, where comparison
shows that 91–97% of the heat was
used for heating up the water in
the calorimeter. The heat not
accounted for (3–9% of the total)
was lost through radiation during
transfer time of the cubes to the
calorimeter and steam generation
that escapes from the system.

Published values of thermal conductiv-
ity can vary by as much as a factor of 2
or 3 for any given rock type, being in
the range of 1.1–2.8Wm�1 K�1 for
basalt [Clauser and Huenges, 1995].
Birch and Clark [1940] suggested a lin-
ear relationship between the inverse
of thermal conductivity and tempera-
ture. Several other models have been
suggested for the relationship

between thermal conductivity and temperature [e.g., Sass et al., 1971; Blesch et al., 1983; Zoth and Haenel,
1988]. These models show that heat conductivity decreases at higher temperatures being at 900°C, about 50%
of the conductivity at room temperatures. Experiments on Hawaiian basalt where variation in thermal conductiv-
ity with porosity was studied show that thermal conductivity can range between 0.25 and 2.0Wm�1 K�1, with
the conductivity dropping as porosity increased from 5 to 70% [Clauser and Huenges, 1995].

The chemical composition of the rock samples used for the heated rock experiments were closer to basalt
than andesite. The cubes used were also quite porous, (30–50%) and in some experiments, fractures
appeared during the cooling process. Thermal conductivity values are calculated for the first seconds of
the experiments when the temperatures were highest, 600–900°C and due to the high thermal gradient,
external water would not have entered the sample within that period, possibly enhancing the thermal trans-
fer. Various experiments and measurements show that thermal conductivity in volcanic rocks and clasts
depends highly on porosity and the pore size [Robertson and Peck, 1974; Horai, 1991; Sumirat et al., 2006].
For volcanic rocks, porosity is the controlling factor on thermal conductivity and it decreases with increased
porosity. Our results fits well to previous models and fit well within published values for thermal conductiv-
ities [Clauser and Huenges, 1995]. Table 4 shows that the conductivity for our samples decreases with increas-
ing porosity. This supports the validity of our experimental approach.

5.3. Implications for Magma/Lava-Ice Interaction in Eruptions

The relevance of our experiments for natural phenomena can be considered using, first, the comparison
between the heat fluxes obtained in the laboratory and those observed in real eruptions. Second, the textures
of the samples may be compared to those observed on lavas that have formed under ice. The heat fluxes
observed during the lava emplacement at Eyjafjallajökull in 2010 were on average 125–310 kWm�2. This
value is obtained from the approximate rate of melting observed. For example, considering the period 30
April to 4 May where about 70 × 106 m3 of ice were melted during emplacement of ~0.3 km2 of lava under
the Gígjökull outlet glacier. Estimating the energy required to melt this ice and that this occurred over
~120 h, one obtains an average heat flux value of close to 160 kWm�2. This is similar to the average heat flux

Figure 11. The relationship between the temperature rise in the calorimeter
and the product of cube mass and initial cube temperature.

Table 4. Calculated Physical Properties for the Hot Crystalline Lava Cubes

Cube Density, ρ (kgm3) Porosity (%) Diffusivity, κ (m2 s�1) Specific Heat Capacity, Cp (J kg�1 K�1) Conductivity, k (Wm�1 K�1)

Cube A 1820 ± 91 30% 9.2 ± 2.8E�07 1.01 ± 0.08E + 03 1.7 ± 0.5
Cube B 1740 ± 87 33% 9.1 ± 2.7E�07 1.00 ± 0.08E + 03 1.6 ± 0.5
Cube C 1580 ± 79 39% 8.8 ± 2.6E�07 9.94 ± 0.08E + 02 1.4 ± 0.4
Cube D 1270 ± 64 51% 8.5 ± 2.6E�07 1.01 ± 0.08E + 03 1.2 ± 0.4
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obtained for the melt over a few minutes (Figure 9). It therefore seems plausible that the heat flux obtained
for Gígjökull may be explained from advance of the lava, with rapid melting near the advancing front, where
surfaces with magmatic temperatures are frequently and repeatedly exposed to the surrounding water. The
textures on the surface of the melt samples after solidification are glassy. The surface of the Gígjökull lava,
emplaced under the glacier, is also glassy, suggesting that the in situ cooling rates were of a comparable
magnitude as observed for the samples. Moreover, in order to sustain the high heat fluxes over several hours
or days, it is proposed that the lava advance occurred from frequent, repeated breakouts through a rapidly
chilled glassy lava crust, exposing the underlying, still molten magma to the surrounding water. Our values
for Eyjafjallajökull also fall within the range suggested on the basis of theoretical modeling for lava under
water and ice [Höskuldsson and Sparks, 1997; Wilson and Head, 2002; Gudmundsson, 2003].

The relative inefficiency of thermal radiation inmelting substantial amounts of snow ahead of amoving lava flow
was demonstrated in the effusive Fimmvörðuháls eruption in March to April 2010 [Edwards et al., 2012].
Numerical values are not readily available for the melting rates, but they were far too low to cause substantial
melting when the lava flow advanced on top of the seasonal snow pack. Our experiments conform to this, with
thermal radiation heat fluxes an order of magnitude lower than those during the direct-contact heat transfer.

The heat fluxes found from the experiment can also be compared to eruptions where magma fragmentation
is believed to have been dominant. The experimental values are roughly an order of magnitude smaller than
those found for the heat transfer rates above the vents in the subglacial, initial phases of the Gjálp eruption in
1996 [Gudmundsson et al., 2004] and the Eyjafjallajökull eruption [Magnússon et al., 2012]. For the former,
average heat fluxes were 500–1000 kWm�2 (averaged over days) and at Gjálp, 1000–4000 kWm�2 (average
values for a few hours).

6. Conclusions

A new experimental method is presented where thermal transfer of energy frommolten lava to ice is measured.
The method gives good estimates for the thermal flux. Another method where heat was extracted from hot
crystalline lava cubes to water in a calorimeter also successfully measures thermal properties of the cubes.

Our results show that a small calorimeter is useful for making thermal experiments with small rock cubes
(d< 10 cm). Heat transfer rates when heated cubes were submerged into water were measured, and thermal
conductivity, diffusivity, and the specific heat capacity of the cubes were obtained.

Heat flux in experiments where ice and molten lava interacted during physical contact were highest in the
first 10 s, reaching up to 900 kWm�2 when crushed ice was placed on top of molten lava. Crushed ice
maintains physical contact (larger ice-lava contact surface area) with the molten lava longer than did a block
of ice, under which a cavity formed. Heat flux fell off quickly with time and dropped below 100 kWm�2 within
2–3min. Radiation is calculated to account for 1–15% of the total observed heat transfer.

Heat transfer rates in experiments where there was no physical contact between ice and molten lava is
85–90% lower than when physical contact is made. In these experiments radiation was an important
mode of heat transfer, accounting for almost half of the total rate.

Thermal properties of the benmoreite-trachyte samples used for the experiments were for thermal
1.2–1.7Wm�1 K�1 and diffusivity of ~9× 10�7m2s�1. However, the uncertainty in these values is high.
The specific heat capacity calculated is 1.0 ± 0.1 × 103 J kg�1 K�1.
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Abstract During the 2010 Eyjafjallajökull eruption in South
Iceland, a 3.2-km-long benmoreite lava flow was emplaced
subglacially during a 17-day effusive-explosive phase from
April 18 to May 4. The lava flowed to the north out of the
ice-filled summit caldera down the outlet glacier Gígjökull.
The flow has a vertical drop of about 700 m, an area of ca.
0.55 km2, the total lava volume is ca. 2.5·107 m3 and it is
estimated to have melted 10–13·107 m3 of ice. During the first
8 days, the lava advanced slowly (<100 m day−1), building up
to a thickness of 80–100 m under ice that was initially 150–
200 m thick. Faster advance (up to 500 m day−1) formed a
thinner (10–20 m) lava flow on the slopes outside the caldera
where the ice was 60–100 m thick. This subglacial lava flow
was emplaced along meltwater tunnels under ice for the entire
3.2 km of the flow field length and constitutes 90 % of the
total lava volume. The remaining 10 % belong to subaerial
lava that was emplaced on top of the subglacial lava flow in an

ice-free environment at the end of effusive activity, forming a
2.7 km long a'a lava field. About 45 % of the thermal energy
of the subglacial lava was used for ice melting; 4 % was lost
with hot water; about 1 % was released to the atmosphere as
steam. Heat was mostly released by forced convection of fast-
flowing meltwater with heat fluxes of 125–310 kWm−2.

Keywords Volcano-ice interaction . Glaciovolcanism . heat
transfer . Iceland . Lava flow

Introduction

The largely explosive, 39-day-long, sustained eruption in the
summit caldera in Eyjafjallajökull in 2010 (14 April–22 May)
and its preceding 23-day-long effusive flank eruption at
Fimmvörðuháls (20 March–12 April) offered an opportunity
to study several aspects of lava-ice interaction. Some of these
aspects have been reported in earlier publications, including
magma-ice interaction as revealed by airborne high resolution
synthetic aperture radar (SAR) (Magnússon et al. 2012) and the
emplacement of the Fimmvörðuháls basaltic lava onto snow
(Edwards et al. 2012). Here, we analyse the subglacial emplace-
ment of a 3.2-km-long lava flow field formed in the period 20
April–4 May. We focus on the advance of the lava flow under
the glacier ice within the northern part of the summit caldera
and subsequent advance down the path of the Gígjökull outlet
glacier. The course of events was documented by frequent ob-
servation flights, where SAR images were acquired to map out
craters, ice cauldrons and lava surfaces. These data are supple-
mented by videos and still images in the visual and infrared
spectrum as well as close inspection of the lava shortly after
the eruption ended and during field visits in August 2011 and
August 2012. We describe the lava-ice-water interaction during
emplacement of the lava flowwithin the summit caldera and, in

Editorial responsibility: K.V. Cashman

* Björn Oddsson
bjornoddsson@gmail.com

1 Nordvulk, Institute of Earth Sciences, University of Iceland,
Sturlugata 7, IS-101 Reykjavik, Iceland

2 Department of Civil Protection and Emergency Management,
National Commissioner of the Icelandic Police, Skúlagata 21,
IS101 Reykjavík, Iceland

3 Department of Earth Sciences, Dickinson College,
Carlisle, PA 17013, USA

4 Faculty of Earth Sciences, University of Iceland, Askja, Sturlugata 7,
101 Reykjavík, Iceland

5 Icelandic Meteorological Office, Bústaðavegur 9,
IS-150 Reykjavík, Iceland

Bull Volcanol  (2016) 78:48 
DOI 10.1007/s00445-016-1041-4

55



the Gígjökull outlet glacier, establish a thermal model for the
system that describes as accurately as possible the heat transfer
mechanisms involved and construct a conceptual model for the
emplacement of the lava field.

Background

In Iceland, volcanic eruptions beneath glaciers and at ice-covered
volcanoes are common (e.g. Larsen 2002; Gudmundsson 2005;
Jakobsson and Gudmundsson 2008 and references therein).
These eruptions pose a high risk to communities in the vicinity
of volcanoes,mainly because of jökulhlaups (flash floods) caused
by rapid ice melting (Gudmundsson et al. 2008; Tuffen 2010;
Edwards et al. 2015a). Because of this, glaciovolcanism has been
studied in Iceland both for historical eruptions (e.g.
Gudmundsson et al. 1997, 2004; Gudmundsson 2005; Edwards
et al. 2012; Gudmundsson et al. 2012) and for prehistoric erup-
tions (Höskuldsson et al. 2006; Stevenson et al., 2006;McGarvie
2009; Pollock et al. 2014; Schopka et al. 2006; Tuffen et al. 2008;
Stevenson et al. 2011).

Volcanic eruptions at ice-covered stratovolcanoes occur
globally, including in North and South America, Kamchatka,
New Zealand and the Antarctic. Rapid ice melting during these
eruptions can be caused by the emplacement of hot volcanic
material onto ice and snow-covered slopes (e.g. dome col-
lapses, pyroclastic flows, pyroclastic falls) that can produce
swift outburst floods and lahars (Major and Newhall 1989;

Pierson et al. 1990; Belousov et al. 2011; Waythomas 2014;
Delgado-Granados et al. 2015). The potential for disaster from
such events was tragically demonstrated by the 1985 eruption
of Nevado del Ruiz, where more than 20,000 people in the
town of Armero, Columbia, lost their lives in a lahar generated
by a relatively small eruption onto the volcano’s ice-covered
summit (e.g. Pierson et al. 1990; Witham 2005). At some ice-
covered stratovolcanoes, historical effusive eruptions have also
produced meltwater floods when lava interacted with ice and
snow (Major and Newhall 1989) including several examples at
Chilean volcanoes (Naranjo et al. 1993; Moreno and
Fuentealba 1994; Naranjo and Moreno 2004).

As far as the authors are aware, the work presented here is
to date the most comprehensive real-time set of observations
yet published on a lava field erupted into a subglacial
environment.

Geological setting

Eyjafjallajökull is an ice-capped stratovolcano located near
the southern sector of the Eastern Volcanic Zone (Fig. 1). It
is elongated east-west, rising to 1650 m above sea level (asl)
from a base at 20–200 m asl. The summit of the volcano is
covered by an 80-km2 ice cap and contains an ice-filled sum-
mit caldera that is about 2.5 km in diameter and has a maxi-
mum ice thickness of 400 m in the eastern part but about
200 m in the western part (where the 2010 eruption was

Fig. 1 Location of
Eyjafjallajökull and the study
area, marked with a rectangle on
the Iceland map. The volcanic
zones are labaled Western
Volcanic Zone (WVZ), Eastern
Volcanic Zone (EVZ) and
Northern Volcanic Zone (NVZ)
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located). On the slopes outside of the caldera, the ice thickness
is typically less than 100 m (Strachan 2001; Magnússon et al.
2012). The caldera wall is breached on the north side, where
ice in the caldera flows into the Gígjökull outlet glacier
through an 800-m-wide gap (Figs. 1 and 2). Prior to the
2010 eruption, the ice elevation at the northern caldera margin
near the head of the Gígjökull outlet glacier was about 1400m
asl. The outlet glacier cascades downwards from the caldera
with an average slope of 14° from 1400 to 800 m asl; between
800 and 200 m, it becomes considerably steeper (up to 26°).
Prior to the 2010 eruption, the outlet glacier terminated in the
Gígjökull proglacial lagoon (Fig. 2).

The 2010 Eyjafjallajökull eruption

Before 2010, Eyjafjallajökull had erupted at least four times in
the last 1500 years: ca. 500, 920, 1612 and 1821–23 CE
(Larsen et al., 1999; Gudmundsson 2005; Óskarsson 2009).
The 2010 eruption in Eyjafjallajökull was preceded by seis-
micity and ground inflation in 1994, 1999 and 2009 related to
intrusive activity (Sturkell and Sigmundsson 2003; Pedersen
and Sigmundsson 2006, Sigmundsson et al. 2010). When the
rate of seismicity and uplift increased in January 2010, the
civil protection authorities raised the alert level for the volca-
no. The activity intensified significantly in March
(Sigmundsson et al. 2010), and on 20 March, a small basaltic
effusive fissure eruption started at Fimmvörðuháls, on the
northeast flank of Eyjafjallajökull, 9 km to the east of the
summit caldera (Fig. 1). This flank eruption terminated on
12 April and produced a series of small lava flows that cov-
ered an area of 1.3 km2 and had a total volume of 0.02 km3

(Edwards et al. 2012). In the evening of 13 April, an intense
swarm of earthquakes started beneath the summit caldera and
a subglacial eruption started at about 01:15 GMTon the morn-
ing of 14 April. A white eruption plume was visible at 06:00
when the eruption broke through the ice cover (Gudmundsson
et al. 2012; Magnússon et al. 2012). Due to the threat of

jökulhlaups from the melting of ice in the summit region, ca.
800 people living nearby were evacuated. The eruption was
explosive from 14 to 18 April (phase 1), supporting plumes
rising to 5–10 km asl, but by 18 April, the vigour of the
eruption was much reduced, demarcating the onset of phase
2 (Guðmundsson et al. 2012; Fig. 3). While the explosive
activity continued, its intensity weakened and plume heights
decreased to 3–5 km. During phase 2, a lava flow advanced
3.2 km down into Gígjökull outlet glacier. The formation of
this lava field is the subject of this paper. The intensity of the
explosive activity picked up again around 5 May and
remained at higher levels until 17 May, with plumes typically
rising to 6–8 km asl height (phase 3). A fourth and final de-
clining phase of continuous activity began on 18 May and
ended with eventual cessation of the explosive activity on 22
May.

Methods

The eruption in Eyjafjallajökull was monitored and recorded
in a variety of ways: Aircraft-based synthetic aperture radar
(SAR), other airborne observations (visual and infra-red im-
aging), satellite imaging, tephra sampling, seismicity, web
cameras and river measurements (Fig. 1) (e.g. Arason et al.
2011; Marzano et al. 2011; Gudmundsson et al. 2012;
Magnússon et al. 2012). In this paper, we present results and

Fig. 2 North side of Eyjafjallajökull on 19 March 2010 prior to the
eruption

Fig. 3 Arial photograph taken looking towards the south and synthetic
aperture radar (SAR) image from 19April 2010. Channel openings (CO),
which are labelled from 1–5, formed during a jökulhlaup that occurred in
the first days of the eruption. A flow comprising meltwater and volcanic
clasts travelled partly on the surface of the glacier (red dotted line)
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analyses based on mainly visual and aircraft observations dur-
ing the 15 days of the emplacement of the 3.2 km lava flow.

Definitions

We use the term caldera to refer to the summit caldera of
Eyjafjallajökull (Fig. 2) and vent to describe the exit point of
magma from bedrock to the base of ice. Ice cauldron is the
steep-walled depression melted in the ~200-m-thick ice above
the vent within the caldera (Figs. 3 and 5). Cinder cone is the
cone-shaped landform built inside the ice cauldron around the
vent (Fig. 4). Lava mound is used for the lava mass that accu-
mulated on the northern flank of the cinder cone. A depression
in the ice forms due to melting of ice at the base. Ice tunnels
were formed by meltwater at the glacier base, and when the
roof of the tunnels melted away, an ice canyon formed. The
length of the lava flow is defined as distance from the cinder
cone to the lava front.

Syn-eruption observations

Airborne observations were made almost daily using helicop-
ters and a Dash 8 airplane operated by the Icelandic Coast
Guard and small commercial piston-engine airplane. The
Dash 8 is equipped with high definition cameras, infrared
video recorders, side scan radar and, most importantly, a
SAR (Magnússon et al. 2012) that was operated from a dis-
tance of 15–90 km at an altitude of 4–5 km asl and for which
cloud cover, steam and ash plumes are transparent. In the first
hours and days of the eruption, the SAR was used to record
rapid ice melting that formed ice cauldrons within the summit
caldera, as well as subsequent changes in their geometry
(Magnússon et al. 2012). During the lava effusion phase of
18 April–4May, changes related to ice surface subsidence and
the growth of the lava field were monitored by SAR.

Post-eruption observations

The lava field in Gígjökull was visited in August 2011 and
August 2012. It was confined on the east and west by ice walls
forming an ice canyon. Textural and morphological variations
of the lava were documented to identify possible evidence of
lava-ice interaction. Field mapping also enabled cross-
checking of the aerial and satelli te observations.
Eyjafjallajökull was mapped with an airborne LiDAR on
August 12, 2010 (Jóhannesson et al. 2013). The density of
the LiDAR point clouds allows interpolation of a regular ele-
vation grid with a 2 × 2 m cell size and vertical accuracy of
<0.5 m (Jóhannesson et al. 2011). The LiDAR map thus pro-
vides details of the topography, including the lava flow

surface, crevasse patterns and the various depressions and
features in the glacier. This accurate digital elevation model
(DEM) allowed detailed cross sections to be constructed of the
lava field, accurate calculations of areas and provided con-
straints for volume estimates.

Observations

Emplacement of the lava flow field and course of events

During the first 2 days of the eruption (14–15 April), ice
cauldrons with vertical walls formed around the active vents
in the western part of the ice-filled summit caldera where the
ice was c. 200 m thick. Water and pyroclasts accumulated in
these cauldrons and were episodically flushed in
hyperconcentrated jökulhlaups down the northern flank of
Eyjafjallajökull. The eruption occurred in late winter, at a time
when the glacier’s subglacial drainage system from the previ-
ous summer was sealed or very inefficient (Magnússon et al.
2012). As a result, rapid formation of meltwater produced
high water pressures at the glacier base as well as new path-
ways. As a result, five channel openings (CO1-CO5) formed
in the glacier (Fig. 3), with water escaping and partly flowing
supraglacially down the outlet glacier. The channel openings
formed in areas with pre-existing crevasses above bedrock
undulations. Thus, the meltwater exploited weaknesses in
the ice to accommodate the high basal pressures (Fig. 4;
Magnússon et al. 2012).

The course of events during phase 2, when the lava field
was being emplaced, is summarized in Table 1 and Figs. 3,
4, 5 and 6. On 19 April, an intense, thick white steam
plume, apparently free of tephra, was first detected, rising
in the northern part of the ice cauldron surrounding the
active vent. This was interpreted as lava-ice interaction in-
volving steam formation without evidence of significant
magma fragmentation. At this time, meltwater discharge
from Gígjökull also started to increase gradually (Fig. 6).
From 21 April to 24 April, a depression in the ice north of
the active vent gradually grew deeper until a 50 m deep
trench that measured 500 m × 500 m had formed where
the ice had previously been 150-200 m thick. No breach in
the visible cinder cone wall was observed—apparently, the
lava flowed under the cinder cone rim. The pattern of
crevassing and ice subsidence indicates that the lava flow
reached the northern caldera margin on 29 April. Initially,
the average lava advance rate is estimated <100 m day−1. On
30 April, surface features of the lava flow were first ob-
served in the ice canyon on SAR images; these features
being clearly distinct from the ice as a bright surface that
indicated a high degree of that surface roughness. These
observations confirmed the existence of an active lava flow
advancing down the slopes. During this time, steam rose
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from crevasses in the glacier at progressively greater dis-
tance from vent and was followed by collapse/melting of
ice above the tunnels where the lava flowed; eventually, this

process formed a fully open ice canyon. On 1 May, the ice
canyon stretched half way down the glacier and intensive
steam generation from the whole canyon (Fig. 5d). Lava

Fig. 4 Synthetic aperture radar (SAR) images show changes in the
glacier morphology during the advance of the lava flow. Channel
openings (CO 1–CO 5) are marked with blue while the estimated
position of the lava front is marked with red arrows. The lava front was

estimated from visual observation and indicated by a dense steam plume.
SAR images were used to identify the migration of the lava and were not
affected by steam and clouds which obscured the visibility
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propagated outside the caldera between 30 April and May 4
with the fastest advance and open ice canyon formation
observed between 2 May and 4 May. During this period,
the lava flow advanced at ≤500 m day−1 reaching its max-
imum length of 3.2 km from its source. At the same time,
meltwater discharge increased from 80 to 300 m3 s−1 follow-
ed by an abrupt drop to 50 m3 s−1 on 5 May (Fig. 6). At no
time was lava observed flowing on top of ice, apparently all
lava advance occurred at the glacier bed.

At the end of the eruption, the lowermost part of the lava
flow field was covered by fragmented glacier ice. During the

summer and autumn after the eruption, the ice melted away
and the lava field was exposed (Fig. 7). These areas were
explored in the summer of 2011 and 2012.

Field observations of lava characteristics

The morphology of the lava observed on ground in the low-
ermost 800 m of the lava flow defines two distinct types
(Fig. 8a), one of which has characteristics of a lava flow that
has interactedwith ice (Fig. 8c) andwater, and the other shows
no water or ice interaction (Fig. 8b).

Table 1 Observations from flights and web cameras on April 20–May 4

Date Observation

April 20 A narrow depression over the meltwater path of the jökulhlaups north from the vent area was clearly visible
but very little other subsidence of the ice had occurred (Fig. 4). Steam generation was limited.

April 21 Steam was observed rising from the north sides of the west cauldron (Fig. 5) in the morning, and in the afternoon,
a dense white eruption plume rose straight up from the summit up to 3 km asl. Supraglacial water came from the
lowermost channel opening (CO5) in 1300 m asl. Meltwater flowed partly on the surface of the glacier, around the
mid-section (1300–2500, 900–600 m asl) (Fig. 5). Flowing water was observed in some of the channel openings. At
places, the pathways of water were blocked leading to temporary water accumulation in the channel openings. No
steam was observed in channel openings. Continuous low discharge of meltwater spread out on the delta covering the
area of the former lake Gígjökulslón.

April 23 SAR images showed that a cinder cone was building up within the ice cauldron (Fig. 4), isolating the vent from the
surrounding ice. A lava mound was seen on the northern slopes of the cinder cone. No changes in channel openings
were observed.

April 24 The bottom of the depression since April 20 was melted away and steam rose from a 500 m × 100 m are within the
depression, reaching from the cinder cone (Fig. 5). Steam plume rose to the summit elevation of Eyjafjallajökull
(1.6–1.7 km asl, 200–300 m over source). No steam was observed from the channel openings in Gígjökull.

April 26 SAR images (Fig. 4) revealed that the rims of the cinder cone continued to grow and fill up the volume within the ice
cauldron. The lava mound on the northern slopes of the cinder cone it had grown since April 23.

April 27 Ice had completely melted above the lava out to 1100 m and had merged with CO 1 forming a continuous ice canyon.
A steam plume rose to a few hundred metres at 500 m (Fig. 5). FLIR images revealed >400 °C on the cinder cone and
on the lava surface at the bottom of the ice canyon, where visible between steam clouds. Fumes rose from channel
opening CO 5 and a new hole in the ice between CO 4 and CO 5 with concentric subsidence around it. This suggested
warm meltwater draining after temporary storage at this location.

April 28 Fumes rose temporarily from CO 4 and CO 5 in association with small flash floods on the delta in front of Gígjökull.
The largest such flood occurred at 11:28. As the water reached the delta, it was still warm, since fumes rose from the
floodwater. A constant steam plume was seen in the lower most part of the glacier (CO 5).

April 29 The size of the lava mound increased since April 26 (Fig. 4). The ice canyon extended northwards, merged with the
upper most channels opening (CO 1), passed west of CO 2 and reached to CO 5. A part of the SAR images show in
great detail the surface of the lower part of Gígjökull. No changes had occurred since the floods on April 14–16.

April 30 Surface features of the lava were visible for the first time on SAR images (Fig. 4). The lava was observed as flowing
through the ice canyon to the west of the eastern channel openings (CO 1–CO 3). The lava was 1700 m long. In the
evening (21:00), web cameras showed thick, continuous steam plume rising from the whole ice canyon.

May 1 Ice canyon reached down to the mid-section of the glacier at 2100 m (900 m asl) (Fig. 4). Steam plume rising from the ice
canyon north of the crater was denser than before and was generated from the whole ice canyon (Fig. 5), largely obscuring
its base. No steam rose up from CO 2 and CO 3. The glacier was heavily crevassed on both sides of the ice canyon.
Large, seemingly unstable blocks of ice marked the margins of the tunnel in places.

May 2 A continuous steam plume was generated from the ice canyon during the day.

May 3 The ice canyon stretched all the way from the crater down to lenght 3050 m, at an altitude of 800 m. Surface features of the lava
flow were visible on SAR images, showing levies to the sides and a trench in the centre (Fig. 4).

May 4 The flow had reach 3200 m in length and could be split into an upper flow and a lower flow, with the upper flow terminating
in a distinct front, some 500 m south (unslope) of the margin of the lower flow. Apparently, the upper lava had flowed down the already
formed ice canyon, having limited contact with ice. The lava front was 350 m from reaching the upper part of the delta in front
of Gígjökull. Steam rose only from the lower end of the ice canyon, as well as some more fumes occasionally rising from the
upper parts of the ice canyon.
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Subglacial lava

The lava furthest (3.2 km) from the caldera comprises
mostly individual lobes that partly overlap each other,
being emplaced until May 4. The surface is covered by
breccia and tephra, and the lava has vesicular tops and
dense, vitric cores. In several locations, remnants of ice
tunnels (ice arches) were found 2.8–3.2 km from the vent

area. In these tunnels, lava tongues on the order of few
metres wide are frequently covered by water-transported
sediments (Fig. 8e). These lavas are interpreted as having
been emplaced subglacially at the glacier-bedrock inter-
face. The abundance of vitric material, lack of oxidation
and locations within ice tunnels (preserved locally) are
consistent with lava advance through meltwater tunnels,
largely filled by meltwater.

Fig. 5 Advance of lava downslope from summit (April 21, April 24,
April 27, May 1 and May 5). a On April 21, lava started to flow down
the northern flank of the cinder cone building upwithin the northern-most
ice cauldron. A thick white steam plume indicated direct lava/ice contact.
b The lava mound continued to grow, and on April 24, it started to
advance to the north, widening the ice cauldron to the north. c By April
27, the deforming ice in the depression north of the lava mound was
completely melted, allowing the lava to flow subaerially for the first

300 m away from the centre of the lava mound. d On May 1, the lava
advanced faster because it encountered previously melted tunnels and a
steeper bedrock surface. The upper part was subaerial while the lower part
flowed subglacially in tunnels, allowing direct lava-ice and water
interaction. e After advancing faster from April 29–May 4, the lava
reached its maximum length of 3200 m, measured from the outer rim of
the cinder cone, on May 5. Thick white steam rises from the lava front
while an ash-rich plume rises from the cinder cone

Fig. 6 Discharge of meltwater
from Gígjökull and temperature
measured at Markarfljótsbrú,
18 km downstream from
Gígjökull in the period from April
20 to May 7
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Subaerial lava

Approximately 500 m upstream from the end of the lava field,
a steep, blocky lava front rests on top of the lava mounds
interpreted as emplaced subglacially. The upper blocky lava
has a typical subaerial lava morphology and is covered by
partly oxidized blocks (clinker) and minor tephra cover on
its surface (Fig. 8d). The subaerial lava flow is typified by
an open lava channel bounded by well-developed levees. It
was emplaced after the bulk of the ice melting took place in
Gígjökull. At the time of its emplacement, the ice canyon had
already formed and the subaerial lava flow advanced with
limited interaction with water and ice for 2.7 km downslope
from the caldera margin. After its emplacement, ice fragments

occasionally fell onto the solidified surface causing small
steam plumes.

Estimates of lava area and volume

The lava flow is easily delineated on the LiDAR map from
August 2010 (Fig. 9), from which its area is determined to be
0.55 ± 0.10 km2. In order to estimate the average flow field
thickness, a set of cross sections was extracted from the
LiDAR map at 200 m intervals along the entire flow field.
Maps of the subglacial bedrock topography before the erup-
tion are not available. However, after the eruption, the bedrock
was visible in several places along the ice canyon. The surface
slope of the glacier (Fig. 10) also provides constraints on the

Fig. 7 Satellite image showing
the outlines of the lava (red,
dotted line). East and west
margins of Gígjökull glacier are
marked with dashed orange line
and channel openings 2 and 4
with a broken yellow line
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pre-eruption topography. We assume a glacier relating basal
shear stress (τ0), ice thickness (H) and slope (α). Here, the
density of the glacier is ρice (900 kgm3), g is gravitational
acceleration (9.8 ms−2) and f´(0.75) is the ratio between driv-
ing stress and basal stress estimated from the width of the
glacier (Paterson 1994):

H ¼ τ0
f
0
ρicegsin αð Þ ð1Þ

Equation 1 can be used to estimate the thickness of the
glacier and therefore also the bedrock elevation. Together with
observations in the field, we calculate a lava volume
(Vlava) of 2.5±0.6 · 10

7 m3. About three quarters of this vol-
ume resides inside the summit caldera (1.8 ± 0.5·107 m3) and
one quarter (0.7 ± 0.2·107 m3) forms a much thinner lava flow
along the path of Gígjökull, outside the summit caldera. The
entire lava field within the summit caldera is considered to be
subglacial, as is most of the lava in Gígjökull, yielding a total

subglacial volume of 2.3±0.6 · 107 m3 and 0.2 · 107m3 for the
subaerial lava.

Thermal history of the lava-ice-water system

Controlling modes of heat transfer

Heat transfer in a subglacial environment, where ice, water
and lava interact, is controlled by thermal convection and
advection of heat by flowing water which is about two orders
of magnitude more effective as a coolant than air under con-
ditions of both free and forced convection (e.g. Çengel and
Boles, 2006). Another factor that contributes to heat transfer is
steam generation, where heat can be lost to the atmosphere, as
well as heat conducting to the underlying bedrock (Wooster
et al. 1997). In general, heat transfer from lava to its surround-
ings involves a complex mixture of processes including radi-
ation, convection and conduction. Where lava is submerged in

Fig. 8 a The lowest part of the
lava field where the subaerial lava
flow stops and the subglacial lava
is visible. b, d The subaerial lava
has blocky surface and less tephra
coverage. c The subglacial lava
flow is lobate with breccias on top
and thicker tephra cover. e Ice
arch, remnants from ice tunnels.
Subglacial lava is outlined by red
dotted line. The lava is partly
covered by water-transported
sediments
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water, the lava surface is rapidly cooled with heat transfer
controlled by conduction through a rapidly formed lava crust,
when water flows on top, rapid heat transfer is aided by forced
convection in the water. Radiation to the overlying water can
be ignored as lava surface temperatures are expected to drop in
a matter of seconds from magmatic to values closer to that of
the surrounding water (Moore, 1975). As in the flow of lava
on the surface of the Earth, the insulating effects of the rapidly
formed lava crust are essential for keeping the lava hot and
fluid and allowing it to continue downslope (e.g. Keszthelyi

et al. 2006). After an eruption, residual heat retainedwithin the
lava is gradually released during cooling.

Energy balance for subglacial lava flow

During the 2010 Eyjafjallajökull eruption, the mass of lava
erupted and the mass of ice melted can be estimated with rea-
sonable accuracy (about 20 % uncertainty) and the temperature
of the meltwater released from the glacier is known. Thus,
individual components of the system’s heat balance can be

Fig. 9 LiDAR map of
Eyjafjallajökull measured in
August 2010 (Jóhannesson et al.
2013) showing the summit
caldera of Eyjafjallajökull, craters
formed during the 2010 eruption
and the outlet glacier and
Gígjökull, where lava (marked
with green line) flowed during the
eruption. The map has resolution
of 2 × 2 m. Lines labelled a to d
correspond to topographic
profiles shown to the right
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estimated. The results enable comparison of estimates of the
total thermal energy of the lava to the heat consumed bymelting
ice, heating of meltwater and steam generation. We also con-
sider the implications for residual heat and estimate the rates at
which heat was lost from the lava as thermal energy.

Here, a simple energy balance is applied to estimate the
average heat transfer rates from observations and fieldmeasure-
ments making use of heat transfer applications to these settings
(Höskuldsson and Sparks 1997; Wooster et al. 1997; Wilson
and Head 2002; Gudmundsson 2003; Wilson and Head 2007).

Energy balance of the lava-ice-meltwater-steam system

The overall heat balance for the system during emplacement
of the subglacial lava flow can be written as follows:

Elava ¼ Eice þ Ewater þ EsteamþEres; ð2Þ

where Elava is the total available thermal energy from the
erupted lava, Eice is energy spent melting ice, Ewater is energy
extracted from the lava by meltwater and not transferred to the
ice, Esteam is energy used for steam generation into the atmo-
sphere and Eres is the residual energy stored in the lava field
after lava emplacement came to a halt. Energy transferred to
the bedrock via conduction in the time frame of the emplace-
ment of the lava is negligible and therefore not included in the
overall heat balance. Heat lost with radiation to the atmo-
sphere is also considered to be negligible for the subglacial
lava flow.

Initial heat in the lava flow

The amount of thermal energy available from the lava by
cooling (sensible heat) and solidification (latent heat) is ob-
tained from

Elava ¼ V lavaρlava Llava þ cp;lava Ti−T0ð Þ� � ð3Þ

where Vlava is the volume of subglacially erupted lava flow
(2.3 ± 0.6 · 107 m3), ρlava is density (2400 kg m−3;
Gudmundsson et al. 2012), Llava is the latent heat of fusion
(3.7·105 Jkg−1), cp , lava is the lava heat capacity (1.0·103

Jkg−1 K−1; Oddsson et al. 2016), Ti is the initial (magmatic)
temperature (1300 K, Keiding and Sigmarsson 2012) and T0 is
the ambient temperature (taken to be the freezing point of
water, T0 = 273 K). We constrain Eres by estimating the first
three terms on the right hand side of eq. (2) and then use eq.
(3) to estimate the total heat available. The difference provides
an estimate of Eres, which should be lost gradually over a
timescale much longer than the duration of lava emplacement.
Using eq. (3), the total thermal energy contained in the sub-
glacial lava flow is estimated to be

Elava ¼ 7:8� 2:2*1016 J:

Heat consumed for ice melting

The thermal energy required to melt ice can be estimated from

Eice ¼ V iceρiceLice ð4Þ

Standard values for ice are used in Eq. (4) with ρice =
900 kg m−3 and Lice = 334 kJ kg−1 (Çengel and Boles, 2006).

Volume of melted ice (Vice) was estimated by calculating
the ice loss from digital elevation models (DEM) produced
before and after the eruption. Within the summit caldera, the
volume of ice melted after 18 April is 6.8 ± 0.7·107 m3 and the
volume melted to the north of the summit caldera, in
Gígjökull, is 4.6 ± 0.5·107 m3. This gives a total of
1.14 ± 0.17·108 m3 of ice melted due to the advance of the
lava, equivalent to 1.05 ± 0.16·107 m3 of water. Thus, Eice is
3.5 ± 0.5·1016 J, ~45 % of the total energy.

Heat advected with meltwater beyond glacier margin

The temperature of the meltwater was measured 18 km down-
stream from Gígjökull. Analysis of the temperature series

Fig. 10 South–North cross-
section over the summit, main
vent area and Gígjökull glacier
showing the altitude of the glacier
surface prior to the eruption. The
post-eruptive section from the
main vent down to length of 3200
m is the lava surface
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(lower curve on Fig. 6) shows diurnal variations until 28
April, suggesting daytime heating over this period. This indi-
cates that atmospheric heat was transferred to the river and that
the meltwater issued from Gígjökull at a temperature not sig-
nificantly above zero. In the period 28 April–5 May, spikes in
water temperature ranging from 8° to 17 °C occur when water
discharge is 70–300m3 s−1. This is in line with observations of
steaming water emerging fromGígjökull which indicates tem-
perature of significantly above freezing, although no direct
temperature measurements were made close to the outlet. At
other times (e.g. mid-day 1 May), ice in the water, both at the
outlet and by the bridge, 18 km downstream was observed
indicating that the meltwater was emerging at ~0 °C. An order
of magnitude estimate of energy transport associated with
meltwater beyond the ice edge can be made by assuming that
the observed peaks in temperature between 28 April and 5
May represent release of meltwater at temperatures two to
three times higher than measured at the bridge (8–50 °C),
assuming significant cooling of meltwater along the 18 km
river path. The volume of water released during these temper-
ature peaks was approximately 2.5·107 m3.

The energy consumed to heat the meltwater can be crudely
estimated by summing up the contributions from the six oc-
casions of elevated temperature observed between 28 April
and 5 May:

Ewater ¼ ρwatercp;water∑
6
i¼1 ∫tfti

dV

dt

� �
water

T tð Þdt
� �

: ð5Þ

Here, (dV/dt)water is discharge in m3 s−1, T(t) is estimated
water temperature (2–3 times observed at bridge), ti is the time
of initiation of the temperature anomaly and tf is the time when
it stops and cp ,water is the heat capacity of water
(4.187 kJkg−1 K−1). The thermal anomalies occurred on
April 28 and 29 and May 2, 3, 4 and 5. Ewater is then 2–4·
1015 J, an order of magnitude smaller than the energy used for
melting ice.

Heat consumed for steam generation

The energy consumed by steam generation is estimated using
the empirical relationship between the energy required to gen-
erate the plume (Q) and the height of the top of the plume (H)
(Morton et al. 1956) in standard atmosphere:

H ¼ 46Q
1
4 ð6Þ

H is measured in m and Q in kW. This equation can be
solved for Q, as

Q ¼ 2:23 10−7H4 ð7Þ

A first-order estimate of the magnitude of energy used to
generate the steam plume can be made by integrating equation

(7) using records of steam plume height over time (Morton
et al. 1956):

Esteam ¼ ∫t0 2:23 10−7H4
� 	

dt: ð8Þ

The integration is performed over the time when significant
steam plumes were generated. Steam generation from the ice
canyon was intense for 4 days, 1 May–4 May. As it was only
possible to observe the steam plume during the day, the
highest plume altitude measured per day was used and as-
sumed to apply over 24-h period. The maximum height is
used to obtain an order of magnitude of the upper bound of
the energy required for the plume. The steam rose to a maxi-
mum of 2.0 ± 0.2 km above the lava field for 2 days and
1.0 ± 0.1 km for the other 2 days. This gives a total
Esteam=6.5 · 10

14 J for these 4 days, which is two orders of
magnitude less than the energy required to melt ice.

Total energy balance

From the energy balance calculations above, we find that the
estimated residual energy in the lava field after effusion ceased is

Eres ¼ Elava− Eice þ Ewater þ Esteamð Þ
¼ 7:8� 2:2*1016−3:7� 0:6*1016 ¼ 4:1� 1:7*1016 J

This result implies that at least 50 % of the initial thermal
energy within the lava is extracted from it during emplace-
ment. The remaining 50 % of the energy is stored mostly in
the thickest part of the lava in the summit caldera. The low-
ermost part, where the lava is thinnest and meltwater has
good access to the lava field, heat is extracted at a much faster
rate.

The importance of meltwater during the emplacement of
the lava is twofold: first, it extracts heat from the lava, which
could affect the lava’s viscosity and physical behaviour
(Griffiths 2000), and secondly, it transports the heat down-
slope from the location of the lava at any given moment
resulting in enlargement of existing subglacial ice tunnels
and possibly the creation of new ones, thus allowing the lava
to continue its subglacial migration.

Heat flux from lava to ice

Lava in the caldera

A growth of a depression at the surface of the glacier ice was
observed while lava was piling up within the caldera and
starting to flow subglacially towards the uppermost part of
Gígjökull. The surface depression was formed due to heat
extracted from the lava. It can be extracted by two principal
mechanisms: (1) Via conduction from the upper surface of the
lava to the ice, with the resulting meltwater flowing
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continuously away from the contact zone. (2) Via infiltration
of water into cooling cracks in the lava, where heat is removed
and convected away by the water and possibly steam formed
in the cracks (Tuffen et al. 2002). This second process may, at
least, initially enhance heat transfer and consequently the rate
of ice melting.

Heat flux can be estimated using equation 4 to calculate the
energy required to melt the observed volume of ice over a
known time period. From 21 April–24 April (72 h),
~7.5 ± 1.9·106 m3 volume of ice was melted in a 50 m deep
depression and ~500 m × 500 m in area north of the active
vent. This requires 8.9 ± 2.2·109 W. The area of the lava
emplaced under the depression is estimated from the Lidar
map to be 6.1 ± 0.6·104 m2, yielding a heat flux of 150 ± 25
kWm−2. This is an order of magnitude less than the heat trans-
fer on 14 April when the eruption was entirely explosive, as it
melted its way through the overlying ice while the ice caul-
drons were forming (Magnússon et al. 2012).

Lava in Gígjökull

The area of the lava flow outside the caldera, A=3.0±0.5 ·
105m2, is used to estimate the heat flux during the propagation
of the lava flow down the Gígjökull glacier. The propagation
occurred primarily 30 April–4 May (120 h) and during that
time ice melting is estimated to have amounted to 7 · 107 m3,
or Eice= 2 · 1016 J. If we assume that the average lava area over
this period is half the final (A/2), the following expression can
be used for heat flux (q):

q ¼ 2E

At
: ð9Þ

Applying equation 9 to the 30 April–4 May period, we get
a flux ~310 kWm−2. This value is twice that of the caldera
lava, perhaps because the steeper slope caused faster lava and
meltwater flow, leading to more efficient forced convection. It
may also be that this value is on the high side, since tunnel
widening by warmmeltwater before 30 April may account for
a part of the ice volume melted.

Discussion

Conceptual model of the lava emplacement

Based on our observations and thermal considerations, a
conceptual model for the emplacement of lava beneath a
relatively steeply sloping outlet glacier is presented. We
consider that meltwater is the working fluid that transfers
heat from the lava and advects heat downslope where it is
used in enlarging existing meltwater tunnels and, to a
lesser extent, in excavating new tunnels.

The model as it applies to Eyjafjallajökull is presented
schematically in Fig. 11. The first stages (Fig. 11a, b) rep-
resent the initial part of eruption, which formed ice caul-
drons with a mixture of tephra and meltwater. When hy-
drostatic pressure exceeded the glaciostatic pressure, the
mixture exited the cauldrons in high discharge
jökulhlaup (Magnússon et al., 2012). The cycle of meltwa-
ter accumulation and release was repeated until the produc-
tion of meltwater slowed or a situation of continuous drain-
age was established. The jökulhlaups formed a subglacial
drainage system that locally was open to the glacier surface
where ice tunnel roofs had collapsed. Once the ice caul-
dron had reached sufficient width and accumulation of
tephra against the ice walls had restricted contact between
magma and ice, the rate of meltwater was much reduced
(Fig. 11c). During this stage, access of water to the vents
was reduced and a cinder cone started to build up within
the ice cauldron. Coinciding with a drop in magma produc-
t i on r a t e , t h e e rup t i on tu rned pa r t l y e f f u s i v e
(Gudmundsson et al. 2012) and lava started to flow outside
the northern flank of the cinder cone within the summit
caldera, allowing lava-ice interaction and increasing pro-
duction of meltwater (Fig. 11d). Meltwater drained freely
away from the vent area as it was generated, continuing to
expand the drainage system and forming a tunnel at the
base of Gígjökull outlet glacier that extended to the glacier
snout/terminus. The widening of the tunnel was principally
thermal and was most pronounced in the first few hundred
metres downslope of the lava front but much reduced fur-
ther away. (Fig. 11e). Lava advanced subglacially down
the previously carved meltwater tunnels under Gígjökull
and thick, white steam plumes formed where direct inter-
action was between the lava and the meltwater. The lobate
morphology of the subglacial lava flow indicates that it
was transported through well-insulated pathways to the
leading edge of the flow while still relatively hot and fluid.
This was possible due to rapid formation of a coherent (and
relatively thick) insulating crust between the molten lava
and the overlying meltwater. In addition to the insulating
effect, the local bedrock slope affects the rate of advance,
but the observations cannot differentiate between this ef-
fect and the effect of possible changes in lava discharge.
The transfer of heat from the lava was meltwater-enhanced
to maintain the ice melting in the tunnels and, eventually,
the ice melted away (Fig. 11f). The subaerial lava flow is
inferred to have formed when the internal pathway within
the subglacial lava flow inside the ice canyon in the upper,
steep part of the outlet glacier, just north of the summit
caldera margin, was no longer effective. This second lava
flow (subaerial) flowed on top of the ice free and relatively
dry earlier formed lava. Steam was generated either where
ice blocks fell on top of the lava flow or meltwater streams
percolated through the top or sides of the lava, but the
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Fig. 11 Emplacement model for the subglacial lava flow in Gígjökull. a
Phreatomagmatic eruption—water-filled ice cauldron. bWater and tephra
drained from ice cauldron in a swift jökulhlaup. c Ice cauldron water
free—cinder cone starts to build up—eruption becomes mixed
explosive-effusive. d Lava advances under north cinder cone rim

towards north under ice. e Lava closest to the cinder cone no longer
covered with ice, melting continues and lava front advances under ice
down the outlet glacier. f Lava flow has reached its full length, overlying
ice mostly melted. Subglacial lava flow partly covered by subaerially
erupted lava
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fumes formed were miniscule compared to those observed
on 1–4 May.

The general scenario for lava effusion at an ice-clad
stratovolcano is described by Lescinsky and Fink
(2000). Meltwater generated due to lava-ice interaction
travels freely downslope through pre-existing englacial
and subglacial tunnels. The tunnels are enlarged by ther-
mal and mechanical erosion, allowing for increased dis-
charge and for partial tunnel occupation by lava and syn-
eruptive debris. With time and depending on the thickness
of the overlying ice, the tunnel roofs are undercut and
collapse to form an open canyon and allow meltwater to
pond. Lescinsky and Fink (2000) suggested that intense
steam indicates direct lava-ice contact; this has been con-
firmed by close field observations at recent eruptions (e.g.
2010 Fimmvorðuháls (Edwards et al. 2012) and 2012–
2013 Tolbachik (Edwards et al. 2015b)). They also sug-
gested that substantial meltwater runoff is produced. This
description fits well with the observations and the concep-
tual model presented here. However, as the emplacement
of the subaerial lava flow shows, once confining ice roofs
have melted, subsequent lava pulses may record little ev-
idence of their englacial environment and partly conceal
the evidence for ice-canyon emplacement.

Eruptive environment

Our work clearly shows that a lava flow with the same
rheology erupted within a relatively short time without
any break in discharge can result in two distinctive
morphologies after it is emplaced and solidified. The
largest influence here is the syn-eruptive change in the
surrounding environment from one where lava has sig-
nificant contact with ice and meltwater, to one with
limited or no contact with the same. The variable during
the eruption is the access and interaction with ice and
meltwater. When the ice is melted away in the lava’s
path leading to cessation of lavameltwater interaction,
the lava morphology changes. Even though the lava
may still be constrained on both sides by glacial ice
50–100 m thick, the lava morphology may not record
the presence of the glacier. This needs to be taken into
account where prehistoric subglacial lava fields are rec-
ognized. Edwards et al. (2015a) found similar effects for
lava erupted beneath snow during the Tolbachik erup-
tion, where lavas erupted beneath snow had distinctly
more bulbous morphologies and were more vitric than
surrounding subaerial lavas. The present study and that
from Tolbachik show that detailed field investigations of
lava morphologies may be necessary to identify prod-
ucts from early parts of the eruption when snow/ice was
present, which were subsequently obscured by more
typical subaerial lava morphologies.

Jökulhlaups

Jökulhlaups are one of the largest hazards associated
with volcanic eruptions in Iceland. The Eyjafjallajökull
eruption started subglacially under approximately 200-
m-thick ice. Due to the fragmentation of magma, heat
flux from the magma to the surrounding ice and water
was high, ~1–4 MW m−2 (Magnússon et al., 2012).
Meltwater was therefore generated rapidly within the
first hours of the eruption and conditions allowed melt-
water to accumulate before it was released in high dis-
charge jökulhlaups. Conditions were different when lava
started to advance under the ice. The lower heat flux
caused slower meltwater generation, and discharge oc-
curred over a much longer period of time. Therefore,
the hazard from the jökulhlaups was much lower during
the effusive phase than the first explosive phase. Risk
associated with the advancing lava relates to temporary
ponding of meltwater, and it is released in small, pul-
sating flash floods. The threat posed can therefore be
more localized, possibly mostly confined to the vicinity
of the glacier terminus.

Conclusions

The total volume of lava erupted during the 2010
Eyjafjallajökull eruption is 2.5±0.6 · 107, and it covers an area
of 0.55 ± 0.10 km2. The 2010 lava flow is divided into two
types: a subglacial lava flow which was emplaced first and
under the glacier. It interacted extensively with meltwater. The
subaerial lava flowwas emplaced after an ice canyon had been
formed and flowed subaerially with limited meltwater interac-
tion. The subglacially emplaced lava flow is larger and ac-
counts for about 90 % of the total lava output.

Continuous meltwater generation from ice melting has an
important influence on the advance of the subglacial lava flow
due to the formation of ice tunnels and the thermal extraction
from the lava. Meltwater expanded tunnels in front of the lava
flow as it advanced, allowing the lava to move further and
more rapidly beneath the ice. The rapid downslope movement
of meltwater and lava was also controlled by the slope of the
bedrock and the pre-eruption ice thickness.

Thermal constraints based on field observations and mea-
surements indicate that about 45 % of the total heat of the
subglacially emplaced lava was used for ice melting, about
4 % was advected away from the glacier as warm water and
about 1 % was released as steam to the atmosphere. The re-
maining 50% was stored in the lava, mostly in the 80–100-m-
thick pile in the caldera to the north of the craters.

The heat was mostly released by forced convection of fast-
flowing meltwater with heat fluxes of 125–310 kWm−2.
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Our emplacement model for the lava accounts for the
complex lava-ice interactions that occurred when lava
flowed inside subglacial tunnels down the Gigjökull
outlet glacier for 3.2 km.
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Abstract 

Kverkfjöll, Iceland hosts a pristine unexploited geothermal area. It is a part of an active 

central volcano, but volcanic activity has been minor or absent for at least 1000 years. The 

geothermal system of Kverkfjöll has been regarded as one of the most powerful in Iceland, 

while due to remote location, steep terrain and inaccessibility, it has not been considered for 

commercial exploitation. Kverkfjöll is therefore suitable for estimates of natural geothermal 

heat transfer. The extent of the geothermal area in Kverkfjöll is mapped, geothermal features 

defined and appropriate methods for heat transfer measurements applied to the features. 

Occasional observations have been made since the 1950s, and an estimate for the total heat 

output was obtained by thermal imagery in the 1960s. Here a new value for the natural heat 

output is presented, an order of magnitude smaller than the previous estimate. By summing up 

the heat transfer rates from the various types of geothermal features present in the thermally 

active parts of Kverkfjöll, a total heat output is estimated to be 190-340 MW with average 

fluxes for the individual sub-areas of 120-330 Wm
-2

. 

  

75



2 

1 Introduction 

Geothermal systems in Iceland are classified as low-temperature and high-temperature 

(Böðvarsson 1961; Arnórsson 1995). Low-temperature systems are located outside active 

volcanic zones, where temperatures are below 150°C in the uppermost 1000 m while the 

high-temperature systems are located within the belts of active volcanism where temperatures 

are higher than 200°C in the uppermost 1000 m (Ármannsson, 2015; Pálmason, 2005, 1980). 

Most geothermal systems in Iceland are hydrothermal and consist of (a) heat source that 

typically lies in the uppermost few kilometers of the crust and cannot be explored except with 

indirect methods or drilling, (b) a hydrothermal fluid that transfers the heat to the surface and 

(c) surface expressions which can be measured directly. 

Natural heat loss is an important parameter in any assessment of the effect of heat extraction 

from the geothermal reservoirs. It is also an important constraint on the nature of possible heat 

sources, hot rock and possibly magma. Estimates of heat release from geothermal areas have 

been carried out for several decades (Allen and Day 1935; Böðvarsson 1961; Friedman et al. 

1972; Hochstein and Bromley 2005; Fridriksson et al. 2006; Dawson 2011; Hurwitz et al. 

2012). Due to the many modes of heat transfer operating simultaneously (conduction, 

convection, advection by water and steam, etc.) in typical high temperature geothermal areas, 

most studies of the rate of total heat loss have had very high error margins and are in many 

cases only order of magnitude estimates (Böðvarsson, 1961; Pálmason et al., 1985 Pálmason, 

2005). An exception to this have been the fully subglacial geothermal areas, where the 

melting of overlying ice has served as a calorimeter ( Björnsson, 1988; Björnsson and 

Guðmundsson, 1993) where estimates with error margins of 15-20% have been obtained. 

Very high heat transfer rates have been obtained for some of these subglacial areas in 

Vatnajökull, about 2000-4000 MW for Grímsvötn (Björnsson 2003), 150-550 MW 

respectively for the Western Skaftárketill area (Björnsson 1988; Einarsson 2009) and 800 

MW for the Eastern Skaftárketill area (Björnsson 1988; Björnsson 2003). The ice calorimeter 

has also served well in the study of subglacial eruptions (Gudmundsson et al. 1997; 

Gudmundsson et al. 2004) and for the study of the transient geothermal areas that have 

formed after such eruptions (Jarosch et al. 2008). Recent advances have been made in heat 

transfer rate estimates at normal ice free areas, making use of careful measurements of 

fumaroles, steam emissions and heat flux through steaming ground (Hochstein and Bromley 

2001; Hochstein and Bromley 2005; Fridriksson et al. 2006). These methods hold 

considerable potential for improved estimates of natural heat transfer rates of geothermal 

areas, both here in Iceland and elsewhere. 
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The aim of this study is to outline the high-temperature geothermal area of Kverkfjöll, define 

geothermal features expressing the geothermal discharge and estimating the natural heat 

output of the area. Moreover, since the settings involve both seasonal snow cover and partial 

glacial cover, the study should help defining methods useful for these settings, which are 

common at high latitudes and on volcanoes worldwide. 

2 Geological setting 

2.1 The Kverkfjöll central volcano 

Kverkfjöll is a large central volcano located at the northern margin of Vatnajökull glacier in 

Iceland (Figure 1). The central volcano features two calderas of similar size, both elliptical in 

shape with an eight km long axis and five km short axis. Both are covered by glacier ice with 

the southern one being 400-500 m deep while the northern one is shallower (Björnsson and 

Einarsson 1990; Björnsson 1992) with its rims rising 900-1000 m over the highlands to the 

north of Vatnajökull. No volcanic eruptions are known to have occurred in the last 1100 years 

while over 70 prehistorical eruptions (before ~870 AD) have been inferred by Óladóttir et al., 

(2011) for the past 6500 years based on tephrochronology. Kverkfjöll has also been the source 

of massive, pre-historic jökulhlaups considered to have been caused by subglacial volcanic 

activity (Carrivick et al. 2004). 
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Figure 1 Kverkfjöll lies within the Northern Volcanic Zone (NVZ) and is located on the northern edge of 

Vatnajökull glacier. The red dot on Iceland indicates the location of Kverkfjöll.  The black frame outlines figure 

9.  

2.2 The Kverkfjöll geothermal area 

A major high-temperature geothermal area is located in the Western Kverkfjöll (Jónsson 

1945; Þórarinsson 1953; Friedman et al. 1972; Ólafsson et al. 2000) (Figure 2). Minor thermal 

activity has been reported ca. 5 km SE from the geothermal area in Western Kverkfjöll, at its 

highest peak, Jörfi (1933 m asl.), and high discharge hot springs are found in Hveragil on the 

eastern lower slopes of Kverkfjöll (Ólafsson et al. 1999). Hveragil is a 2 km long, 100 m 

deep, narrow gorge at 1000-1100 m asl. on the lower northeast flank of Kverkfjöll. A large 
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part of the summer discharge of the river flowing along Hveragil is snowmelt from the slopes. 

Geothermal heat is also present under Kverkjökull, the outlet glacier that flows through Kverk 

and divides the mountain range into Western and Eastern Kverkfjöll (Figure 1). Most of the 

geothermal activity occurs in Western Kverkfjöll, where it is confined to a few well defined 

areas (Figure 2 and 3), that with the exception of Gengissig lie along a ~3 km long NNE 

trending lineation. Ólafsson et al. (1999) mapped the extent of the geothermal activity in this 

part of Kverkfjöll as well as carrying out geochemical measurements, resulting in estimating 

from chemical geothermometers a base temperature of about 300°C.  

Gengissig is a 600 m diameter and 100 m deep depression with steep slopes and a flat bottom. 

On the south and the east it is bounded by ice walls. An ice dammed lake is located within 

Gengissig, normally about 0.1-0.2 km
2
 in area. The level of the lake is usually close to 1615 

m asl., the depth about 10-15 m and mean temperature of the water body of 5°C. Water is 

usually continuously drained from Gengissig under the glacier, emerging 7 km to the north at 

the snout of Kverkjökull, draining into the river Volga. Occasionally the lake becomes sealed, 

leading to a rise in lake level by up to 40 m over period of one to two years. This process 

culminates in a swift jökulhlaup emerging from underneath Kverkjökull. The last jökulhlaup 

from Gengissig occurred in August 2013 (Gudmundsson et al. 2013). Sometimes steam 

explosions occur at the drained lake bed in association with the drainage (Gudmundsson et al. 

2013; Montanaro et al. 2016). 

Efri Hveradalur is a narrow valley, about 1200 m long and 200 m wide, confined by ridges on 

both sides (Figure 1 and 3). A small glacier closes the valley on the southern end. Over 

extended periods the glacier dams up a lake (Galtarlón) in the southern part of the valley.   

Neðri Hveradalur lies to the north of Efri Hveradalur. It is about 900 m wide (N-S) and its 

bottom slopes towards west. Hveratagl is a 1200 m long NNE trending ridge that is highest on 

the southern end, by Neðri Hveradalur. Geothermal heat is found at along a 450 m long line 

close to the center of the ridge and along a 50 long line at its NE end.   
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Figure 2 Geothermal areas in Western Kverkfjöll.The view is looking towards the SW. The bright colors 

represent high heat output in Hveratagl, Neðri Hveradalur and Efri Hveradalur. The two lakes Galtarlón and 

Gengissig form due to geothermal melting of the glacier ice that creeps over geothermal spots. The capital 

letters A-D indicate the locations for the cross section on figure 3. 
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Figure 3 Cross section of the geothermal areas in Western Kverkfjöll. For location see Figure 2 and 9.. 

3 Methods 

The combination of a partly subglacial and partly subaerial geothermal area makes Kverkfjöll 

an interesting test case for estimation of geothermal output. Ice-calorimetry can be applied to 

parts of the system while thermal imagery and heat flux estimates from geothermally heated 

ground, hot springs and fumaroles must be applied to the subaerial parts.  

3.1 Geothermal features 

General guidelines on how to define and describe geothermal features have been published in 

Iceland, USA and New Zealand (Jóhannesson and Sæmundsson 2005; Heasler et al. 2009; 

Scott 2012). For this study a definition from Keam et al. (2005) is used for of geothermal 

features.  

The term geothermal refers to any system that transfers heat from within the Earth to its 

surface. Hot rocks without water, are geothermal. Hydrothermal is a subset of geothermal, and 

means that the transfer of heat involves water, either liquid or vapor state (Heasler et al. 

2009). Geothermal features are in general where surface discharge of any combination of 

steam, water, gases and minerals in solution occur. All major geothermal features where heat 

is discharged through the surface are hydrothermal. In Kverkfjöll, dominant hydrothermal 

features are; geothermally heated ground, fumaroles, hot springs and steam heated pools 

(Figure 4). Measurements of heat transfer rates can be applied directly to individual 

geothermal features at ice free areas. Where ice covers geothermal areas, direct measurements 

cannot be applied, but melting of the overlying ice can be used as a calorimeter and total heat 

output for the given area can be estimated. 
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Figure 4 Photograph that displays the various geothermal features that represent thermal fluxes and are used to 

estimate the heat output of the area. a) Photo of Efri Hveradalur in the western part of Kverkfjöll.  b) Large 

steam heated pools at the base of Efri Hveradalur.  c) Steam heated pools at the base of Efri Hveradalur d) 

fumarole measurements.  
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3.1.1 Modes of heat transfer  

Heat is transferred in three ways; by conduction, convection (inductive advection) and 

radiation. The heat transfer rate (heat output)    (W) conducted through a surface A (m
2
) can 

be expressed by Fourier’s law: 

   
         

  

  
 (1) 

where dT/dx is the thermal gradient (K m
-1

) and   is thermal conductivity (W m
-1

 K
-1

). The 

main mode of heat transfer within the geothermal reservoir is convection of the geothermal 

fluid (liquid water and steam). This convection takes place through porous flow in the 

permeable reservoir rocks and in liquid or steam-filled fissures. This process is not analyzed 

here. However, the convective heat transfer by steam in the atmosphere is an important 

process when assessing the heat lost from fumaroles. Moreover, the heat removal from hot 

surfaces exposed to the atmosphere occurs through free or forced convection in the air. The 

different settings where this applies are analyzed for fumaroles, steam heated pools and ice 

dammed lakes. Heat transfer rate by radiation from a surface is defined as: 

   
             

   (2) 

with σ is the Stefan-Boltzman constant (5.67 x 10
-8

 Wm
-2

K
-4

) and ε is the emissivity, which is 

a characteristic of the material (usually taken to be in the range 0.85-0.95). 

3.1.2 Geothermally heated ground and steaming ground 

Any area of ground where the temperature is raised by hydrothermal processes above the 

ambient ground temperature is defined as geothermally heated ground (Keam et al. 2005). 

This ground is usually altered by chemical interactions occurring in these hot environments, 

forming a color-rich ground of yellowish and reddish colors.  

An empirical relationship between temperature at a depth of 15 cm, T15, and heat flux (with 

conduction and convection) through soil, q, in W m
-2

 has been used in Nesjavellir and 

Reykjanes in south-west Iceland (Fridriksson et al. 2006) with good success where, it is 

estimated from  

              
  (3) 

Another empirical equation relates the heat flux with depth, d94, to the boiling point 

(Fridriksson et al., 2006) where 94°C is the boiling point at about 1600 m asl., an average 

height of the geothermal area in Western Kverkfjöll. The equation is 

      
            

     
 
. (4) 
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A similar relationship between depth to the boiling point and heat was used by Hochstein and 

Bromely (2005) at Wairakei in New Zealand. 

 

Figure 5.  A photograph and a composite infrared image (FLIR) taken in Neðri Hveradalur. The thermal image 

displays the geothermally heated ground and the gradient of temperature from the edge of these areas to the 

centre.  Spot thermocouple measurements show that the gray colors at the photo and corresponding white colors 

on the thermal image indicate ground where temperature was close to boiling point at ~5 cm depth. 

The area of geothermal heated ground in Kverkfjöll was estimated from aerial photographs 

and verified by on ground observations and infrared imagery (Figure 5). Temperature at 

depths of 5-30 cm was measured at over 70 locations in Gengissigið, Efri Hveradalur and 

Neðri Hveradalur to obtain the temperature gradients. In some places the boiling temperature 

(94°C) was measured at depth less than 15 cm. 

3.1.3 Thermal conductivity of geothermally heated ground 

In addition to using the temperature gradient, heat flux was measured using two heat flux 

sensors from Capetec Enterprise, that were placed in heated ground at 25 cm depth. The 

sensors were connected to a Campbell data logger. The heat flux is directly related to the 

voltage signal that is generated by the temperature difference between the upper and lower 

surface of the plates. Meteorological data such as air pressure, temperature and moisture were 

collected at the same location to monitor any changes in flux due to atmospheric variations.  
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Figure 6 Geothermal heat flux in hot ground at 25 cm depth in Gengissig, measured over 44 hours in August 

2008. 

The ambient temperatures in the soil were 40-50°C and the plates recorded for 48 hours. The 

conductivity sensors stabilized at two levels, 150-170 Wm
−2

 and 100-110 Wm
−2

 after 12 

hours (Figure 6). This fits well with the thermal gradient measurements elsewhere in the 

colder parts of the geothermally heated ground. Temperature gradient at this location was 

measured as being 150±20°C m
-1

. The resulting thermal conductivity is k = 0.9±0.2 W m
-1

°C
-

1
. This value is used to estimate heat fluxes in the colder parts of the geothermally heated 

ground. 

3.1.4 Fumaroles 

Any naturally occurring vent, whose main discharge consists of steam at the local boiling 

temperature of water and other gases of geothermal fluid, is defined as a fumarole. If the 
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temperature of the steam is higher than the local boiling temperature of water, it is defined as 

a superheated fumarole (Keam et al. 2005). 

Heat transfer rates from fumaroles are determined by measuring the mass flow rate of steam 

       (kg s
-1

). A method used by Friðriksson et al. (2006) was applied where velocity of 

steam emitting from the vent is measured through a known cross-sectional area. A cover of 

thick waterproof fabric with a cylinder in the centre is placed over a fumarole to collect the 

steam, which is lead through the cylinder (chimney) (Figure 4d). The speed of the steam is 

measured in the cylinder with a hot wire anemometer and mass flow rate is calculated by: 

       
     

  
      (5) 

Where P is atmospheric pressure (Pa), v is the velocity of the steam (m s
-1

), r is diameter of 

the chimney (m), R the universal gas constant (8.314 J K
-1

mol
-1 

at 15°C), T the temperature 

(K) and MWH20 is the mole weight of H2O (kg mol
-1

). 

Heat transfer rate,    from a fumarole is calculated by: 

                   (6) 

Where hg, 94°C = 2666 KJ kg
-1

 (Cengel and Boles 2006)  is the specific enthalpy of the steam at 

boiling temperature. The preferred conditions for this type of measurements are calm and dry 

weather. Measurements in Kverkfjöll were conducted in no-wind conditions and dry weather. 

Atmospheric pressure was rather low and visible steam activity was high. 

The method above was applied to small to medium-sized fumaroles. Due to the large number 

of such fumaroles and their location in steep geothermally altered slopes, only a 

representative sample covering the distribution in sizes was measured at safe locations. The 

results for these measurements are extrapolated to include the inaccessible fumaroles. Both 

inaccessible and accessible fumaroles were counted from photographs taken at several 

different times.  

At one location where a cluster of inaccessible large fumaroles is located (Gámur cluster), the 

method above was not applied. In this case, the size of the steam cloud generated from the 

cluster was compared to a steam cloud generated by a cluster of small to medium sized 

fumaroles where the heat transfer rate had already been measured. An order of magnitude 

estimate is then made comparing the size of the steam cloud (using its area on photos) from 

this cluster with that of other fumaroles using several photos taken from varying angles. The 
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assumption is made that the heat output is proportional to the size of the steam plume as has 

been shown by Hochstein and Bromley (2001). 

3.1.5 Hot springs 

Any natural spring producing water that has been heated by geothermal processes to a 

temperature of more than 30°C is defined as a hot spring (Keam et al. 2005). Thermal energy 

lost to the atmosphere from hot water in springs   (W) can be calculated by estimating the 

discharge rate of water and measure the temperature where ΔT is the difference of 

temperature between the hot springs and zero (Heasler et al. 2009): 

               (7) 

Where     is the discharge of mass of water (kg s
-1

) and specific heat of water is cpw =4187 

Jkg
-1

K
-1 

(Cengel and Boles 2006). 

3.1.6 Steam-heated pools 

Steam-heated pools form where the groundwater table is cut or surface water flows over 

fumaroles and temporary stagnant water form a pool of hot water (Keam et al. 2005). The 

heat is transferred from the steam that is emitted from the fumaroles into the standing water. 

An approach not known to have been tried before in these conditions was employed. A known 

mass of snow is poured into a steam-heated pool and the recovery time of the temperature is 

measured to estimate the input of heat. The pool can be regarded as a control volume, with 

both in and outflow of mass and energy. The energy inflow   
   is the enthalpy of inflowing 

steam,   
  is the energy used to heat up or maintain the temperature of the pool and   

    is 

energy lost through the surface of the pool to the atmosphere, divided into heat loss by 

evaporation, radiation and heat advected by water. Energy flux into the pool is estimated from 

the rate at which the pool regains equilibrium. On average, mass fluxes into and out of the 

pool are equal. Energy balance is given by: 

   
      

    
    (8) 

During the experiments, when the pool is cooled considerably by snow,   
    is considered to 

be much smaller than   
  because most of the energy is used to gain previous equilibrium 

temperature and little heat is lost to the surroundings. A minimum estimate of the heat transfer 

rate   
   is therefore obtained from equation 7: 

   
       

  

  
˙ (9) 
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Where dT/dt is the rate of temperature change over the initial period of heating, m is the mass 

of water in the steam heated pool.  

For pools significantly larger than 2 m in diameter getting enough snow into the pool and 

monitoring the pool temperature during recovery can be very difficult. For these larger pools a 

method presented in Hurwitz et al., (2012) is applied. Here the total heat transfer rate is 

expressed as: 

   
       

       
      

     (10) 

where   
    ,   

    and   
     are evaporative, radiative and conductive heat transfer rates.  

  
                   

 
   

 

      
 

     
        

 

 

 
  

            (11) 

where W is the wind speed (m s
-1

), A is the surface area of the pool (m
2
), and Twv and Tav are 

the virtual air temperatures defined as, 

    
 

          
 (12) 

where P is the barometric pressure (mbar) and ew and ea are the saturated water and 

atmospheric vapor pressure, calculated using, 

                                                           (13) 

Radiative heat loss from a water surface   
    is calculated by equation 2. 

Conductive heat loss is driven by the temperature gradient between the water surface and air, 

   
         

     

     
  

      (14) 

3.2 Calorimetric method (ice covered areas) 

The calorimetric method based on thermal properties of ice is applied to ice-covered 

geothermal areas in Kverkfjöll. It has been used before in subglacial eruptions and for ice-

covered geothermal areas (e.g. Gudmundsson et al., 2007). The geothermal manifestations are 

depressions where ice melting occurs as heat is released from an underlying geothermal area. 

These manifestations occurring in Kverkfjöll are depressions in the glacier, ice dammed lakes 

and ice caves. The heat source is concealed under either ice or water and whether it is the 

equivalent of steaming ground, a fumarole or a water-filled pool cannot be decided. 

For the ice calorimetric method, standard physical properties of ice are used. Latent heat of 

ice at 0°C is                and the density is              . The energy flux       

(W) required to melt ice at a known rate     (m
3
s

-1
) can be calculated with: 

              . (15) 
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3.2.1 Ice-dammed lakes 

Ice-dammed lakes can form where geothermal upflow of heat lies under a glacier or where a 

glacier can flow into a depression or valley with a geothermal area. In both cases the ice 

forms a natural dam leading to confinement of meltwater. In Kverkfjöll no subglacial lakes 

(e.g. Björnsson, 2003) exist while both Gengissig and Galtarlón lakes are dammed by a 

glacier. When such a lake reaches a certain level the ice dam can be lifted and the water 

escapes under the ice in a jökulhlaup. The geothermal heat expended at melting ice can be 

estimated in two ways, both based on measuring ice melting and applying equation 15: 

1. Through measuring the accumulation of meltwater in an ice dammed lake and then 

using equation 15 to find the geothermal power required. This method works well if no other 

significant sources of water exist, including Kverkfjöll where it is expected that that both Efri 

Hveradalur and Gengissig would be covered by a glacier if only meteorological factors were 

at play. This results from the high elevation; sites at comparable elevation elsewhere in 

Vatnajökull are fully ice covered (Björnsson and Pálsson, 2008).  

2. Measuring or estimating the volume of ice accumulation from precipitation over the 

whole ice drainage basin of the lake. For the high elevation of Kverkfjöll, the annual mass 

balance should be 2-2.5 m (Björnsson and Pálsson, 2008), a value supported by limited 

measurements in spring of winter accumulation on the glacier at 1800 m asl 2 km south of 

Gengissig. If the geometry of the ice drainage basin does not change with time, the positive 

mass balance resulting from snow accumulation is equal to the amount of snow and ice that 

flows into the lakes or is carried into them by snowdrift, where it is melted. Subsequently, 

equation 15 can be applied to estimate the heat transfer rate. 

It is not clear that the above approaches account for all the heat lost from ice-dammed lakes. 

If the lakes are not covered by floating ice, but are instead open and exposed to the 

atmosphere, they receive short wave radiation from the sun (mainly in summer) and lose heat 

through long wave radiation (equation 2). Moreover, the open lake surface, being much 

warmer than the air in winter, will lose heat through evaporation and turbulent fluxes of air 

(convection) above it. A detailed study of the heat budget of the two lakes is beyond the scope 

of the present work. However, the magnitudes of these radiative and turbulent fluxes need to 

be assessed. The heat released from a lake, not accounted for by ice melting can be termed 

  
    : 

   
       

                 (16) 
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Where   
    is calculated according to equation 2 using the surface area of open water (A). 

Sensible heat, lost from open water to the colder air above the lake is qsen and qlat is latent heat 

lost in the same manner. These parameters depend on wind speed and the temperature 

difference between the lake surface and the air. Lake Gengissig is open all year round while 

the lake level remains low, and has a lake temperature of about 5°C. Thus, the difference 

between surface temperature and mean ambient air temperature may be ~10°C, assuming 

~5°C annual mean temperature near sea level and a wet lapse rate in the atmosphere, resulting 

in annual temperature of -5-6°C at 1600 m asl. Tables 1 and 2 in Marcq and Weiss (2012) can 

be used to arrive at approximate values for respectively the sensible and latent heat fluxes 

over open water for temperature difference 10°C and wind speed 5 m s
-1

. The resulting values 

are 87-114 and 51-56 W m
-2

. 

3.2.2 Ice caves 

Ice caves formed by geothermal heat are found on several active volcanoes in the World, e.g. 

Mount St. Helens (Anderson et al. 1998) and Mt. Rainier (Kiver and Mumma 1971; 

Zimbelman et al. 2000) in USA, Erabus in Antarctica (Giggenbach 1976) and Iceland 

(Kerlingafjöll, Grímsvötn, Torfajökull). 

Snow and ice that drifts or flows over a geothermal area is melted, forming ice-free holes or 

depressions. Here the approach taken is to assume that the volume of holes and depressions in 

a shallow glacier (5-20 m) would fill with drifting snow in one winter. Thus, the volume of 

the depressions and the assumption used that that it would take a year to form the cave, are 

used as input in equation 15.  

3.3 Fieldwork 

High elevation and remote location makes fieldwork in Kverkfjöll challenging. The thermal 

areas in Western Kverkfjöll can be reached by foot from late June to September; during the 

time when highland mountain tracks are open. Alternatively, Vatnajökull glacier can by 

traversed from the south by over-snow vehicles, requiring crossing of 40-100 km. A research 

hut owned by the Icelandic Glaciology Society between Gengissig and Efri Hveradalur can be 

used as a base. Fieldwork was conducted during summers when most of the winters snow 

cover was expected to be melted. Fieldwork was conducted in June and August 2008; June 

and July 2009, June 2010 and in August 2011.  
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4 Results 

4.1 Hveragil 

There are a few distinctive springs and fissures in the canyon where water of temperature 50-

60° flows into the Hveragil river. The estimated discharge of the hot water into the river is 

200-250 l s
-1 

(Figure 7). Thermal output is calculated with equation 8, and using standard 

physical properties of water the result is 45±5 MW.  

 

Figure 7. Hveragil ravine east of Kverkfjöll mountain range.  a) View from east at the end of Hveragil looking at 

the eastern part of Kverkfjöll.  c and c) A view into Hveragil. The green vegetation outlines the groundwater 

table. 
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4.2 Jörfi 

The eastern rim of Kverkfjöll, including the highest peak Jörfi, was visited on calm and sunny 

days (Figure 8). The mountain was photographed with infrared camera from different 

locations but no anomalous temperatures were detected. Ground temperature was measured as 

5-10 °C in a small cavity that had melted into the thin snow cover. This indicates very minor 

geothermal heat, with estimated heat flux less than 1 W m
-2

. By taking into account that the 

area is very small (maximum length 200 m and width of order 20 m), the value for heat loss is 

a few orders of magnitude less than for other areas studied and can be ignored in estimates of 

total heat output for Kverkfjöll. 

 

Figure 8. Highest part of Kverkfjöll mountain range, including the peak Jörfi.  a) View from south to the eastern 

part of Kverkfjöll. b) View from the peak to south. No visual geothermal heat. c) View from the peak to north. No 

visual geothermal heat. 

4.3 Kverkjökull 

Under the lower part of Kverkjökull, a thermal area constantly melts ice at the base of the 

glacier, forming a small warm stream flowing along an ice cave to the glacier edge. No 

accurate measurements of the heat flux associated with the hot stream have been made but 
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here we make a rough estimate using two independent methods. It is assumed that all heat is 

used to melt ice and heat meltwater, an assumption considered justifiable since steam has 

never been reported rising from Kverkjökull. 

4.3.1  Discharge in late winter and water temperature 

The stream exists in winter but its discharge is very small. At the end of April in 1996, the 

river Volga had discharge of 100-200 ls
-1

, and the temperature of the water was estimated as 

10-20°C about 1 km downstream from the glacier edge, suggesting a somewhat higher 

temperature at the ice terminus. This observation is made before the onset of any surface 

melting. At this time the level of the Gengissig lake was consistently low, indicating that at 

least a large part of the meltwater was continuously drained from there. However, it is 

expected that this water would have had a temperature close to 0°C. A minimum estimate of 

geothermal heat output under Kverkjökull is found by assuming that all the water comes from 

Gengissig, but that the temperature above 0°C is caused by a heat source under Kverkjökull. 

The appropriate values for equation 7 are therefore    = 150 kg
 
s

-1
 ( = 1000 kg m

-3
) and T 

= 20°C, resulting in a minimum estimate of 13±5 MW. It is unlikely that the heat source 

under the glacier does not cause any melting. If it is assumed that about half the meltwater is 

formed under Kverkjökull and the other half derives from Gengissig, the heat transfer rate 

required to melt 0.075±0.030 m
3
s

-1
 is obtained from equation 15 as 25±10 MW.  In this case 

the total heat output is the sum of the two components or 38±15 MW. This is lower than the 

80 MW obtained by Friedmann et al. (1972) for this same area. 

4.3.2 Mass balance and absence of hidden heat sources  

The Kverkjökull outlet glacier does not have large depressions in the surface, pin-pointing the 

location of a geothermal area. However, a large ice cave marks the outlet of river Volga in 

summer. The possibility that melting is distributed over an area cannot be ruled out. The total 

area of Kverkjökull is 23 km
2
, (Figure. 1), whereof 8-9 km

2
 are below the equilibrium line 

which according to satellite images lies at 1450-1500 m asl. By applying mass balance values 

from surveyed glaciers in the northern part of Vatnajökull (the outlets Köldukvíslarjökull and 

Dyngjujökull, Björnsson and Pálsson, 2008) it seems that Kverkjökull is in no way unusual. 

The size and calculated melting on the ablation area is similar to what is to be expected for a 

glacier of this size on the northern margin of Vatnajökull. Therefore, there is no sign of 

significant heat sources not accounted for by the warm water discharge discussed in 4.3.1.  
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From the above we conclude that the only reliable information on heat sources under 

Kverkjökull is the warm water observed and the best estimate of heat output is as given 

above. 

4.4 Western Kverkfjöll 

4.4.1 Hveratagl 

Geothermally heated ground characterizes this area and covers an area of 2.20*10
4
 m

2
 and 

with flux of 479 Wm
-2

, resulting in a power of 11±3 MW (Figure 9). Five small to medium 

sized fumaroles were counted and by applying the method described by equation 5 and 6 an 

estimated power of 0.4±0.1 MW is obtained. Glacier ice flows towards and adjacent to the 

eastern edge of the ridge and melts when it covers parts of the geothermally heated ground. 

Ice caves form and surface depressions are found in the ice. Due to the slope of the ridge, 

meltwater generated flows freely away along the glacier bed and no pools or lagoons form. 

The ice caves cover some 4–11*10
3
 m

2
 and using equation 15 the heat output for each cave 

ranges from 0.4 to 2.1 MW, leading to a total of 4±1 MW.  Hence, the total heat output in 

Hveratagl is 15±5 MW and heat flux for the area defined on Figure 2 (0.06 km
2
) is 240 Wm

-2
. 
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Figure 9. Geothermal activity in Western Kverkfjöll. Gengissig, Efri Hveradalur, Neðri Hveradalur and 

Hveratagl. The capital letters indicate the location for the cross section in figure 3. 
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4.4.2 Neðri Hveradalur 

The total area of Neðri Hveradalur is about 2.8*10
5
 m

2
 where geothermally heated ground is 

defined to cover 5.4*10
4 

m
2
. Using the average heat flux of 480 Wm

-2
 the output for the 

heated ground is 26±8 MW (Figure 9). Small to medium fumaroles were 35. Eight of these 

were measured, resulting in steam velocity in the range 3 to 60 m s
-1

 with temperatures of 70-

94°C. Thus the heat output from small to medium fumaroles is estimated to be 2±1MW 

(Figure 10b). 

All existing documentation (Jónsson, 1945; Þórarinsson, 1953 and more recent observations) 

indicates that the large fumarole Gámur (Figure 5) is the most powerful in the area, located on 

the steep slope separating Neðri Hveradalur and Efri Hveradalur. Gámur is in reality a cluster 

of a several large fumaroles. The power from these fumaroles cannot be measured directly, 

but an order of magnitude estimate can be obtained from its contribution to steam generation 

over Kverkföll, on days when steam manages to rise over the valleys. These estimates suggest 

that 30-50% of the steam seen in Kverkfjöll on a calm day rises from Gámur cluster (Figure 

5). Thus, by comparison with other fumaroles in Kverkjöll, we estimate that Gámur is of 

comparable power as the other fumaroles combined, or 5±3 MW. 

Taking together the geothermally heated ground and fumaroles, the total heat output from 

geothermal features in Neðri Hveradalur is 33±12 MW. By distributing the estimated heat 

output over the defined area of Neðri Hveradalur a heat flux similar to 120 Wm
-2 

is obtained. 

4.4.3 Efri Hveradalur 

The area is 2.40*10
5
 m

2
 if Galtárlón is included. Heated ground covers 0.3*10

5 
m

2
 and with 

average heat flux of 480 Wm
-2

 the heat output is 16±5 MW (Figure 9). Small to medium 

fumaroles are mostly found on the SE slope (1650-1700 m asl.) of the valley and in an area on 

the ridge to the northwest of the valley (1680-1700 m asl.). The total number is 45 and 13 of 

these were measured. The vertical steam velocities are in the range 2-5 ms
-1

 and temperatures 

were 65-94°C. The result for total fumarole heat output is 4±1 MW. 
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Figure 10. Steam heated pools in Efri Hveradalur. a) Temperature recovery curve during a snow measurement. 

b) Power of 21 steam heated pools as estimated with the recovery method. Most pools were in the range of 25-50 

kW, while the largest measured reached to few hundred kW. 

Steam heated pools are concentrated in the central part of the valley, forming a small creek 

that flows into the NE part of Galtarlón. The pools are typically 10-100 cm in diameter, but 

three large ones occur on the valley floor, respectively having lengths and widths of ~20x20 

m, ~9x12 m and ~15x14 m. A snow-melting experiment was applied to seven steam heated 

pools giving results ranging from 85-160 kW for each pool (Figure 10a). Volume of the steam 

heated pools ranged from 0.014 to 0.5 m
3
 and their temperatures were in the range 60-92°C. 

Total heat output for the smaller steam heated pools is 2.0±0.5 MW. 

For the three large pools equations 10-14 are used to calculate the heat loss. Due to the size of 

the pools, heat is not evenly distributed and temperature readings were in the range 40-60°C, 

varying with depth and distance from the edges. A large uncertainty exists but by applying the 

lower and higher limits of temperature result in a heat output estimate in the range of 1-4 

MW. 

The rate of water accumulation in Galtarlón between jökulhlaups indicates water 

accumulation of 0.75±0.25*10
6
 m

3 
year

-1
 (Institute of Earth Sciences, unpublished data). This 

requires a heat output of 10±2 MW. Galtarlón is mostly covered by a layer of ice except for 

July and August. Interactions of the lake surface and the atmosphere are therefore only active 

for a small part of the year and are here ignored. Finally, by combining all terms we obtain a 

total heat output from the geothermal area in Efri Hveradalur (excluding Galtárlón) is 25±9 

MW and the total including Galtárlón is 35±11 MW.  The average heat flux for the area 

defined on Figure 2 for Efri Hveradalur is 180 W m
-2

. For Galtarlón the average heat flux is 
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50 Wm
-2

, in its current stage, where the water level is high and its surface is frozen during 

most of the year.  

4.4.4 Gengissig 

The geothermal power of Gengissig when the lake is at low level (1610-1615 m asl.) is 

estimated taking into account the heat loss from geothermally heated ground, fumaroles, ice 

melting of inflowing ice, sensible and latent hat fluxes from the open water surface and the 

net radiation, consisting of incoming, mainly short wave radiation and outgoing long wave 

radiation. Geothermally heated ground of 1.7*10
4
 m

2
 was found in the NW part of Gengissig 

with estimated power of 7±2 MW.  

Only few (<5) fumaroles are counted in Gengissig but one large hot spring is on the northern 

shore of the lake (8 x 5 m) and 30 liters per minute of 65°C water flows from the spring into 

the lake. According to equation 8, the power of this fumarole is 0.14±0.02 MW. 

The rate of water accumulation in Gengissig between jökulhlaups as observed between 2012-

2013 was close to 5±0.5·10
6
 m

3
year

-1
. This requires a geothermal output of 53±6 MW. 

Using 2 m for the annual mass balance the 3 km
2
 ice drainage basin of Gengissig the net 

accumulation, which eventually needs to be melted by geothermal heat, as the size and 

geometry of the basin remains similar from year to year, is therefore 6±1*10
6
 m

3
 (water 

equivalent), yielding an estimate of geothermal power of 64±6 MW. This number is not 

significantly different from the one obtained from the water accumulation. 

The heat lost by evaporation and air convection (latent and sensible fluxes), using the values 

from Marcq and Weiss (2012) and lake surface area of 0.15 km
2
 (lake level 1610-1615 m asl), 

result in total heat loss of 22±11 MW. Incoming radiation from the sun can be approximately 

estimated, assuming that the lake is exposed to the sun over about half the year and that it is 

emitted at the average sun angle for this latitude (25°). We use A=0.15 km
2
 as before and an 

average incoming solar radiation of 340 W m
-2

 and assume that that masking by clouds can be 

crudely estimated to take place about 50% of the time. The resulting incoming radiation is 

about 70 W m
-2

 amounting to net source of power of 11±3 MW.  What remains is the long-

wave radiation from the water surface. Using a surface temperature of 5°C (278 K), 

emissivity  = 0.9, A as before, and assuming that cloud cover makes long wave radiation 

neutral for 50% of the time, equation 2 gives average heat flux to the atmosphere of 150 W m
-

2
 and heat loss of 23±6 MW. By combining all terms, and using a mean of the water 

accumulation and mass balance estimates for ice melting, we get a total power of  7 + 60 – 11 

+ 22 + 23 MW = 100±25 MW. 
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5 Discussion 

5.1 Total estimate of natural heat loss 

The total heat output from the geothermal system in Kverkfjöll, is 190-340 MW (Table 1 and 

Figure 11). This value is considerable lower than earlier estimates given by Friedman et al., 

(1972), but near the higher end of values for high temperature geothermal areas of comparable 

size in Iceland (Fridriksson et. al 2006). 

 

Area Heated 

ground 

(MW) 

Fumaroles 

(MW) 

Hot 

springs 

(MW) 

Ice melt 

(MW)t 

Total heat 

output (MW) 

Area 

(km
2
) 

Flux 

(Wm
-

2
) 

Hveragil - - 45±5 - 45±5 - - 

Hveratagl 11±3 0.4±0.1 - 4±1 15±5 0.06 244- 

Neðri 

Hveradalur 

26±8 7±4 - - 33±12 0.27 122 

Efri 

Hveradalur 

16±5 4±1 4±2 10±2 35±10 0.14 181 

Gengissig 7±2 - 0.14±0.02 93±23 100±25 0.30 333 

Kverkjökull - - - 38±15 38±15 -  

Total 60±18 11±5 49±7 145±41 265±72   

Table 1.  Results from heat transfer rate measurements for various types of geothermal features and different 

geothermal areas in Kverkfjöll. Gengissig is a part Efri-Hveradalur, but is defined as a separate area in the 

table due to its high heat output. 

Böðvarsson (1963) classified geothermal systems in Iceland into 3 categories with regards to 

the heat output; Magnitude I (20-100 MW), magnitude II (100-500 MW) and magnitude III 

(500-1000 MW). Two systems were classified as magnitude III, Grímsvötn and Torfajökull. 

Ketilsson et al. (2009) estimates the area of Torfajökull to be 253 km
2
 which is the largest 

high-temperature system in Iceland. Kverkfjöll was classified as magnitude II as well as 

Kerlingafjöll, Námafjall and Hengill. This classification for Kverkfjöll seems reasonable in 

comparison to other systems classified and fits well to our measurements. 

After Friedman et al. (1972) published their estimates for the natural heat output for 

Kverkfjöll, their value (1256-2261 MW) has been widely used in the literature. According to 
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Böðvarsson classification, this should place Kverkfjöll in magnitude III with much larger 

geothermal systems as mentioned above. In estimates of surface area of the geothermal 

systems from 2009 (Ketilsson et al. 2009) Kverkfjöll is 8% of the size of Torfajökull 

geothermal area and only one third of the area of Grímsvötn. Without any further 

measurements, this should lead to the conclusion that the results from Friedman et al. (1972) 

are overestimating the heat output by a factor of 3-5. The method of Friedman et al (1972) 

was using infrared imagery, obtained from aircraft. The geothermal area is in highly 

mountainous and majority of the heat is transferred through the soil in a steep mountain wall, 

making it a challenge to estimate the area of interest.  

 

Figure 11. Results from heat transfer rate measurements presented in table 1. Dotted lines represents the sub-

areas shown on Fig. 2. 

Fridriksson et al (2006). measured the heat flow through soil, fumaroles and steam heated 

mud pools at the Reykjanes geothermal area in SW Iceland. Total heat flow from these 

observations at the Reykjanes system was 20.3±1.9 MW. This was compared to heat loss 

from the geothermal reservoir, inferred from the CO2 emission through soil which resulted in 

130±16 MW. They conclude that the CO2 estimates is more robust and therefore giving a 

more reliable values for the heat loss of the Reykjanes geothermal system. According to 

Ketilsson et al. (2009), the Reykjanes geothermal area is one third the size of the geothermal 

system in Kverkfjöll. Apparently, the intensity of heat transfer is comparable at both areas. 
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Hurwitz et al. (2012) estimated the heat flow in the vapor dominated areas of the Yellowstone 

Plateau volcanic field. The average flux for two research areas were 103 Wm
-2

 and 35 Wm
-2

, 

but during measurements of individual geothermal features or sub areas the measured heat 

fluxes were in the range of 20-500 Wm
-2

. This is in the same range as is presented in this 

paper. 

The geothermal area in New Zealand, Wairakei, is one of the most explored in terms of heat 

fluxes from various types of geothermal features, mainly steaming ground. The active area is 

0.35 km
2
 and transfers 245±20 MW of heat to the surface. This was measured using various 

experimental methods to estimate heat transfer at fumaroles, steaming vents and steaming 

ground (Hochstein and Bromley 2005).  

The total geothermal system in Kverkfjöll has been fairly stable since at least the early 1900s 

when the area was first visited, even though small changes have been observed where 

fumaroles and hot ground comes and goes. No major changes or events have been reported 

except for the steam explosions which occurred in 1959, 1968 and 2013 and the gradual 

melting out of the ice covering Gengissig in the 1940s and early 1950s (Þórarinsson, 1953). 

Comparing this to Grímsvötn where frequent eruptions occur we see that the power of the 

geothermal system in Grímsvötn is quite variable (Björnsson and Gudmundsson, 1993; 

Jarosch and Gudmundsson, 2008). Before and after eruptions, new cauldrons may form and 

the centre of the highest heat output moves with time in Grímsvötn, being much influenced by 

shallow volcanic heat sources. In contrast, the heat sources at Kverkfjöll appear to be deeper 

and more sustained. 

6 Conclusions 

Surface extent of the high-temperature system of Kverkfjöll was mapped. Geothermal heat 

was found in Hveragil, Kverkjökull and in the semi-continuous geothermal area in Western 

Kverkfjöll, divided into Hveratagl, Neðri Hveradalur, Efri Hveradalur and Gengissig. Total 

area with devoted geothermal heat is estimated 2.0-2.5 km
2
.  

Heat is transferred trough the surface to the atmosphere in six geothermal features; ice 

dammed lakes, dry cauldrons, fumaroles, geothermally heated ground, steam heated pools and 

hot springs. 
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Various methods were used for the exploration of the heat transfer in Kverkfjöll. Some of 

them were well known and previously used with good success, while others were introduced 

and used for the first time during this study. 

Heat flux is common between 50-200 Wm
-2

 in geothermally heated ground but may reach up 

to 700 Wm
-2

 in places in steam dominates the geothermally heated ground. The average heat 

flux for individual sub-areas in Western Kverkfjöll is in the range 50-300 Wm
-2

. 

In total, natural heat output of geothermal in Kverkfjöll is 265±72 MW. About 50% of the 

heat is transferred from ground to water where ice flows over and into a geothermal area that 

with time forms a lake. The second largest contribution is heat transferred to the atmosphere 

through geothermally heated ground (~22%) and slightly less is the hot spring in Hveragil, 

where continuous runoff from deep heat sorces occurs (~18%). 
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