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Abstract

Several eruptions at glaciated volcanoes have been witnessed during the last two centuries. However, most studies have
focused on understanding the volcanic products or the hazard implications. Less attention has been put into analyzing the
long-term effects on the glaciers. The 2010 summit eruption of Eyjafjallajokull (Iceland) provides an excellent opportunity
to study such impacts by investigating how individual areas of the ice cap have changed with time. These include (i) the
summit caldera (formation of vents/lava), (ii) the southern flank (short-lived eruption fissure), and (iii) the outlet glacier
Gigjokull (lava propagation). We used high-resolution satellite data acquired by Pléiades and SPOTS5, complemented by
airborne LiDAR, to calculate elevation and volume changes of the glacier over varying time periods between 2008 and
2024. From August 2010 to August 2014, the main vent showed an elevation increase of ~ 80 m; visible eruption impacts on
the southern flank have completely vanished; Gigjokull significantly recovered. However, the ice cap overall is shrinking.
The area decreased from 72.3 km? (2010) to 63.5 km? (2024), with an average elevation change of —8.3 m. The caldera and
Gigjokull did not follow this trend and showed an average elevation increase of ca. 13.4 m (1.0 m/year). We hypothesize
that the depressions formed by the eruption acted as traps for drifting snow in winter, resulting in a local thickening rate
far exceeding the average winter accumulation. Although the recovery is exceptional, the volume still only corresponds to
around 50% of the ice loss caused by the eruption.
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Introduction

Although many volcanoes on Earth are covered by glaciers
or somehow interact with the cryosphere, the dynamic
interaction of eruptions, glacier melting, and regrowth is
barely studied. One of a few exceptions is Mount St. Helens,
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. ' cataclysmic eruption in May 1980 were studied in detail by
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geographic location in the North Atlantic and the variety
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of Eyjafjallajokull (66 km? in 2019), however, corresponds
to far less than 1% of Vatnajokull (Hannesdottir et al. 2020)
(Fig. 1A). Most glaciers in Iceland are currently retreating.
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Fig.1 Location of Eyjafjallajokull in Iceland and overview of
the Eyjafjallajokull ice cap. A Map of Iceland with main volcanic
zones (light gray) and central volcanoes (dark gray triangles) after
Jakobsson et al. (2008). Glacier outlines (from 2019) derived from
Hannesdottir et al. (2020). VA =Vatnajokull, LA =Langjokull,
HO =Hofsjokull, M?=Myrdalsj6kull, DR =Drangajokull, EY (red
star) =Eyjafjallajokull. B Aerial photograph of Eyjafjallajokull and

Eyjafjallajokull, for example, lost~2.5 km? between 2019
and 2024 (Table 1). Glacier expansion occurred over sev-
eral hundred years during the Little Ice Age (LIA), and the
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Gigjokull during the eruption; viewing direction is toward the south/
southeast. Image taken on 17 April 2010. C The glacier-covered part
of Eyjafjallajokull with main geomorphologic features, glacier extent
as in October 2024 (modified after Hannesdottir et al. 2020), and sur-
rounding rivers (Landmelingar Islands). Background digital elevation
model (DEM): hillshade representation of Pléiades satellite imagery
from 12 October 2024. Altitudes are in m a. s. 1.

glaciers reached their maximum in the late nineteenth cen-
tury. Strong mass loss was observed since then (ca. 1890).
Taking into account the glacier development until 2019,

Table 1 Area and volume calculations for Eyjafjallajokull. Separate calculations were made for (i) the entire ice cap and (ii) the caldera and
Gigjokull only (Gigjokull ice catchment). The difference between (i) and (ii) is indicated as well

Year Area (km?) Time span Volume change (m?) Average elevation change (m)  Average elevation Uncertainty
for individual time spans change (m) per year (m) per year

Eyjafjallajokull

2010 72.25 2010-2014 -1.56x 108 -2.20 —-0.55 +0.25

2014 69.68 2014-2021 —-1.51x108 —2.24 -0.32 +0.14

2021 65.09 2021-2024 -2.57x108 -3.90 -1.33 +0.33

2024 63.47 2010-2024 -5.64x10° -8.32 -0.59 +0.07

Caldera/Gigjokull (Gigjokull ice catchment)

2010 6.86 2010-2014 +1.28x 107 +1.83 +0.46 +0.25

2014 7.15 2014-2021 +7.38x 107 +10.28 +1.47 +0.14

2021 7.21 2021-2024 +7.93x 10° +1.10 +0.37 +0.33

2024 7.27 2010-2024 +9.45% 10’ +13.38 +0.96 +0.07

Eyjafjallajokull minus caldera/Gigjokull

2010 65.39 2010-2014 -1.69x 108 —2.64 —-0.66 +0.25

2014 62.53 2014-2021 —2.25x 108 -3.73 —-0.53 +0.14

2021 57.88 2021-2024 —2.65x 108 —4.63 —1.54 +0.33

2024 56.20 2010-2024 —-6.59% 108 —-10.84 -0.77 +0.07
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almost half of the total mass loss has occurred since
1994/95, corresponding to 240+ 20 Gt or an average loss
of 9.6 +0.8 Gt per year (Adalgeirsdoéttir et al. 2020). Since
no long-term changes in precipitation have been reported
(which is different from the global trend), glacier retreat is
considered mostly a result of climate warming and there-
fore high melting during the summer months. Precipitation
in Iceland arrives with prevailing southerly winds with the
highest amount on the southern slopes of Vatnajokull and
Myrdalsjokull. Annual precipitation exceeds 4000-5000 mm
with peaks even reaching 7000 mm (Crochet 2007; Bjorns-
son and Pélsson 2008). Glacial surges, common at the outlet
glaciers of all the major ice caps in Iceland and observed
over several centuries (historical reports), also significantly
alter the geometry of glaciers and lead to thinning of the
accumulation area and thickening of the glacier terminus
(Bjornsson 2017). Volcanic and geothermal activity can
similarly contribute to glacier changes, although usually to
a smaller extent and often on shorter time scales. While cur-
rently 60% of the ice caps in Iceland are underlain by active
volcanoes or hydrothermal systems (Bjornsson and Palsson
2008), jokulhlaups are the most frequently occurring vol-
canic hazard (Gudmundsson et al. 2008). The interactions
between volcanoes and glaciers have been studied in detail,
resulting in a better understanding of glacier response to
rapid melting of ice with various thicknesses (Magntsson
et al. 2012). These include thin ice conditions (50-200 m)
as observed at Grimsvotn (Reynolds et al. 2018), as well
as much thicker ice (600-750 m) as existing above Gjalp
(Jarosch et al. 2008). Other interactions with the cryo-
sphere and relevant in Iceland include permafrost degrada-
tion, which could cause slope instability, or minor steam
explosions (e.g., Askja) due to sudden release of pressure
in the geothermal system (Shevchenko et al. 2024). Iso-
static rebound is another effect of ice retreat and can lead to
increased magma production in the shallow mantle due to
reduced pressure and thus impact the behavior of volcanoes
(Sigmundsson et al. 2010b).

Considerable volcano-ice interactions also characterized
the first few days of the 2010 summit eruption of Eyjafjal-
lajokull, lasting from 14 April to 22 May 2010 (Magnus-
son et al. 2012). The ice-capped Eyjafjallajokull volcano
is located on the south coast of Iceland and belongs to the
southern part of the Eastern Volcanic Zone (EVZ) (Fig. 1A).
It is a relatively low-aspect ratio (east-west elongated) strato-
volcano (Loughlin 2002) (Fig. 1B), which is located in direct
proximity to Iceland’s Ring Road and tourist attractions such
as Seljalandsfoss and Poérsmork. In 2024, 14 years after the
eruption, the glacier covered an area of ~63.5 km? (Table 1).
Main outlet glaciers are Gigjokull, draining from the sum-
mit caldera through a breach to the north, the nearby Stein-
sholtsjokull, and Kaldaklifsjokull in the southeast (Fig. 1C).
The 2010 summit eruption, which quickly emerged through

the ice cover after its start, caused rapid melting of ice and
the formation of ice cauldrons (sinkholes in ice). Extensive
jokulhlaups were observed during the first few days, propa-
gating from the former existing proglacial lake Gigjokulslén
on the north side of the volcano (Magnisson et al. 2012).
Major disruption to European air traffic was caused by gla-
cial meltwater-magma interaction causing fragmentation
and an eruption plume reaching a height of nearly 10 km
and significant ash dispersal toward the southeast in the first
few days after eruption onset (Gudmundsson et al. 2010).
In addition, a subglacial lava flow (later subaerial) emerged
in the summit caldera and propagated down the Gigjokull
outlet glacier (Oddsson et al. 2016b).

Eyjafjallajokull is tectonically connected to the nearby
Katla volcanic system through east-west striking faults and
eruptive fissures (Einarsson & Semundsson 1987). The vol-
canic edifice has been building over the last 800,000 years
(Loughlin 2002) and is known as a relatively quiet volcano
compared to its neighboring volcanoes Katla and Hekla
(Gudmundsson 1996). Its only known eruptions in his-
toric times prior to 2010 were in 920 CE (formation of the
Skerin Ridge) (Oskarsson 2009; Larsen 2000), 1612, and
1821-1823 (Thoroddsen 1925). The edifice then remained
seismically quiet until 1991. Intense seismic swarms in
1994, 1996, and 1999-2000 delineated pathways of magma
intrusions into the volcano (Hjaltadéttir et al. 2009), escorted
by intense deformation (Pedersen and Sigmundsson 2004;
Sturkell et al. 2010), before finally culminating in another
eruption period lasting from March to May 2010. Deforma-
tion studies by Sigmundsson et al. (2010a) suggested that
multiple storage regions existed and deformation did not
only relate to a single magma chamber. Starting as a flank
eruption at Fimmvorduhals in the east (Edwards et al. 2012),
activity eventually shifted to the summit caldera and sub-
stantially impacted the overlying ice cap (Magnusson et al.,
2012; Oddson et al. 2016b).

The volcano is characterized by a 2-3 km wide summit
caldera with several nunataks indicating the caldera rim
(Fig. 1C). Ice thicknesses varied from ~200 m in the western
part of the caldera (Strachan 2001) (pre-eruption conditions)
up to~400 m in the eastern part (May 2011), as unpublished
data collected by the Institute of Earth Sciences (University
of Iceland) revealed. Magnisson et al. (2012) estimated a
total (pre-eruption) ice volume of ~0.8 km?>. The volcanic
flanks have thinner ice, typically less than 150 m (Loughlin
2002; Strachan 2001). In 2024, glacier termini of the vol-
cano’s main outlet glaciers were found at elevations ranging
from ca. 500 (Gigjokull) to 600 m a. s. 1. (Kaldaklifsjokull,
Steinsholtsjokull) (Fig. 1C).

While the eruption in 2010 received substantial scientific
attention, including detailed studies of plume dynamics, vol-
canic ash, and the immediate impacts on the glacier cover
and related hazards (e.g., Woodhouse et al. (2013), Ripepe
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Fig.2 State of Eyjafjallajokull (summit area and Gigjokull) in August
2010—almost 3 months after the end of the eruption. Hillshade rep-
resentation of a LIDAR DEM from J6hannesson et al. (2013). Loca-
tions, extent of eruption structures, and related information derived
from Magnisson et al. (2012) and Oddsson et al. (2016b). A Sum-
mit caldera with parts of the southern flank and the upper part of the
outlet glacier Gigjokull to the north. Capital letters A and B (minor
and main vent) correspond to the cauldrons described in Magnusson
et al. (2012). The southern cauldron (A) formed in the first 2 days
of the eruption; the northern cauldron (B) developed on the second

et al. (2013), Spinetti et al. (2013), Diirig et al. (2022)),
there has been no systematic analysis of the post-eruption
evolution and glacier recovery. During the eruption, three
different areas of the glacier were affected. (i) The summit
caldera: Activity initially started on a short N-S trending
fissure, forming two individual cauldrons during eruption
onset. A third cauldron became visible on the second day
but merged with the initial (first day) northern cauldron and
eventually became the main vent. Activity continued for
almost 6 weeks. Lava accumulation, starting on 20 April,
also impacted the ice in the caldera. (ii) The southern flank:
A short-lived (1 day) eruption fissure evolved on the first day
in the upper part of the flank close to the caldera rim. (iii)
The outlet glacier Gigjokull: (Subglacial) lava propagation
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day and merged with a pre-existing one formed on the first day of
the eruption. Location of a small cauldron is visible on aerial photo-
graphs taken from an airplane in September 2012 and October 2024.
B Gigjokull outlet glacier with lava path, 2010 glacier extent (post-
eruption) and former glacier lagoon Gigjokulslén. Purple color rep-
resents the maximum extent of (initially) subglacial lava; red color
indicates the maximum extent of subaerial lava on top of the initially
subglacial lava. Glacier outline was modified after Hannesdottir et al.
(2020)

over more than 2 weeks melted substantial parts of the outlet
glacier. Lava accumulation started subglacially in the caldera
and eventually became subaerial while progressing north-
wards, finally reaching a length of more than 3 km. After the
ice was melted, another subaerial lava flow was emplaced
on top of it, forming a 2.7-km long a’a lava field. An over-
view of the immediate eruption impacts, described in detail
by Magnusson et al. (2012) and Oddsson et al. (2016b), is
shown in Fig. 2 and is needed for the further understanding
of the paper and discussion of specific areas.

Here, we study how the ice cap has evolved after the
eruption and how individual areas have changed with time.
We use elevation data obtained from Pléiades, SPOTS5, and
LiDAR scans to calculate elevation and volume changes over
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varying time periods between 2008 and 2024, illustrate the
changes in glacier extent, and investigate the complex ways
of material gain, loss, and redistribution. Aerial photographs
and on-site investigations help to illustrate visual changes
through time and space. These data allow us to (i) iden-
tify the long-term impacts of individual eruption stages on
specific areas of the ice cap, (ii) compare these areas to the
development of the ice cap as a whole, and (iii) characterize
the current state of the volcano and glacier. Since glaciers
globally are retreating at an alarming rate, it is essential
to understand the long-term impacts of eruptions on their
dynamics and recovery. Furthermore, changes of the ice
cover can often serve as precursors for renewed activity and
long-term studies can thus help to respond faster to changes
in volcanic activity and related hazards.

Data and methods
Data

Data used for this study can be divided into three different
groups. The first group comprises photographic material
from various overflights and on-site investigations before,
during, and after the eruption. Details about the photo-
graphs (e.g., viewing directions and date) are provided in
the respective figure captions or in the appendix. The second
group consists of different elevation data both airborne and
satellite-based. Data from July 2008 derive from SPOTS5 and
have a resolution of 10 m. The August 2010 airborne LiDAR
DEM was published by J6hannesson et al. (2013) and has a
resolution of 2 m. Data sets from August 2014, September
2021, and October 2024 were obtained from Pléiades and all
have a resolution of 2 m. The satellite-born data (SPOT5 and
Pléiades) are pushbroom stereo images, whereby particularly
the Pléiades stereo images allow for a processing of highly
accurate elevation models (Berthier et al. 2014). The 2010
LiDAR DEM is part of an airborne LiDAR campaign carried
out between 2008 and 2012, surveying the main glaciated
regions in Iceland. These data are characterized by a high
resolution with submeter uncertainties (J6hannesson et al.
2013). Details about the processing of respective data sets
are provided by Belart et al. (2019). The last data group
comprises information about varying glacier extents from
a glacier inventory by Hannesdéttir et al. (2020) (ongoing
work), Belart et al. (2020), and Joklavefsja. Some of the
data here were slightly modified where the DEM difference
clearly revealed a slightly different position of the glacier
margin. This could either be elevation gain at the front of
an advancing glacier, where the DEM difference reveals
the position of the glacier front corresponding to the latter
DEM, or elevation loss at the front of a retreating glacier,
where the DEM difference reveals the position of the glacier

front corresponding to the former DEM. The following gla-
cier margins were used for this study: 2000-2003, 2010,
2014, 2019, 2021, and 2023. Modifications were made for
2010, 2014, and 2021. The 2023 extent was used to infer
the 2024 extent, as only minor changes between these years
were visible.

Data processing

The aim of the data processing was to create different time
series with the various photographs and visualize changes
of the ice cap through the years, calculate volume and eleva-
tion changes, and illustrate/calculate the variations in gla-
cier extent. While the photographs were only used for visual
documentation and did not go through a specific processing,
details about the processing of elevation data are specified
below. Preprocessing (e.g., alignment of data) was done as
described by Belart et al. (2019) and is not further discussed
in this work.

Elevation changes between individual DEMs were calcu-
lated in QGIS (version 3.38.3) using the “Raster Calculator”
and subtracting respective data sets; e.g., LIDAR DEM 2010
minus SPOTS5 2008 represents the elevation change from
2008 to 2010. For a better comparison of the overall ice cap,
elevation changes were calculated per year, meaning that the
calculated difference was divided by the number of years
between individual surveys. Elevation changes of specific
areas impacted by the eruption (caldera, Gigjokull, southern
flank) were calculated for individual time spans and not per
year. For these areas, minor gaps in the subtracted DEMs
were interpolated using the “Fill NoData” tool in QGIS.
Finally, contour lines showing the elevation changes were
extracted from the respective DEMs. For the overall glacier
area, contour lines indicate the real elevation of the glacier
(inm a. s. 1.) as in August 2014, September 2021, and Octo-
ber 2024. In addition, different glacier extents were added.

Elevation information for individual profiles was
extracted in two different ways. Elevation profiles for
Gigjokull were extracted from the respective data sets via
the “Terrain Profile” tool in QGIS. The elevation profiles
of the caldera were extracted via the “Residuals Function”
in Surfer 13.

To accurately obtain volume changes integrated from the
DEM difference, some initial steps were necessary, includ-
ing gap interpolation in the data sets and the determina-
tion of the maximum glacier margins for individual time
spans. The DEMs we used for this study had various gaps
varying in size and location. Before subtracting the DEMs,
gaps outside the glacier margins were replaced with data
from the 2024 Pléiades DEM, since the elevation in ice-
free areas should be the same for all years. This reduced in
particular the data gap on the southwest side of the glacier
in 2014. Gap interpolation was then done in the subtracted
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DEMs with a two-step filtering. First, with the Gaussian 13
pixel x 13 pixel filter (26 m X 26 m) to eliminate smaller data
gaps. Second, a 260 m X 260 m median filtering to deal with
larger gaps. Then, the different layers were mosaiced: (a)
unfiltered subtracted DEMs, (b) Gaussian filtered subtracted
DEMs, and (c) median filtered subtracted DEMs in such a
way that (a) was used where data already existed, (b) was
used where (a) had gaps, or (c) was taken where (a) and (b)
had gaps. With this approach, all data gaps could be filled
except for the 1.16 km? gap in the subtracted 2010-2014
DEM and the 1.35 km? gap in the subtracted 2014-2021
DEM on the southwest side. Here, we took a look at the
average lowering in the surrounding areas at a similar eleva-
tion for the two periods and assumed average lowering also
applied to the missing area. This resulted in 8.8-m estimated
lowering for these gaps in the 2010-2014 period and 7.0-m
lowering for 2014-2021. The maximum glacier extent for
the respective time periods was inferred from the DEM dif-
ference. Finally, we calculated the average lowering of the
ice cap per year taking into account the area at the start and
the end of each time period (mean) and the numbers of years
each period has. All calculations were done in MATLAB
(Version R2023b).

For errors contributing to the uncertainty of the calcu-
lated volumes, we assume + 1 m as possible bias in elevation
change maps relative to the 2024 DEM of Eyjafjallajokull.
This can be considered a generous estimate compared to
geostatistical uncertainty estimates for similar datasets such
as discussed by Magntsson et al. (2016) and Belart et al.
(2020).

Results
Development of the overall ice cap

For comparison between the different time spans, we nor-
malized elevation changes to 1 year. Focus here is the ice
cap overall; elevation changes for the areas impacted by the
eruption will be discussed in detail in “The summit caldera,”
“The southern flank eruption fissure,” and “The outlet gla-
cier Gigjokull.”

Results show major elevation changes occurring in the
center (eruption impacts) and along the margins of the ice
cap. The ice cap overall is shrinking. This can be seen in the
elevation change maps (Fig. 3), the volumetric changes, and
the glacier extent (Table 1). Elevation change maps reveal
that the greatest annual elevation loss at the glacier margins
happened between September 2021 and October 2024, fol-
lowed by the period from August 2010 to August 2014. Less
elevation loss occurred between August 2014 and September
2021. Annual values mostly ranged between 0 and —6 m,
although significantly greater loss was visible at the outlet
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glaciers. Between August 2010 and September 2014, Stein-
sholtsjokull revealed annual elevation losses of up to 20 m
(Fig. 3A). The outlet glacier substantially thinned in the fol-
lowing periods and revealed a strong retreat. Although loss
dominated the glacier margins from 2010 to 2014, slightly
positive values (0—1 m) were observed over large parts on
the eastern and southern flanks. Some areas with elevation
gain also existed from 2014 to 2021 (Fig. 3B). Compared
to the first two time spans (August 2010 to August 2014
and August 2014 to September 2021), much stronger eleva-
tion loss happened from 2021 to 2024 with annual changes
between —1 and —2 m at elevations up to 1300 m (Fig. 3C).
A slight elevation gain was only visible at the southeastern
flank. All glacier margins showed a clear thinning, specifi-
cally visible at Kaldaklifsjokull and Steinsholtsjokull.

From 2010 to 2024, a constant retreat of the ice cap was
observed (Table 1). The area shrunk from 72.3 to 63.5 km?
with substantial volume loss, corresponding to an average
lowering of ~ 8.3 m over that time span. However, although
the ice cap overall revealed significant area, volume, and ele-
vation losses, the opposite was observed at the caldera and
Gigjokull. Over the entire period from 2010 to 2024, these
areas had a positive mass balance with significant volume
increase between 2014 and 2021 (7.38 x 10" m?, average gain
of ~10.3 m). Overall, an average elevation gain of ~13.4 m
was calculated for the entire time. The calculated numbers
indicate that the caldera and Gigjokull behaved differently
than the rest of the ice cap and the volume increase in these
areas reduced the overall loss of the ice cap.

The summit caldera

The eruption significantly changed the area of the summit
caldera as a direct comparison between photographs from
October 2004 (pre-eruption) and June 2010 (almost 1 month
after the eruption) reveals (Fig. 4). The dimensions became
clearly visible toward the end of the eruption and were docu-
mented in detail during the first few years after the eruption
(May 2010 to October 2013). One day before the eruption
ended (21 May 2010), the caldera was characterized by two
vents with only the main vent showing activity (Fig. 5A).
In addition, the extent of initially subglacially emplaced
lava in the northern part of the caldera became obvious. In
June 2010, almost 3 weeks after the eruption ended, steam
emission dominated from the main vent, although emana-
tions were also visible from the lava. Tephra covered major
parts of the caldera and large parts of the upper volcanic
flanks (Figs. 4 and 5B). A lake, visible in aerial images from
July 2010, had formed in the main vent and filled its entire
bottom (Fig. 5C). It remained at least until August 2011,
even though it had largely shrunk by that time. In July 2011,
420 days after the end of the eruption, tephra accumulations
in the caldera were mostly covered by snow again. Large
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Fig.3 Annual elevation changes
(m) of the Eyjafjallajokull

ice cap over three different
time periods. Note: Areas
impacted by the eruption and
Steinsholtsjokull (up to+20 m
change) exceed color scale. See
Figs. 6, 9, and 11 for details. A
August 2010 to August 2014.
B August 2014 to Septem-

ber 2021. C September 2021

to October 2024. Isopaches
(100-m interval) with numbers
indicate elevations in m a. s. 1.
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Fig.4 The summit of Eyjafjal-
lajokull before and after the
eruption. A 10 October 2004;
almost 6 years before the erup-
tion; view from SSW. B 17 June
2010; covered by thick tephra
after the eruption; view from
SSW. G: Godasteinn; V: Vestari
Skoltur; E: Eystri Skoltur, and
H: Hamundur. The width of the
summit caldera (east-west) is
2.5 km. The photographs were
taken from an airplane

10 October 2004
=
H

parts of the minor vent had refilled and only a depression
was left, which indicated its initial position adjacent to the
main vent toward the southeast. The main vent and the lava
pile, however, were still visible. While the main vent already
revealed some snow accumulations at the bottom and the
lake had mostly vanished, the lava remained completely
exposed (Fig. 5D). An aerial image from September 2012
reveals that the eruption structures as described before were
still apparent, although more snow has accumulated on top
(including the lava). Clear steaming could be noticed from
the eruption deposits confining the northern rim of the main
vent. In contrast to observations in 2010 and 2011, a new
depression in the northern part of the caldera first became
visible in September 2012 (Fig. S5E). Further refilling of the
main vent took place until October 2013 with snow mostly
sliding down over its southern rim. Minor steam emissions
were still visible on the northern rim (Fig. 5F). The new
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depression remained visible until at least October 2013 as
seen in different aerial images from that time. A small cav-
ity visible just east of the main vent is also conspicuous
(Fig. 5F).

During the eruption, considerable morphology changes
took place in the caldera. These changes are not only vis-
ible in aerial photographs (Figs. 4 and 5) but also in differ-
ent types of elevation data. Figure 6 illustrates the visual
development of the caldera from 2010 (post-eruption)
to 2024 as revealed by LiDAR and Pléiades data (upper
gray hillshade images). A comparison of images resulted
in three key observations: (i) The glacier recovered and
most of the visible eruption impacts have vanished com-
pletely by 2024; (ii) the recovery time of individual areas
varies; the fastest recovery was visible in the area of the
minor (southern) vent, followed by the main (northern)
vent; the longest recovery time was observed in the area
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Fig.5 Visual development of the summit caldera based on aerial photographs taken from an airplane. A-F Development of the summit caldera
with vent areas and subglacial lava from 21 May 2010 to 14 October 2013. Further details are provided in Appendix A

of lava accumulation; and (iii) the most notable changes
took place in the first few years after the eruption, mainly
from 2010 to 2014, and then from 2014 to 2021. The mor-
phology of the glacier surface did not significantly change
from 2021 to 2024.

A comparison of the glacier surface elevation between
August 2008 and August 2010 reveals the immediate erup-
tion impact on the summit area. While the eastern half and
areas close to the caldera slightly gained in mass (10 m max-
imum), considerable loss occurred in the western half with
a maximum surface lowering of —160 m. The area of the
main vent had the largest elevation change, —120 to —160 m
within a diameter of ca. 250 m. The elevation change in the
area of lava accumulation ranged between —80 and —120 m
and up to —120 m in the center of the southern vent, which
was only active in the first days of the eruption (Fig. 6A).
The post-eruption time between 2010 and 2014 reveals a
reverse situation. The ice cauldrons (vents) started to fill up,
with positive elevation changes reaching 80 m. The areas
adjacent to the vents, both on the east and west sides, showed
elevation loss of up to —20 m (Fig. 6B). The following two
periods from 2014 to 2021 and from 2021 to 2024 show a
similar pattern with elevation loss in the eastern half of the
caldera and gain in the west. While the greatest mass accu-
mulation between 2014 and 2021 occurred in the area of the
main vent (up to 90 m), followed by the area impacted by
lava (Fig. 6C), no elevation changes exceeding 10 m were
observed in the vent areas in the period 2021 to 2024. How-
ever, two areas within the caldera stand out in comparison
to their surroundings: first, a circular area with —10 m loss
in the northern part of the caldera close to the breach, and

second, the area of lava accumulation which rose by up to
40 m (Fig. 6D).

Appendix B illustrates the overall post-eruption eleva-
tion changes from 2010 to 2024. The elevation difference
between August 2010 and October 2024 summarizes the
total changes since 2010 and illustrates the elevation loss/
gain for different segments. Overall, the comparison reveals
how the area is recovering due to the strong positive mass
balance at this high elevation.

Individual cross sections of the minor and main vent as
well as a rough outline of the post-eruption bedrock topog-
raphy are illustrated in Fig. 7. The southern, smaller vent
quickly started refilling with snow after the eruption ended
and already revealed a smooth surface in 2014. The initial
vent structure had vanished completely by that time. In 2024,
after constantly gaining mass, the area revealed a similar ele-
vation level (slightly more) to the eastern part of the caldera
(Fig. 7A). The main vent also started refilling after the erup-
tion and large parts of the vent area were covered by snow
again in 2014. However, the initial vent structure remained
visible. Although an almost smooth surface was reached by
2021, the area still revealed the location of the vent center
indicated by the funnel-like form of the depression. Similar
to the minor vent, the surface level in 2024 was comparable
to the eastern caldera section (Fig. 7B). Visible in both cross
sections is the east-west bisection of the caldera, revealed
by the bedrock topography (much deeper in the east) and
partially indicated by the glacier surface. While the western
part of the caldera constantly gained in mass after the erup-
tion, the eastern part lost elevation and the 2024 surface is
lower than the previous years illustrated in Fig. 7.
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Fig. 6 Morphology of the summit caldera in individual years (upper
grey hillshade images) and elevation changes (m) over four different
time periods. A July 2008 to August 2010. B August 2010 to August
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Fig.7 Cross sections of the summit caldera (minor and main vent)
with a rough outline of the post-eruption bedrock based on prelimi-
nary interpretation of ice penetrating radar profiles acquired within

The southern flank eruption fissure

No visible heat output from the eruption fissure on the south-
ern flank was evident by the end of April 2010, although the
eruption in the caldera was still ongoing. Photographs even
reveal that snow already started to accumulate on top of the
fissure (Fig. 8A). While the southern flank was mostly cov-
ered by snow by the end of April and only minor patches of
tephra were visible, the coverage had significantly increased
by June 2010, where only little snow was visible (Fig. 8B).
In September 2012, large parts of the fissure were buried
under snow, although a cavity in the center of the fissure was
still visible (Fig. 8C).

Elevation change calculations were also done for the
southern flank eruption fissure (Fig. 9). Although the fis-
sure on the southern flank was only active for one day

the caldera; unpublished data collected by the Institute of Earth Sci-
ences (University of Iceland)

during the eruption, some areas lowered by up to —60 m.
The fissure is clearly visible on post-eruption LiDAR
data from August 2010. Elevation loss was concentrated
in two areas, visible as small circular depressions with
elevation reductions between —30 and —60 m. Surround-
ing areas mostly reduced in elevation by —10 to —20 m;
the flow path of the meltwater is visible as a narrow chan-
nel south of the eruption fissure progressing down the
flank (Fig. 9A). Between 2010 and 2014, the glacier area
impacted by the eruption nearly recovered completely and
the loss observed from 2008 to 2010 had mostly been bal-
anced. Surrounding areas, however, revealed an elevation
reduction of up to —10 m (Fig. 9B). The area impacted by
the eruption showed subtle elevation increase, by up to
5 m, between 2014 and 2021 (Fig. 9C), whereas the time
period from 2021 to 2024 revealed elevation reduction,
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20 September 2012

Fig.8 Visual development of the southern flank based on aerial photographs taken from an airplane. A—C Development of the southern flank
eruption fissure from 27 April 2010 to 20 September 2012. Further details are provided in Appendix A
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Fig.9 Elevation changes (m) of the eruption fissure on the southern
flank over four different time periods. A July 2008 to August 2010.
B August 2010 to August 2014. C August 2014 to September 2021.

except for crevasses. Signs of the eruption had vanished
completely by that time (Fig. 9D).

The outlet glacier Gigjokull

Post-eruption glacier outlines from individual years between
2014 and 2023 as well as photographs from March 2010
to September 2024 reveal the dynamics of Gigjokull’s gla-
cier terminus (Fig. 10). While retreat was observed from
2014 to at least 2017, the terminus advanced after that time
period. In 2023, the terminus almost reached the 2014 gla-
cier extent. The ice mass also expanded laterally, covering a
larger area than in 2014. The shape of the terminus changed
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considerably, primarily the western section, but then
remained mostly the same while advancing. The Gigjokull
ice catchment increased in area from 6.86 km? in 2010 to
7.27 km? in 2024. While a retreat of the glacier terminus
is visible from 2010 to 2014 (—150 m) and from 2014 to
2021 (—370 m), the glacier readvanced from 2021 to 2024
(4270 m). Photographs of Gigjokull taken between 2010
and 2024 also document the dynamics of the glacier termi-
nus. Retreat is evident between 2010 and 2017, followed by
a stagnation of the terminus position in 2017, with little or
no ice from above reaching the lower parts. Readvance is
then visible in 2024 again. The general topography of the
area as shown in an aerial image from 2012 explains the
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Fig. 10 Changes of the Gigjokull glacier terminus. Left: Images
of the glacier front in 2010 (pre-summit eruption), 2011, 2017, and
2024. Yellow and orange dots are for reference and indicate the same
locations on each image. An overview of the complete outlet glacier

specific shape of the terminus which is confined by the une-
ven and prominent bedrock to the west. The lateral moraines
are an additional indicator for the large extent of the outlet
glacier in the past. Between ~2000 and 2003, the lateral gla-
cier extent was confined by these moraines. Outlines from
ca. 2000 to 2003 and 2010 (after the eruption) reveal that
the glacier terminus did not reach the extent it had prior to
the eruption. However, the photograph from March indicates
only minor front changes during the eruption. The reduced

is shown for 2012. Right: Position of the glacier terminus during
different years between 2000 and 2023. Background =aerial image
(orthophoto) from July 2010 (Samsyn/Blom)

glacier extent caused by the eruption was almost entirely
caused by the lava emplacement further up-glacier. After
some post-eruption phases of retreat, Gigjokull readvanced
and its extent in 2024 nearly reached the terminus position
from August 2010, 3 months after the end of the eruption.
Figure 11 represents the elevation changes of Gigjokull
for different time periods between August 2008 and Octo-
ber 2024. Comparing the elevation difference between
2008 and 2010, a deep ice canyon with depths of —120 m
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Fig. 11 Elevation changes (m) of the outlet glacier Gigjokull over
four different time periods. Black solid line indicates the glacier
extent in 2010; red solid line the extent in 2024. A July 2008 to

becomes visible. The canyon was formed during the erup-
tion by the lava flow, which emerged in the summit cal-
dera. Although the lava initially expanded subglacially, it
eventually melted the ice and became subaerial. In addi-
tion to the canyon formation, large parts of the glacier
terminus significantly decreased in elevation, by up to
—60 m (Fig. 11A). While refilling of the ice canyon and
accumulation on top of the lava took place between 2010
and 2014, with maximum elevation increase of up to 80 m,
the lower parts toward the glacier terminus and some areas
close to the lava flow to the east experienced an elevation
decrease of —40 to —60 m (Fig. 11B). The time period
between 2014 and 2021 is different. Although an elevation
increase through snow accumulation on the upper part of
the lava (located in the caldera) was visible, only minor
changes occurred in the middle part. Significant accumula-
tion, however, took place at lower elevations, which pre-
viously experienced mass loss. As revealed by Fig. 11A,
B, the lava flow was completely covered by glacier ice
by 2021, evident through substantial elevation increase
between 2010 and 2021. Close to its lower end, the glacier
thickened by up to 80 m. An elevation decrease occurred
at the northernmost tip of the terminus and the upper part
of the glacier outlet where the ice starts flowing out of the
caldera (Fig. 11C). Elevation differences between 2021
and 2024 mostly reveal an overall but slight thinning
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of Gigjokull, with the exception of the lowermost part
where ice thickening of between 10 and 50 m occurred
(Fig. 11D).

Cross sections provide a more detailed overview of
elevations in individual years (Fig. 12). Starting with
the lava emplacement in the caldera (A-A°), data show
that elevation gain only happened toward the edges of the
lava pile between 2010 and 2014, but the center remained
at the same elevation. Elevation increase is visible from
2014 to 2024 (ca. 60 m in the center). However, the
elevation is still 20-30 m below the pre-eruption level
from 2008. Cross sections further down (to the north
of) the outlet glacier (B-B’,C-C’, D-D’) reveal a very
similar pattern. Cavities quickly started refilling and sig-
nificantly increased in elevation by 2014, in some areas
up to 100 m. Elevations in 2021 and 2024 were nearly
identical and very similar to those from 2014, although
minor disparity is visible. In all cases, the level from
2008 prior to the eruption has not been reached by 2024.
Cross section E-E’ displays the end of the subglacial lava
flow. There was little elevation change prior to 2014.
However, elevations in 2021 and 2024 nearly reached the
2008 level. The last section (F-F’) represents the situa-
tion of the glacier terminus. Data reflect the alternating
behavior of the terminus with elevation increase and loss
as illustrated in Fig. 11.
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Fig. 12 Cross sections of the outlet glacier Gigjokull and the northern part of the summit caldera

Recent observations of the ice cap (summer
and autumn 2024)

On-site visits of the summit caldera and overflights in sum-
mer and autumn 2024 resulted in two major observations: (i)
A small depression was still visible in the area of subglacial
lava emplacement, but all other visible signs of the eruption
have vanished in the caldera; (ii) a new depression in the
northern part of the caldera has formed (Fig. 13). Aerial
photographs from October 2024 show a depression closely
located to the breach in the caldera rim where Gigjokull
emerges (Fig. 13C). As no signs were visible during a previ-
ous overflight in July nor during an on-site visit in August
(Fig. 13A, B), the depression must have formed between
August and October 2024. A depression was observed at the
same location in 2012 (Fig. 2) but vanished shortly after-
wards. The elevation change in this area and the formation of
a circular shape is also clearly visible in Fig. 6D, indicating a
loss of ca. 10 m between 2021 and 2024. During the on-site

visit in August, substantial tephra accumulations were vis-
ible at the western edges of the glacier, often piled up into
small heaps, or otherwise mixed with snow, letting large
parts of the surface area appear black (Appendix C).

Discussion
Recovery of individual areas after the eruption

During the eruption, different areas of the ice cap were sub-
jected to volcano-ice interactions of varying duration and
severity. These variations strongly correlate with the recov-
ery time of individual areas and their development after
2010. While visible eruption impacts on the southern flank
vanished completely (nothing was visible in 2014) and the
glacier only needed a short time to reach the pre-eruption
state, minor signs in the form of a small depression were still
visible in the summit caldera during on-site investigations
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Fig. 13 State of the summit
caldera in July, August, and
October 2024 and evolution

of a new depression close to
Gigjokull. A Aerial photograph
taken on 30 July 2024. View-
ing direction is to the west. B
View into the summit caldera
from Godasteinn. Photomosaic
was taken on 8 August 2024.

C Aerial photograph taken on
27 October 2024 by Ethienne
Berthier. Viewing direction is to
the south. N indicates north in
all photographs

in summer/autumn 2024 and on Pléiades satellite imagery
from October 2024. Similar to the eruption fissure on the
southern flank, Gigjokull also revealed a fast recovery and
quickly returned to alternating phases of advance and retreat
as observed prior to the eruption (Sigurdsson 1998; Strachan
2001).

There are two main factors influencing the recovery of
individual areas: (i) the amount of residual heat (e.g., lava,
pyroclasts, and lakes) and its decline over time and (ii) the
location of disruption on the ice cap. It is also relevant to
consider the amount of ice that melted during the eruption,
the depth of individual structures within the ice cap, and
the duration of activity of individual sites. The eruption fis-
sure on the southern flank was only active for 1 day and
created a cavity up to~60 m deep (Fig. 9A). Compared to
the other areas, the impact of the eruption was rather small
and much of the meltwater had drained out as a supragla-
cial flood in the beginning of activity due to the thinner ice
cover (50-100 m) and the steep terrain (Magnusson et al.,
2012). The fast recovery suggests that the heat source in this
location was exhausted very quickly, probably reflecting a
shallow, lateral propagation of the magma erupting here on
the first day of the eruption. Both ice melting and heat output

@ Springer

130 July 2024 |

=2 VTl

B

Area of Subglacial
Lava Emplacement -
April 2010

Area of Sul);gidéfélli
ava Emplacement, Godastein

New Depression _

were significantly higher in the caldera and steaming was at
least visible up to ~ 3 years after the eruption at the main vent
(Fig. 5F) with elevation change/loss of up to 160 m; 80-m
loss was observed in the area where lava flow emplacement
(initially subglacially) started (Figs. 6A, 7B, and 12A-A’).
Other factors such as a changing albedo due to the tephra
coverage might have influenced the ice cap as well. How-
ever, we assume that this was mostly relevant immediately
after the eruption and in the summer of 2010. After that
time, most areas were covered by snow again (Figs. 5 and 8).

Differences between the recovery time of the main and
minor vent are clearly a result of the duration of activity and
degree of interference. Disparities between the main vent
and the area of lava accumulation, however, are primarily
related to different heat capacities. Oddsson et al. (2016a)
determined a lava heat capacity of 1.0%10% J kg=! K=,
Experiments carried out by Stroberg et al. (2010) found heat
capacities ranging between 8.2 and 8.7#10% J kg~! K~! for
volcanic clasts.

It was estimated that the subglacial lava already lost
45% of its thermal energy for ice melting and another 5%
was lost to the atmosphere and heating of water during the
eruption and that the majority of the calculated residual
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heat of 4.1+ 1.7%10'® J was stored in the thickest part of
the lava which was emplaced in the caldera (Oddsson et al.
2016b). If this residual heat had all been used for basal
melting since the end of the eruption, the melted ice would
be ~ 1.4 x 10% m>, which is almost double the volume gain
of the Gigjokull ice catchment between 2010 and 2024, and
corresponds to ~ 1.4 m lowering of this area overall over this
time span. This is unlikely the case since it would imply
that the surface mass balance of Gigjokull was extremely
high, not only ~ 1 m water equivalent/year like the geodetic
results indicate, without basal melting, but more like 2-3 m
water equivalent/year to compensate for the basal melting.
It is more likely that the surface mass balance of Gigjokull
was somewhere in the range of 1-2 m water equivalent/
year during this period. Basal melt substantially lower
than ~ 1.4 x 108 m® in 2010-2024 may be caused by several
reasons and likely a combination of more than one includ-
ing the following: (i) The residual heat of the lava at the end
of the eruption being overestimated; (ii) significant further
amount of heat has been lost into the atmosphere and heating
of water percolating through the lava without getting into
further contact with the glacier and therefore not causing
ice melt; (iii) a significant proportion of the residual heat in
2010 is still being stored in the lava.

The pyroclastic deposits confining the two vents lost most
of their remaining heat during or immediately after the erup-
tion (after becoming inactive). A significant amount was
likely lost to the atmosphere through steaming; another part
was probably used for melting snow and heating of water in
the main vent (lake formation, Fig. 5C). It is likely that the
minor vent lost most of its energy after becoming inactive
and even before the eruption ended, as no significant steam-
ing is visible on post-eruption images. The order of recovery
from fast to slow is as follows: (i) southern flank eruption
fissure, (ii) minor vent, (iii) main vent, and (iv) subglacial
lava (caldera).

Similar to the eruption fissure on the southern flank and
the caldera, Gigjokull also revealed a fast recovery with a lot
of elevation increase by 2014 and an advancing glacier ter-
minus since at least 2019, after a period of retreat observed
since 2014. At Gigjokull, heat loss at the lava happened
much faster than in the caldera. First, the lava was much
thinner, and second, the influence of meltwater was much
greater (Oddsson et al. 2016b). This in turn means the lava at
Gigjokull was not able to store a lot of heat after the eruption
ended and cooled comparatively fast, thus not preventing
new snow/ice from accumulating on top of it.

Development of eruption sites versus overall glacier
response

Glaciers globally (IPCC 2021) and in Iceland (Hannesdot-
tir et al. 2020; Gudmundsson et al. 2025) are retreating.

The Eyjafjallajokull ice cap is following the same trend as
shown by a persistent area decrease between 2010 and 2024
and continuous volume loss (Table 1). However, the areas
impacted by the eruption were able to significantly recover
and showed a strongly positive mass balance in the years fol-
lowing the eruption. We hypothesize that these differences
between the caldera/Gigjokull and the rest of the ice cap can
be explained by the morphology changes of the caldera after
the eruption. The caldera, which feeds Gigjokull (Gigjokull
ice catchment), had significantly changed after 2010. Major
depressions had formed where the eruption vents were and
lava was emplaced. These depressions likely acted as traps
for drifting snow in winter, resulting in a local thickening
rate far exceeding the average winter accumulation. Without
these depressions and also considering the high wind speeds
at the summit, it is likely that the snow would have been
deposited on other parts of the ice cap. Another factor that
has to be considered is the altitude. The eruption took place
in the uppermost part of the ice cap, which is (so far) less
impacted by rising temperatures and serves as an accumula-
tion area for Gigjokull. However, the altitude likely played a
secondary role. There are several outlet glaciers in Iceland
with similar conditions and even higher feeding areas. None
of them showed a comparable volume increase (positive
mass balance). Orzfajokull, for example, has very similar
conditions as Gigjokull, but with a caldera that is ~300 m
higher than the one of Eyjafjallajokull. Between 2010 and
2017, it experienced a positive mass balance. However,
with ~ 0.2 m water equivalent/year (Belart et al. 2020), it
was far less than what we observed at Gigjokull. Other outlet
glaciers in Iceland predominantly experienced negative mass
balances between 2010 and 2024. This supports our assump-
tion that the altitude cannot be the main factor responsible
for the fast recovery of the eruption sites.

Although a positive mass balance was observed at the
Gigjokull ice catchment after the eruption and visible erup-
tion impacts started to disappear, the ice cap did not reach
the pre-eruption state by autumn 2024. Studies by Magniis-
son et al. (2012) and Oddsson et al. (2016b) revealed a total
volume loss of ~200 m?® related to the eruption. A com-
parison to the total volume gain that was achieved between
August 2010 and October 2024 (~ 100 m?) shows that this
surplus is still only 50% of the overall volume that was lost
during the eruption. Since we hypothesize that the depres-
sions played a major role for snow accumulation immedi-
ately after the eruption and strongly impacted the fast recov-
ery, we can assume that this process will be slowing down in
the coming years as the depressions become shallower and
less snow will be trapped. This will likely reduce the contrast
in mass balance between the Gigjokull ice catchment and the
rest of the ice cap.

While the eruption severely impacted specific areas of
the ice cap, resulting in ice melt and substantial morphology
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changes, large parts of the volcanic flanks were impacted by
a tephra layer. This probably affected the ice cap in the first
1-2 years after the eruption, either due to a changed albedo
or insulating effects, but likely less in the long-term since the
tephra got covered by snow afterwards. Although here we
cannot quantify the impacts the eruption had on the volcanic
flanks in the longer term, we think that negative effects could
have been caused by less snow reaching these areas due to the
high accumulation in the caldera. Tephra that was deposited
on the flanks in 2010 was still visible at the glacier margins
during field visits in August 2024 (Appendix C) as a result of
ice movement and melt. These accumulations can influence
the pathways of supraglacial meltwater channels and probably
have both insulating effects in areas with sufficient material
and enhanced melting effects where the ice is covered by a
very thin and patchy layer.

Future development of the ice cap

A national glacier inventory for Iceland by Hannesdottir et al.
(2020) provides clear evidence that most of the Icelandic gla-
ciers started retreating in~ 1995 due to rising temperatures—
after a period of stagnation or even readvancing after ~ 1960.
The Eyjafjallajokull ice cap follows these trends and is cur-
rently retreating, although areas impacted by the eruption
were able to significantly recover since 2010. Assuming that
temperatures will further increase in the future it is likely that
the areas already impacted by climate change will continue to
decrease. The edges of the ice cap will continue to thin and
the areal extent will diminish. The summit caldera will likely
remain in its current state with only minor changes over the
next few decades, unless temperature increase will be strong
enough to affect higher altitudes or substantial changes in
precipitation will arise. However, since the depressions likely
played a major role for the strong positive mass balance, we
can assume that snow accumulation will decrease along with
the disappearance of the depressions, which will therefore
affect the future of Gigjokull. Although the ice cap notably
recovered from the eruption impacts and the Gigjokull ice
catchment might experience a continued positive mass balance
in the next few years, it is unlikely that the total volume that
was lost during the eruption will be replenished or the overall
ice cap will continue to advance again under the current condi-
tions. In the event of an eruption as observed in 2010, the ice
cap might be able to recover, although this strongly depends on
the area that will be impacted, the magnitude of the eruption,
and the morphology changes that are left behind.

Volcano-glacier interactions and glacier recovery
on a global scale

Although global warming causes worldwide glacier retreat,
we find that volcanic eruptions do not necessarily accelerate
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this process in the long term (first few decades after the
eruption). Even though they usually impact the ice cover
during an eruption and can lead to substantial melting,
the long-term consequences strongly depend on the type
of eruption, the location of eruption sites on the volcanic
edifice/ice cover, and several external factors (e.g., wind,
precipitation, and shade). Notable morphology changes in
the aftermath of an eruption can even cause a new glacier
to form and survive subsequent activity periods as observed
in the horseshoe-shaped crater of Mount St. Helens (Schil-
ling et al. 2004; Walder et al. 2008). Other studies found
that even direct interactions between lava and snow/ice do
not always cause immediate melting due to the effective
thermal insulation between the incandescent lava and the
underlying snow/ice. This was observed during the 2010
Fimmvorduhals eruption, Iceland (Edwards et al. 2012), and
again in 2018 at Mount Veniaminof, Alaska, USA (Wayth-
omas et al. 2022). However, long-term impacts can arise as
a consequence of immense volcano-ice interactions during
an eruption affecting large parts of the ice cap. A famous
example is the disastrous 1985 eruption of Nevado del Ruiz,
Columbia, where the eruption significantly determined the
future development of the ice cap and led to substantial deg-
radation (Thouret et al. 2007). Ultimately, there are several
factors determining whether an eruption causes long-term
impacts on the glacier cover or not. Barr et al. (2018) present
several examples of volcanic impacts on modern glaciers
(since AD 1800) and concluded that shorter-term (days-to-
months) impacts are typically destructive, while longer-term
(years-to-decades) are more likely protective (e.g., limiting
climatically driven ice loss).

Conclusions

The 2010 summit eruption of Eyjafjallajokull caused con-
siderable melting in the caldera, forming ice cauldrons
over 160-m deep. Some melting occurred on the upper part
of the southern flank, but the event was short-lived with
comparatively little impact. The propagation of an initially
subglacial lava flow down Gigjokull severely impacted the
outlet glacier, formed ice canyons, and melted substantial
parts of it. Since glaciers in Iceland are retreating, it is sur-
prising that the areas impacted by the eruptions were able
to start recovering so quickly and experience a positive
mass balance, unlike the rest of the ice cap. Although the
altitude (summit eruption) contributed to the fast recovery,
it likely played a secondary role. We rather propose the
morphology changes in the caldera were the key factor for
the extremely positive mass balance. Depressions formed
during the eruption likely acted as traps for drifting snow
in winter, resulting in a local thickening rate exceeding the
average winter accumulation. Without these morphology
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changes, snow would have been transported to other parts
of the ice cap by wind. Since the eruption impact strongly
varied between eruption sites, the recovery times showed
differences as well. Apart from the impact of the eruption
itself and the duration, the differences in residual heat also
affected the recovery time. While the short-lived eruption
fissure on the southern flank lost all its heat very quickly
and snow accumulation started even while the eruption
at the summit was ongoing, heat remained much longer
at the vents and the thick body of lava, which started to
accumulate subglacially. As a conclusion, we can say that
the fast recovery of Eyjafjallajokull is surprising and not
what you would expect from a glacier with remaining
heat sources caused by an eruption, forms of geothermal
activity as indicated by the sporadic appearance of the
small cauldron in the northern part of the caldera, and
a negative mass balance experienced by almost all other
Icelandic outlet glaciers. However, despite the recovery,
the Gigjokull ice catchment has not fully recovered and
only regained ~ 50% of the volume that was lost during the
eruption. If the eruption happened at other parts of the ice
cap, a recovery as seen here would probably not have been
possible. In the long term, the eruption clearly impacted
the subglacial morphology of the caldera, Gigjokull, and
the southern flank. Overall, the ice cap was impacted by
less snow accumulation, as substantial parts were trapped
in the caldera. Although we cannot quantify how the ice
cap would have evolved without being impacted by the
eruption, it is unlikely that a positive mass balance over
the last years would have been reached while all other ice
caps showed retreat.
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