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2.1. Introduction

The volcanic system of Katla is one of the most active
ones in Iceland with at least twenty eruptions within the
central volcano (Larsen, 2000) and one in its fissure
swarm during the past 1,100 years. The volcano is
covered mostly by the Mýrdalsjökull ice cap (Fig. 2.1);
consequently, eruptions within the Katla central volcano
are phreato-magmatic and capable of producing glacial
bursts, that is, jökulhlaups. One of the most voluminous
eruptions (B18.6 km3, Thordarson and Larsen, 2007) in
historical times since AD 874, the Eldgjá eruption AD
934–940, originated from the Katla fissure swarm
extending from under the Mýrdalsjökull ice cap towards
the north-east. Eruptions within the Katla caldera are
much smaller with an upper limit of volume of approxi-
mately 2 km3. The neighbouring volcano, 25 km to the
west, is Eyjafjallajökull (also referred to as Eyjafjöll). It is
currently much less active, with two eruptions during the
past 1,100 years, occurring in tandem with Katla eruptions
in 1612 and 1821–1823. The erupted volumes from the
Eyjafjallajökull volcano have been negligible in historic
times and range in the 0.1 km3 scale. However, they can be
extremely hazardous, as farms are located at the foot of the
volcano, which rises 1.5 km from the agricultural plain.

As most eruptions are confined to the ice-covered
Katla caldera area, huge amounts of meltwater are
released in the beginning of an eruption. The path of
these outburst floods depends critically on the location
of the eruption site within the caldera, in relation to the
present water divides under the ice within the caldera.
In historical time, floods have on most occasions drained
to the east and at a few instances also to the south.
Jökulhlaups and fallout of tephra are primary hazards
during a Katla eruption, and the proximity of the volcano
to populated areas and to international flight paths makes
it a potent threat.

Different chemistry and mineralogy distinguish the
two volcanoes. FeTi basalt dominates volcanism of the
Katla system. The Eyjafjallajökull volcanic system, on
the contrary, has produced a suite of alkalic rocks ranging

from ankaramites to hawaiite and minor silicic rocks
(Jakobsson, 1979).

This compiled overview of geology, seismicity and
crustal deformation is based principally on two research
articles: Sturkell et al. (2003, 2008), the time series have
been extended to include the collected data up to year
2008.

2.2. Tectonic Setting

The Katla and Eyjafjallajökull volcanoes are located
outside the main zones of divergent plate motion.
In south Iceland, the plate boundary is in a state of
transition (e.g. Einarsson, 1991; Sigmundsson et al., 1995;
Sigmundsson, 2006). Plate divergence is presently taken
up by two parallel rift zones: the Western Volcanic Zone
(WVZ) and the Eastern Volcanic Zone (EVZ). Latitude-
dependent variations in spreading rate are observed along
both zones, with the EVZ accommodating 40–100%
(Fig. 2.2) of the relative motion between the North
American and Eurasian plates (LaFemina et al., 2005).
The spreading rate decreases southwards and active rifting
terminates south of the Torfajökull volcano (Figs. 2.1 and
2.2), where the EVZ rift zone meets the transform
boundary of the South Iceland Seismic Zone.

Large volcanoes characterize the segment of EVZ
south of its intersection with the transform. Rifting
structures on the surface are inconspicuous in this area.
From the area between Torfajökull and Mýrdalsjökull
to the Vestmannaeyjar islands, the influence of the
EVZ is primarily seen in the decreasing alkalinity of
rocks with increasing distance from the tip of the rift
zone (Óskarsson et al., 1982). The arguments are mainly
geochemical and structural. FeTi volcanism, characteristic
for propagating rifts, is found within this area, beginning
2–3 Myr ago (Jóhannesson et al., 1990). Voluminous
volcanism has created a plateau of FeTi basalt south of
the Torfajökull area towards the south coast in Mýrdalur
(Fig. 2.1). Therefore, Katla and the neighbouring
volcanoes Eyjafjallajökull and Vestmannaeyjar (including
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the Heimaey and Surtsey eruption sites, see Fig. 2.2) have
spreading velocities consistent with a location on the
stable Eurasian plate (LaFemina et al., 2005; Geirsson
et al., 2006). Hence, Katla can be classified as an
intraplate volcano, in spite of its occasional connection
with rifting in the EVZ, exemplified by the AD 934
Eldgjá eruption (Fig. 2.1).

2.3. Structure and Eruptive Products of the
Volcanoes

2.3.1. Katla

The Katla volcano hosts a 600- to 750-m-deep caldera
filled with ice (Björnsson et al., 2000). The caldera rim is

Fig. 2.1. Map of Iceland, showing the neo-volcanic zone consisting of individual volcanic systems coloured in yellow.
Dashed lines mark submarine volcanic system and white areas are glaciers. The plate boundary in Iceland is expressed
by different segments and is divided into the Northern Volcanic Zone (NVZ), the Western Volcanic Zone (WVZ), and the
Eastern Volcanic Zone (EVZ) (Einarsson and Saemundsson, 1987). The EVZ and the WVZ are connected by the South
Iceland Seismic Zone (SISZ). The area including Eyjafjallajökull and Katla is outlined with a box. The Eldgjá fissure is
marked in red.

Fig. 2.2. Partition of plate spreading
between the Western Volcanic Zone (WVZ)
and the Eastern Volcanic Zone (EVZ). The
spreading rate increases from north to south
along the WVZ progressively from zero to
60% of spreading at the Hengill volcano and
the opposite pattern is valid for the parallel
EVZ. The surface structures associated with a
rift in the EVZ terminates just north of the
Mýrdalsjökull ice cap. The Hreppar micro-
plate is located between the parallel spread-
ing zones. Plate spreading data are taken
from LaFemina et al. (2005).
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breached in three places, to the south-east, north-west and
south-west. These gaps in the caldera rim provide outflow
paths for ice in the caldera to feed the main outflow
glaciers, Kötlujökull, Entujökull and Sólheimajökull
(Fig. 2.3). Apart from the large Eldgjá flood lava eruption
AD 934–940 (Thordarson et al., 2001), all historical
eruptions of the Katla volcanic system have occurred
within the caldera (Larsen, 2000).

Volcanic products of Katla are primarily bimodal in
composition, comprising alkali basalt and mildly alkalic
rhyolites (Lacasse et al., 2007). Intermediate rocks,
mostly basalt-rhyolite hybrids and occasional hawaiite,
are very subordinate (Lacasse et al., 2007). Volume-
trically, FeTi-rich basalt with aphyric appearance dom-
inates. This is ascribed to rapid segregation of material
from a large mantle source beneath a propagating rift
(Sinton et al., 1983). Silicic volcanism is an important
component of Katla activity. At least twelve silicic tephra
layers are known from Katla during the Holocene,
between 1700 and 6600 BP (Larsen et al., 1999; Larsen,
2000), and almost all known outcrops of Katla at the
caldera rim and immediately outside of it are silicic
(Jóhannesson et al., 1990; Lacasse et al., 2007). Katla
tephras show that phreato-magmatic eruptions have taken
place throughout the Holocene (Óladóttir et al., 2005).
The relatively homogeneous chemical composition of the
products of large basaltic eruptions of Katla during the
past 1,000 years seems to indicate that they have not had
time to evolve in a shallow magma chamber (Óladóttir
et al., 2005, 2008). The wide range of composition for
Katla magmas in general (Lacasse et al., 2007), however,

points to a complicated magma plumbing system, which
may even change significantly on a time scale of
thousands of years (Óladóttir et al., 2008).

Seismic undershooting within the Katla caldera has
revealed a zone where P-wave velocities are reduced
and S-waves are absent; this anomaly is interpreted as
evidence of a magma chamber (Gujmundsson et al.,
1994). Moreover, results from an aeromagnetic survey
indicate the presence of a non-magnetic body within the
region of the postulated magma chamber (Jónsson and
Kristjánsson, 2000).

2.3.2. Eyjafjallajökull

The Eyjafjallajökull volcano is an elongated, flat cone
of about 1,600 m height. The Eyjafjallajökull glacier, up to
200 m thick (Gujmundsson and Högnadóttir, 2005),
covers the volcano and its elliptical 2.5-km-wide summit
crater (Fig. 2.3). The outlet glacier Gı́gjökull originates
from the crater and flows towards the north through an
opening in the crater rim. The most recent eruption in
1821–1823 occurred within the crater close to its southern
rim and produced intermediate to acid tephra (Thoroddsen,
1925).

The Eyjafjallajökull volcano has an alkaline composi-
tion, similar to other off-rift volcanoes in Iceland. This
type of volcano generates relatively small amounts of
material; typically 0.1 km3, during each eruption. Most
eruptive fissures and crater rows at Eyjafjallajökull are
E-W orientated, but occasional radial fissures are

Fig. 2.3. The geodetic and seismic networks around Eyjafjallajökull and Katla (Mýrdalsjökull) showing campaign GPS,
continuous GPS, tilt and seismic stations. On Mýrdalsjökull glacier, the hachured line is the Katla caldera, and the
hachured line on Eyjafjallajökull marks the summit crater.
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observed around the summit of the volcano. The most
conspicuous radial eruptive fissure is Sker (Fig. 2.3). In
the area SSE of the summit crater and NE of the
Seljavellir farm (Fig. 2.3), Jónsson (1998) reports the
presence of highly altered rocks that are cut by numerous
dikes and veins. This area is interpreted to be the oldest
part of the Eyjafjallajökull volcano, with a suggested age
of more than 0.78 Myr. If this age estimate is accurate,
Eyjafjallajökull is one of the oldest active volcanoes in
Iceland. The most pronounced expression of geothermal
activity at Eyjafjallajökull is confined to its south flank,
in the area around Seljavellir (Fig. 2.3). This area of
geothermal activity correlates with the location of
recently formed intrusions.

2.4. Recent Unrest in Katla

2.4.1. The 1918 Eruption

The latest large eruption of Katla began on 12 October
1918, lasting for some three weeks (Jóhannsson, 1919;
Sveinsson, 1919). It was basaltic in composition, and
the eruption site was near the southeast rim of the Katla
caldera, beneath about 400 m of ice. A debris-laden
jökulhlaup was seen propagating over Mýrdalssandur sand
plains (Fig. 2.3) a few hours from the onset of the eruption.
The 1918 eruption of Katla was large, but estimates of the
total volume of erupted material vary. The amount of
tephra fallout is estimated to be 0.7 km3 (Eggertsson,
1919), and the volume of water-transported material is
estimated at between 0.7 and 1.6 km3 (Larsen, 2000). The
dense-rock equivalent may have been as high as 1 km3.

2.4.2. The 1955 Event

It is possible that a short-lived subglacial eruption took
place in 1955 on the eastern rim of the Katla caldera;
however, no tephra erupted into the atmosphere. Instead,
two shallow ice cauldrons formed on the surface of
Mýrdalsjökull and a small jökulhlaup drained from
Kötlujökull glacier tongue (Rist, 1967; Thórarinsson,
1975).

2.4.3. The 1999–2005 Episode

In July 1999, an unexpected jökulhlaup drained from
Mýrdalsjökull. Its timing is marked in Fig. 2.4 and is
followed by elevated earthquake activity. This short-
lived jökulhlaup was preceded several hours earlier by
earthquakes and pulses of low-frequency tremor that
originated from Mýrdalsjökull. Inspection of Mýrdalsjö-
kull revealed a newly formed surface depression (ice
cauldron) near to the epicentres of the earthquake swarm
that preceded the jökulhlaup. The latest Katla eruption
to break the ice surface took place in 1918. During the
weeks following the 1999 jökulhlaup, increased geother-
mal activity was detected along the caldera rim, as
manifest by the deepening of pre-existing ice cauldrons
(Gujmundsson et al., 2007).

From 2000 until 2004, uplift at the Global Positioning
System (GPS) point AUST occurred at a rate of 1.7 cm/yr
(Figs. 2.3 and 2.5), but interferometric measurements of
deformation from radar satellites (InSAR) indicate no
simultaneous uplift of the volcano flanks. Figure 2.6A
shows the derived displacement vectors from benchmarks
on and around Mýrdalsjökull, relative to stable Eurasia.
Vertical uplift and radial displacement from the caldera
centre were observed.

Using a point source model, these data place the
centre of the magma chamber at 4.9 km depth beneath
the northern part of the caldera. However, this depth
may be overestimated because of a progressive
decrease in the mass of the overlying ice cap, in reality,
the depth may be only 2–3 km. About 0.01 km3 of
magma has accumulated between 1999 and 2005. This
value is considerably less than the estimated 1 km3 of
material erupted during the latest eruption of Katla in
1918.

2.5. Recent Unrest in Eyjafjallajökull

Since 1994, the ice-capped Eyjafjallajökull volcano,
situated 25 km west of Katla, has generated by far the
largest amount of crustal deformation (Sturkell et al.,
2003). In 1994, and again in 1999, magma intrusion was
detected under the southern slopes of Eyjafjallajökull.
These intrusions had their centre of uplift approximately
4 km southeast of the summit crater of the volcano
(Sturkell et al., 2003; Pedersen and Sigmundsson, 2004,
2006) and were associated with considerable seismic
activity (e.g. Dahm and Brandsdóttir, 1997). After the
intrusion event in 1999, crustal deformation and earth-
quake activity at Eyjafjallajökull (Fig. 2.4) have remained
low (Sturkell et al., 2006).

This is, however, not the only known case of
simultaneous unrest of Eyjafjallajökull and Katla. The
two volcanoes apparently erupted in 1612, and the
Eyjafjallajökull eruption of 1821–1823 was immediately
followed by an eruption of Katla (Thoroddsen, 1925).
These are the only known eruptions of Eyjafjallajökull in
historic times.

2.6. Earthquakes

2.6.1. Seismic Activity of the Katla and Eyjafjallajökull
Region

Katla stands out among Icelandic volcanoes for its high
and persistent seismic activity. The only other volcanoes
that compare to Katla in this respect are Hengill and
Bárjarbunga (Fig. 2.1) (Einarsson, 1991; Jakobsdóttir,
2008), both of which are located on main branches of the
plate boundary. As Katla is located at some distance from
the main deformation zone of the plate boundary, its high
seismicity is somewhat unique.

The seismicity of the Mýrdalsjökull region forms
three distinct groups (Figs. 2.4 and 2.7), within the Katla
caldera, at Gojabunga on the western flank of Katla
and beneath Eyjafjallajökull. Seismic characteristics of
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these groups are quite distinct and different from one
another.

Seismicity at Eyjafjallajökull is episodic by nature
(Fig. 2.8A). In fact, most of the time, Eyjafjallajökull is
almost aseismic. Three episodes of seismicity occurred
in the 1990s, in 1994, 1996 and 1999 (Jakobsdóttir,
2008; Dahm and Brandsdóttir, 1997). The 1994 and 1999
episodes were associated with intrusive activity beneath
the SE flank of the volcano (Sturkell et al. 2003; Pedersen
and Sigmundsson, 2004, 2006); the 1996 episode was
much smaller and may have been related to the
development of a conduit feeding the shallow intrusions
(Fig. 2.8A). The beginning of each of the active periods
seems to indicate that the semi-vertical conduit is located
beneath the northern flank, whereas the magma was
subsequently intruded southwards as sills at 4–6 km depth
beneath the south-eastern flank. Most of the earthquakes
at Eyjafjallajökull are high-frequency events of low
magnitude but with sharp P- and S-waves. They have
only once reached magnitude 3, preceding the beginning
of the 1999 intrusion.

The Katla caldera epicentral cluster is not quite
concentric with the caldera: its centre is displaced slightly

to the NE with respect to the caldera centre (Fig. 2.7). The
largest magnitude earthquakes of the whole area take place
within this cluster. The largest event recorded so far was
that of June 2, 1977 (mb 4.9; MS 5.0, body-wave
magnitude and surface-wave magnitude, respectively).
There is still some controversy regarding the depth of the
caldera earthquakes. Arrival time data for most of the
events are consistent with a shallow source, 0–5 km, but
deeper sources are not excluded (Vogfjörj and Slunga,
2008). The epicentral cluster is located in the same general
area as the low-velocity, high-attenuation body detected
by Gujmundsson et al. (1994) and interpreted as a magma
chamber at a shallow level. It is therefore plausible that the
earthquakes are related to stress changes around and above
this chamber induced by pressure changes. The appear-
ance of the earthquakes on the seismograms is consistent
with this interpretation. They are mostly high-frequency
events with some events that would probably classify as
hybrid events. The focal mechanism studies that have been
conducted on the Katla caldera events so far seem to
indicate a large component of reverse faulting (Einarsson,
1987; Sturkell et al., 2008). It is possible that some of the
seismic activity is related to the extensive geothermal

Fig. 2.4. Cumulative seismic moment released in the Katla caldera, the Gojabunga area and Eyjafjallajökull region, for
the time period from 1 January, 1997, to 1 January, 2009. All earthquakes larger than magnitude 0.5MLW are used in the
moment-magnitude relation logM0 ¼ 1.5MLW+9.1, where M0 is the seismic moment (Nm) and MLW the local moment
magnitude. Of the three regions, Gojabunga is by far the most active with continuous activity. Between 2002 and the
beginning of 2005, earthquakes took place year-round within the Gojabunga region. Note that a new ice cauldron
(Sturkell et al., 2008) was formed before the onset of sustained earthquake activity in the Gojabunga region. The
character of the seismicity within the Katla caldera and in the Eyjafjallajökull volcano is more swarm-like. The 1999
swarm in Eyjafjallajökull was accompanied by a shallow intrusion. The vertical line in July 1999 represents the
jökulhlaup that drained from Mýrdalsjökull (emanating from the Sólhemajökull). The vertical line in late August 2004
represents the change of displacements rate at SOHO continuous GPS-station.
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activity of the Katla caldera region as expressed by the
many cauldrons in the ice surface, particularly along the
caldera rims (Gujmundsson et al., 2007). The geothermal
water systems cool the crust as heat is mined from the
magma chamber roof. The stress changes associated with
the cooling and contracting crustal rocks may lead to
earthquakes.

The Gojabunga earthquake cluster provides some
of the most unusual aspects of the seismicity at
Mýrdalsjökull. The earthquakes are almost exclusively
of the low-frequency type, and this area is one of few areas
in Iceland that consistently produce such earthquakes
(Soosalu et al., 2006a, 2006b). The earthquakes are often
poorly recorded and typically have emergent P-waves, an
unclear S-wave and a long low-frequency coda. This
makes them difficult to locate. Furthermore, the magni-
tude scale for these earthquakes is problematic. Because of

the long coda, they have a low amplitude/duration ratio,
very different from that of ‘normal’ earthquakes. Magni-
tudes that are based on maximum amplitude are therefore
likely to underestimate the size of the event. Another
unusual aspect of the Gojabunga earthquakes is their
pronounced seasonal correlation, first described by
Tryggvason (1973). The correlation was later confirmed
by Einarsson and Brandsdóttir (2000) who point out that
both seasonal ice load change and resulting pore pressure
change at the base of the ice could induce the modulation
of the earthquakes. They argue that the pore pressure
effect may be greater than the load effect, which is also
consistent with the phase lag of the earthquakes with
respect to the time of maximum deloading. The peak in
the earthquake activity usually occurs during the fall
months, 2–3 months after the maximum in the rate of
deloading (Jónsdóttir et al., 2007).

Fig. 2.5. Displacement time series for the campaign GPS site AUST from 2001 to 2008. Horizontal displacements are
relative to stable Eurasia but the uplift relative to ITRF 2005 reference frame. The uncertainty is the square of covariance
weighted from the least square fit. The sloping lines here, as well as in Fig. 2.11, represent the best line fit before and
after August 2004. The displacement rate changed in late August 2004, and this is suggested to represent the termination
of the inflation episode.

10 Erik Sturkell et al.



It has been suggested that the Gojabunga cluster is an
expression of a rising cryptodome (Einarsson et al., 2005;
Soosalu et al., 2006a), that is, a diapir-like volume of
viscous magma beneath the surface. Several lines of
arguments support this interpretation:

1. The low-frequency characteristics of the earthquakes
are typical for dome activity.

2. The deformation field around Gojabunga is very
localized. No deformation is detected at nearby tilt
and GPS stations. This is one of the characteristics
of rising domes (e.g. Poland and Lu, 2008).

3. The earthquake activity is remarkably persistent.
There are fluctuations on a months-to-years time
scale, but the day-by-day activity is steady.

4. The earthquake cluster is very tight and localized.
5. Geographical position of the cluster with respect to

the Katla caldera is the same as for a number of
acidic extrusive bodies. They appear to form an
aureole around the caldera. Similar relationship is
observed at some other central volcanoes in Iceland,
such as Krafla (Jónasson, 1994).

Arguments have also been presented for icequakes as
the source of the Gojabunga activity (Jónsdóttir et al.,
2008). Icequakes are known from several places in the
glaciated areas of Iceland, in particular, along the edges
of active glaciers and along the largest ice stream of
Iceland, the Skeijarárjökull tongue of Vatnajökull (e.g.
Brandsdóttir and Menke, 1990; Roberts et al., 2006).

Fig. 2.6. (A) Observed horizontal and vertical displacements at Katla from 2001 to late August 2004, measured by GPS.
Black arrows show horizontal displacement, and red arrows show vertical movements. Horizontal displacements are
relative to stable Eurasia and vertical displacements are relative to the ITRF2005 reference frame. This uplift and
outward displacement from a centre inside the Katla caldera (marked by a red star) suggests magma inflow in a magma
chamber, which is possibly located at 3–5 km depth. (B) Observed horizontal and vertical displacements at Katla from the
termination of the magmatic uplift in late August 2004 until end of 2008, measured by GPS. Black arrows show
horizontal displacement, and red arrows show vertical movements. Horizontal displacements are relative to stable
Eurasia and vertical displacements are relative to the ITRF2005 reference frame.
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These events are, however, considerably smaller than the
events at Gojabunga. Furthermore, it is difficult to see
why icequakes would be concentrated in a tight cluster
and be more intensive at Gojabunga than at other glacier
edges in Iceland.

Although the seismicity of the Katla area is generally
high and persistent, it is by no means constant. Episodes
of enhanced activity are separated by longer periods of
less intense seismicity. Notable were the two episodes of
greatly elevated seismicity in 1967 and 1976–1977 and an
episode of unrest that began in 1999 with a flash flood
from Sólheimajökull (Fig. 2.3) (Sturkell et al., 2008).
Even these episodes are different from each other and
probably reflect different processes in the evolution
of Katla volcano. The relative importance of the two
clusters was comparable during the 1976–1977 episode
(Einarsson and Brandsdóttir, 2000), whereas it has
changed considerably throughout the 1999–2004 episode
(Fig. 2.4). The relative importance of the Gojabunga
cluster increased during the episode, and the Katla caldera
activity decreased. Also, the seasonal correlation at
Gojabunga has changed noticeably. The correlation was
strong in 1995–2001, with almost total seismic quies-
cence during the early part of the year (Fig. 2.4). Then,
the activity increased and extended into the quiet periods
until the activity became continuous throughout the year.
Seasonal correlation was still discernible, but the level
of activity was higher than before. Then, in 2004, the
activity subsided to the previous level. The maximum
magnitudes appear to have diminished, but the quiet
periods have not returned (see Fig. 4D of Jakobsdóttir,
2008). At the time of writing (March 2009), the activity
level was only moderate, the seasonal correlation was
visible, but the activity had continued through the year.

Historical eruptions of Katla have often been preceded
by felt and sometimes even damaging earthquakes (e.g.
Thoroddsen, 1925; Björnsson and Einarsson, 1981). The
precursor time is of the order of half an hour to two hours.
Comparing these events to the present activity at Katla, it
is quite clear that the historical earthquakes must be either
considerably larger than the events that have occurred
lately or originate in a different part of the volcano. They
demonstrate that a change in the seismicity pattern is to
be expected before the outbreak of the next eruption of
Katla.

2.7. Crustal Deformation

2.7.1. Tilt

In 1967, three levelling lines, 500–600 m in length
(HOFD, KOTL and JOKV in Fig. 2.3), were installed
to determine changes in tilt (so-called dry tilt) caused
by pressure changes in the Katla volcano. The inflation in
1999–2004 is suggested to be caused by a pressure
increase of a source at 4–5 km depth with its apex in the
northern region of the caldera (Figs. 2.3 and 2.6A). These
stations are located at least 10 km from the Katla caldera
rim and even further away from the centre of inflation
1999–2005 and are insensitive to inflation rates of 2 cm/yr
during the 1999–2005 pressure build-up in Katla. The
uncertainty in tilt obtained from levelling lines is
2–3 mrad. To generate tilt of 2 mrad at the nearest station
by pressure increase at 5 km depth, an uplift of about
40 cm is required. The nearest station is KOTL (Fig. 2.3)
at 15 km distance from the centre of inflation in 1999–
2005. The three tilt stations (KOTL, HOFD and JOKV,

Fig. 2.7. Earthquake activity recorded from 1 January, 1997, to 1 January, 2008, in Eyjafjallajökull and Katla. Contours
depict the cumulative seismic moment per square kilometre for the period. Seismic moment was calculated using the
moment-magnitude relation logM0 ¼ 1.5MLW+9.1. Earthquake activity is focused in three regions, separated by dashed
lines: two in the Katla volcano; the area within the Katla caldera (2,176 events) and the Gojabunga region (11,951
events), separated by the dashed line, and in Eyjafjallajökull (396 events). Triangles mark locations of seismic stations of
the national network, called with the acronym SIL.
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Fig. 2.3) are located too far away to be useful in detecting
the current pressure changes in the inferred shallow
magma camber in Katla.

A completely different story applies for the two tilt
stations at each side of Eyjafjallajökull (Fig. 2.3), as they
showed two inflation events (Fig. 2.8B). The crustal
deformation caused by the two intrusion events (1994 and
1999) in Eyjafjallajökull gave distinct tilt signals at the
two stations (DAGM and FIMM) flanking the volcano
(Fig. 2.3). The station FIMM gave a clear signal of
upward tilt pointing in the direction of the uplift
(Figs. 2.8B and 2.9). The large tilt signal observed help
to bracket the duration of the intrusions. The DAGM
station was installed in 1994 after the first intrusion event.
This station gave a clear signal, which was caused by
the 1999 intrusion event and narrowed down the area of
maximum uplift (Fig. 2.9), which was about half in size
compared with the signal at FIMM.

The tilt station FIMM is favourably located for the
detection of the deformation bulge on the south flank
of Eyjafjallajökull, due to both the small distance and
the size of the bulge (35 cm in 1999). A potential shallow
deformation source at Gojabunga, on the contrary, does
not produce a detectable signal at FIMM in spite of
smaller distance. If the source at Gojabunga is located
at 1.5 km depth, as the precise depth determinations of
earthquakes seem to indicate (Soosalu et al. 2006a), the
deformation field diminishes rapidly with distance, and
the uplift must be of the order of 1 m to give a tilt of
2 mrad at FIMM. This indicates that the FIMM station will
not be useful with only minor deformation at Gojabunga.
However, the continuous GPS (CGPS) at GOLA (Fig. 2.3)
is very sensitive to the localized deformation.

2.7.2. GPS

2.7.2.1. GPS processing

All data since 2000 have been processed with the Bernese
software, version 5.0, using double-difference-based
analysis with quasi-ionosphere-free (QIF) resolution
strategy (Dach et al., 2007). The final network solution
is a minimum constraint solution, realized by three no-
net-translation conditions imposed on a set of reference

Fig. 2.8. (A) Cumulative seismic moment of earthquakes
in the Eyjafjallajökull volcano (from 1 January, 1991, to 1
January, 2002). Seismic activity intensified in the
beginning of 1999, and this swarm continued into 2000.
Thereafter, the earthquake activity has settled at a higher
background level. The 1994 and 1999 periods of crustal
deformation (intrusions) are shown as shaded bars
(modified after Sturkell et al., 2003). (B) Observed
ground tilt (1992–2002) at the optical levelling (dry) tilt

station at Fimmvörduháls (installed in 1992), located
between Mýrdalsjökull and Eyjafjallajökull (FIMM in
Fig. 2.3). The strongest tilt signals are in an eastward
direction in 1999. GPS data show that the tilt is a result of
uplift under the southern slope of Eyjafjallajökull. (C)
Time series of the vertical displacements at SELJ
(Seljavellir) and STEI (Steinsholt) GPS stations (see Fig.
2.9) during the 1999–2000 intrusion event, the later
subsidence of STEI probably is related to the closeness to
the feeder channel. The tilt and GPS-measurements show
clearly when the time periods of crustal deformation
begin and end. They are shown as shaded bars. The 1999
crustal movement episode is well-constrained by defor-
mation measurements and lags the seismic activity
(modified after Sturkell et al., 2003).
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coordinates of GPS stations derived by the International
GNSS Service (IGS). The set of IGS stations used
includes stations in North America, Iceland and Scandi-
navia (REYK, HOFN, ALGO, ALRT, ONSA, TROM,
MADR and WES2). The reference coordinates that are
used are termed IGS05 and are a realization of the
ITRF2005 reference frame (Altamimi et al., 2007). The
GPS-derived velocity field has then been plotted relative
to stable Eurasia using the ITRF2005 absolute rotation
pole for Eurasia (lat, lon, omega) ¼ (56.330 deg, –95.979
deg, 0.261 deg/Myr) (Altamimi et al., 2007). The same
procedure is applied for both campaign and CGPS.

2.7.2.2. Campaign GPS

The campaign GPS network, which was directly aimed to
follow the crustal deformation of the Katla volcano, was
initiated in 1992. The GPS net was expanded in steps and
today comprises about 25 stations (Fig. 2.3). Crustal
deformation in the Katla region started in the neighbour-
ing volcano Eyjafjallajökull in 1994. This led to the
extension of the Katla GPS net to cover that volcano as
well. As the GPS network around Eyjafjallajökull was in
place, the intrusion stopped. However, the next intrusion
in Eyjafjallajökull in 1999 had a good coverage of GPS
sites, and the net was extended further.

All various GPS campaigns in the Katla and
Eyjafjallajökull area, from 1992 to mid-2000, are listed
in Sturkell et al. (2003). As the intrusive activity under
Eyjafjallajökull ceased in the beginning of year 2000,
inflation of the shallow magma chamber in Katla
continued until the autumn of 2004. This transferred the
focus of the campaigns to Katla. Since the termination of
the inflation and reduction in earthquake activity in 2005,
the GPS measurements at the Katla volcano have been
limited to the sites installed on the two nunataks in
Mýrdalsjökull (AUST and ENTA in Figs. 2.3 and 2.5).
The complete network was measured in one survey for
the first time in July 2000. Also, points in the Icelandic
Land Survey network (ISNET) were included to provide
ties to this network. The efforts concentrated on semi-
annual surveys of the sites on the nunataks, as they were
located close to the centre of uplift. The deformation rates
turned out to be moderate and the deformation field did
not reach far outside the Mýrdalsjökull ice cap. The two
CGPS stations (SOHO and HVOL) together with the two
campaigns sites boxed the deformation centre in Katla
(Fig. 2.6A). With the geometry of the net and closeness to
the inflation, the inferred location of the shallow magma
chamber could be modelled (Fig. 2.6A).

From 2001 until 2003, constant uplift at AUST
occurred at a rate of 1.7 cm/yr (Fig. 2.5), and radial
displacement from the caldera centre was observed

Fig. 2.9. Observed horizontal and vertical displacements, relative to the GPS point HAMR, during the period from July
1998 to July 2000 for the GPS and tilt network around Eyjafjallajökull. Black arrows show horizontal displacement, and
red arrows show vertical movements. Shaded arrows from station FIMM and DAGM show the tilt. The black star denotes
a best-fit point source location for the 1999 episode, based on horizontal displacements. The suggested centre of uplift of
the 1994 event is indicated with a plus sign. Black boxes indicate the location of the Thorvaldseyri and Seljavellir farms
(modified after Sturkell et al., 2003).
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(Fig. 2.6A). Figure 2.6A shows the derived displacement
vectors from benchmarks on and around Mýrdalsjökull in
the Eurasia reference frame. A Mogi-point pressure
model was used to calculate the best-fitting location of
a point source. In the forward modelling, the horizontal
displacements were given the largest weight, as those are
much less sensitive to the glacio-isostatic readjustments,
compared to the vertical component. GPS points on
nunataks near the Katla caldera rim were displaced
upwards and horizontally away from the centre at a rate of
1–2 cm/yr. The modelling gave a best-fitting point source
at a depth of 4.9 km with an uplift amount of 12 cm at the
centre of uplift.

In an attempt to monitor crustal deformation in the
zone of maximum earthquake activity in the Gojabunga
region (Fig. 2.3), the GPS benchmark (GOLA) was
installed in 2004 to the immediate west of the ice cap.
Within a six-month interval, 2.0 cm of uplift was detected
at GOLA. From the summer 2006, a CGPS station
occupies the same benchmark as the campaign measure-
ments used.

Currently, campaign GPS is carried out once or twice
per year, in March and if possible in June. The reason for
performing the measurements at these times is logistical,
as travelling on the glacier is easy during the spring
and early summer. With the large annual variation in
snow load, which gives a peak-to-peak amplitude of up
to 1.2 cm, it is preferable to try to do the measurements
during the same time each year to minimize the effect.

The campaign GPS measurements around the intru-
sion 1999–2000 in Eyjafjallajökull presented here use the
Hamragarjar (HAMR, Fig. 2.3) benchmark as fixed in
the processing. For a description of the processing
procedure, see Sturkell et al. (2003). The displacement
vectors for an intrusive event point outward from an area

on the south slopes of Eyjafjallajökull, indicating inflation
(Fig. 2.9). The best-fitting Mogi source gave an estimate
for the displacement of the reference station HAMR,
resulting in the vector pattern. The ‘best-fitting’ Mogi
model gives a displacement vector of 1.1 cm at 2821 for
the reference station. A maximum amount of vertical
displacement, 35 cm, directly over the point source at a
depth at 3.5 km, was inferred by modelling. The star
denotes the best fit for the point source location in the
1999 episode by using the GPS and tilt data (Fig. 2.9).
The InSAR data gave a much better model of the
geometry of the intruding body (Fig. 2.10).

2.7.2.3. Continuous GPS

Crustal deformation is currently recorded at four CGPS
sites around Mýrdalsjökull and Eyjafjallajökull (Fig. 2.3),
to monitor volcanic deformation, co-seismic displacements
and glacio-isostatic deformation (Geirsson et al., 2006). At
the end of 2008, over 60 CGPS stations were in operation
in Iceland, and most of them are deployed in the plate
boundary deformation zone (Arnadottir et al., 2008). The
CGPS data are automatically downloaded and processed
on a daily basis with the result available on the Icelandic
Meteorological Office website for public viewing (http://
www.vedur.is). The time series from the CGPS stations are
mostly dominated by plate spreading, but deviations are
observed at stations close to individual volcanoes (Geirs-
son et al., 2006). The CGPS stations give excellent time
resolution of volcanic activity, but due to high installation
and operating costs, their spatial coverage is necessarily
much sparser than that provided by campaign GPS.

In response to the unrest in Katla, two CGPS were
installed, one at Sólheimaheiji (SOHO) and a second

Fig. 2.10. Time series of the deformation field for Eyjafjallajökull volcano 1993–2000 based on InSAR data. The maps
show the change in the line-of-sight to the radar satellites. The white area in the centre of each image corresponds to the
outline of Eyjafjallajökull ice cap. Each image represents the incremental displacement since the time of the previous
image, with reference to pixels in the northwest corner. Spatially correlated nuisance terms have been estimated and
removed by spatial and temporal filtering (following Hooper et al., 2007), except for the 1999 images, where the
temporal sampling is not high enough with respect to the deformation rate.
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at Láguhvolar (HVOL), south and south-east of Mýrdals-
jökull, respectively, in late 1999 (Fig. 2.3). As most
deformation in the late 1999 occurred in Eyjafjallajökull,
the station Thorvaldseyri (THEY) was set up (Fig. 2.3).
The benchmark of the CGPS station at THEY was
installed in February 2000 and measured in that
campaign, while the continuous measurements started in
May 2000. At the time when the CGPS station at THEY
became operational in May 2000, crustal deformation due
to the intrusion in Eyjafjallajökull had ceased. The long-
time trend shows no significant deformation signal that
can be related to magma movements in Eyjafjallajökull.
The fourth CGPS station in the area was Gojaland
(GOLA) installed in 2006 over an existing campaign
benchmark (Fig. 2.3).

The time series of displacement at SOHO relative
to stable Eurasia (Fig. 2.11) have been corrected for the
annual variation caused by the snow load. The station
SOHO (and to some extent HVOL) shows southward
displacement in excess of the plate movement since 2000,
which we attribute to a local source of inflation in the
Katla volcano. Applying a point source model for the
inflation gives an outward horizontal displacement nearly
three times larger than the vertical signal at the SOHO
station (see Table 1 in Sturkell et al., 2008). The vertical
signal is a combination of glacio-isostatic uplift and the
pressure increase in an inferred magma chamber, with
the vertical signal caused by the magma chamber only
marginal. The same applies for the HVOL station even to
a greater extent. The horizontal signal caused by the
pressure increase in the modelled shallow magma
chamber under the Katla caldera is about a half of what
is recorded at SOHO. During the period until early
autumn 2004, the north component of SOHO has a rate of
0.5 cm/yr (Fig. 2.11). As the pressure increase apparently
ceased in the later part of 2004, the rate of the north-south
component slowed down to 0.14 cm/yr. No obvious
changes in the displacement rates of the east and vertical
components can be observed (Fig. 2.11). The ratio
between the vertical and horizontal rates since 2004 is
4.2 (0.97 cm/yr of uplift and 0.23 cm/yr of movement
outward from the caldera). Following Pinel et al. (2007),
this implies that the current deformation signal at
SOHO is probably dominated by glacio-isostatic response
to the rapid ice-sheet reduction, which takes place at
Mýrdalsjökull. A decrease of the seismic activity
correlates with the change of deformation rate of the
horizontal component at SOHO (Figs. 2.3 and 2.11).

The vertical time series at SOHO shows a seasonal
variation, with a peak-to-peak amplitude close to 1.2 cm. In
a study by Grapenthin et al. (2006), a correlation between
the seasonal variation and the annual snow load in Iceland
could be established. The model, based on the available
CGPS data in Iceland, predicted a peak-to-peak amplitude
seasonal displacement of 1.1 cm, at SOHO, which is in fair
agreement with our time series, which were calculated in a
slightly different manner than in Grapenthin et al. (2006).
The deformation rate of the outward displacement at
SOHO decreased in 2004 at approximately the same time
as the seismic intensity decreased (Figs. 2.4 and 2.11). We
suggest this marks the termination of the inflation event in
Katla volcano, which started in 1999.

2.7.3. InSAR

Spaceborne InSAR is a valuable tool for measuring
surface deformation because of the high spatial resolution
achieved and the ability to acquire the data remotely.
Nevertheless, significant issues arise due to changes in
scattering properties of the Earth’s surface, variations in
atmospheric path delay and inaccuracies in satellite orbit
and surface elevation determination. Time series InSAR
techniques provide a way to address the issues. Currently,
there are two broad categories of these techniques,
persistent scatterer methods (e.g. Ferretti et al., 2001;
Hooper et al., 2004; Kampes, 2005) and small baseline
methods (e.g. Berardino et al., 2002; Schmidt and
Bürgmann, 2003). Hooper (2008) developed a new
algorithm that combines the two approaches to maximize
the spatial coverage of useful signal and allow more
reliable estimation of integer phase cycle ambiguities
present in the data.

In Hooper et al. (2009), the new algorithm was
applied to 27 images acquired over Eyjafjallajökull
volcano by ERS-1 and ERS-2 satellites in a descending
look direction between May 1993 and September 2000
(Fig. 2.10). Two intrusive episodes could be detected, the
first of which occurred in 1994 and the second of which
began in mid-1999 and ended in early 2000. The
deformation caused by the two episodes is clearly centred
at different locations, which was also the conclusion of
Pedersen and Sigmundsson (2006) from conventional
InSAR analysis. However, the overall inferred deforma-
tion pattern for each episode is more regular than deduced
from conventional InSAR due to the removal of digital
elevation model and atmospheric artefacts and more
accurate phase unwrapping in the time series analysis. In
addition, the displacements during the 1999 episode are
decomposed into four sequential steps by the time series
processing. The data for both episodes can be explained
by an intrusion of a circular sill with a uniform
overpressure. Seismicity is interpreted to be mostly
associated with a narrow magma feeder channel from
depth that does not cause noticeable deformation.

The 1999 increase in seismicity at Eyjafjallajökull was
associated with significant inflation of the volcano. The
deformation data are modelled using InSAR by Pedersen
and Sigmundsson (2006), Hooper et al. (2007), Hooper
(2008) and by GPS and tilt by Sturkell et al. (2003). The
inflation was centred to the southern flank of the volcano
approximately 4 km south of the summit crater. Maxi-
mum uplift of the model is about 0.35 m. The application
of Synthetic Aperture Radar (SAR) interferometry greatly
supplements other, sparse surface deformation measure-
ments from the Eyjafjallajökull. At Eyjafjallajökull, two
deformation events in 1994 and 1999 are consistent with
the intrusion of approximately circular, horizontal sills.
For the latter event, we are able to resolve the evolution of
the deformation in time; it appears the growth history of
the sill is not, however, simple. The two intrusion events
were associated with elevated earthquake activity. The
earthquakes are not spatially constrained to the centre of
uplift on the southern slope but are also to a large extent
located below the northern slope of Eyjafjallajökull.
Almost all earthquakes in 1994 occurred in the north; this
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Fig. 2.11. Time series plot of displacement at SOHO. The horizontal displacements are relative to stable Eurasia but the
uplift relative to ITRF 2005 reference frame. The uncertainty is the square of covariance from the weighted least square
fit. The sloping lines indicate the displacement rates, and the most obvious change in rate appears in the north-south
horizontal component. The rate changed in late August 2004, and this is suggested to represent the termination of the
inflation episode. Annual variations in all components have been estimated and removed from the time series. In the
vertical, we estimate a peak-to-peak amplitude of 1.2 cm. The time series of all three components shows that during a
short time, an erratic behaviour of the calculated displacements takes place. This occurs in late 2006/early 2007 and in
early 2008, and it is caused by accumulation of ice on different parts of the antenna.
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pattern changed slightly in the 1999 episode, with some
earthquakes occurring in the south. The majority of the
earthquakes preceded the sill formation by half a year
(Fig. 2.8A) and were spatially located in the northern
part of Eyjafjallajökull (Fig. 2.7). This early cluster of
earthquakes may be related to the feeder dike of the sill.
Earthquake activity continued during the emplacement of
the sill, which took about half a year.

Hooper et al. (2009) also applied the new time series
InSAR algorithm to ERS and ENVISAT data acquired
over Katla. No significant systematic motion was detected
on the flanks of Katla from 1995 to 1998 and from 2000
to 2006, other than that expected from thinning of
Vatnajökull and Mýrdalsjökull ice caps.

2.8. Discussion

Extensive crustal deformation research utilizing GPS
geodesy and satellite radar interferometry provides con-
straints on magmatic unrest at the neighbouring subglacial
volcanoes Katla and Eyjafjallajökull in 1994–2004. A
decade long unrest period at these twin volcanoes began in
1994 with a sill intrusion under the Eyjafjallajökull
volcano, followed by another sill intrusion in 1999. The
onset of the second sill intrusion under Eyjafjallajökull
occurred at a similar time as the 1999 jökulhlaup at Katla.
Our measurements suggest that a modest inflow of magma
towards shallow levels continued at Katla from 1999 until
2004. The active deformation sources are shown schema-
tically in Fig. 2.12.

Crustal deformation measurements in the Mýrdalsjö-
kull area have revealed movements that are caused by
several processes. Interpretation of crustal deformation at
subglacial volcanoes requires detailed consideration of
the role of both load-induced deformation and deforma-
tion due to magmatic sources. Crustal deformation of the
Mýrdalsjökull region appears to be affected by at least
three common sources of deformation: (1) glacio-isostatic
uplift due to thinning of the ice cap (Pinel et al., 2007,

2009), (2) an annual cycle in ground movements due
to variable ice load (Grapenthin et al., 2006) and, in
addition, (3) magmatic processes, as witnessed by the
outward horizontal displacements from an area in the
centre of the Katla caldera, as well as excessive uplift rate
in 1999–2004. The time-dependent unrest in the Katla
volcano is also manifested by elevated seismic activity.
The dominant crustal deformation of the Katla volcano
from the late 2004 and onwards can be attributed to
rebound due to thinning of the Mýrdalsjökull ice cap. Ice
thinning is well constrained for the period 1999–2004.
Repeated radar altimeter measurements from an aircraft
between 1999 and 2004 indicate a loss of over 3 km3 of
ice during that time, primarily from the margins of the ice
cap (Pinel et al., 2007). Beneath and at the edge of an
ice cap, vertical uplift dominates as the crustal response to
ice loss, with horizontal displacements an order of
magnitude less (ratioo0.3) (Pinel et al., 2007, 2009);
this applies to both the immediate elastic response and to
the final, relaxed state of the crust. For a point source
approximation of a magma chamber, the ratio between
vertical displacement and horizontal is W 0.5. For Katla,
Pinel et al. (2007) showed that the observed ratio nears 1.
Furthermore, the rate of horizontal displacement is
1–2 cm/yr away from the Katla caldera edge, implying
that observed horizontal deformation is principally due to
magma accumulation. However, most of the vertical
component of displacement observed outside the ice cap
is likely due to glacio-isostatic response.

Seismicity at Gojabunga is remarkably regular,
persistent and spatially concentrated (Fig. 2.7). Precise
hypocentral locations reveal a zone of seismicity at
1.5 km depth (Soosalu et al., 2006a). The displacement
field associated with the earthquakes appears to be very
localized; it is not detected at a tilt station 8 km away, and
apart from GOLA, none of the GPS benchmarks are
affected. The seasonal trend in earthquake activity in the
Gojabunga region has been interpreted by Einarsson and
Brandsdóttir (2000) as a triggering effect due to increased
groundwater pressure within the volcano during

Fig. 2.12. Schematic cross-section from west to east across the Eyjafjallajökull and Katla volcanoes. Magmatic intrusions
in 1994–2004 are drawn in red, rhyolitic domes and the cryptodome in yellow; glaciers are shown in light blue.
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summertime melting of the overlying ice cap. More
recently, Einarsson et al. (2005) and Soosalu et al.
(2006a) have proposed that persistent earthquakes in the
Gojabunga region are generated by an intruding
cryptodome, that is, an ascending pocket of silicic or
intermediate magma at shallow depth. This argument is
based on the nature and style of the earthquake activity,
the apparent displacement field, and the geographic
proximity to the Katla caldera. Almost all outcrops of
Katla rocks that are close to or immediately outside the
caldera rim are silicic.

The inferred volume of magma accumulated in a
shallow magma chamber at Katla during the 1999–2004
inflation period is approximately 0.01 km3. This volume
is miniscule compared to the erupted volume in 1918,
when about 1 km3 was erupted. The new magma was
emplaced at shallow levels within the plumbing system of
the Katla volcano. The high level of seismicity associated
with inflation of the volcano during this period suggests
that the volcano is close to failure and a new eruption or
intrusion event may be initiated if magma flow towards
shallow levels resumes. New material has been added to
the shallow magma chamber, rather small volumes in this
case, but this can thermally lubricate the pathways for
deeper seated magma and give a fast track for the material
to reach the surface. With the volcano in an agitated state,
an eruption can take place without prolonged precursory
signals. However, these effects decay with time as the
magma solidifies unless new material is added.

Furthermore, the suspected cryptodome can cause
explosive volcanism if it ascends above the ground and
makes a dome, which can collapse and generate pyroclastic
flows, or, if a basaltic magma intrudes into a rhyolitic
cryptodome. In addition, basaltic eruptions that take place
under the Mýrdalsjökull ice cap will be phreato-magmatic.
This, together with a possible differentiation of the material
in a shallow magma chamber, favours explosive activity,
possibly reaching plinian magnitudes.
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Almenna bókafélagij, 121–155.

Björnsson, H., Pálsson, F., & Gudmundsson, M.T., 2000.
Surface and bedrock topography of Myrdalsjökull, South
Iceland: The Katla caldera, eruption sites and routes of
jökulhlaups.. Jökull 49, 29–46.
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