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Abstract — Katla is one of the most active volcanoes in Iceland and is characterised by persistent seismicity.
It is partly covered by the Myrdalsjokull glacier and its historic activity is dominated by phreatomagmatic
eruptions within the caldera associated with catastrophic glacial floods. In July 2011 a sudden jokulhlaup was
released from the glacier, associated with tremor, elevated seismicity inside the caldera and a new cluster of
seismicity on the south flank. This was likely caused by a hydrothermal or magmatic event, possibly a small
subglacial eruption. Similar unrests occurred in 1955 and 1999. We have identified changes of the seismicity
pattern coinciding with the 2011 unrest, suggesting a modification in the volcanic system. It may be speculated
that if the persistent seismicity at Katla is an indication of a pressurized magma system ready to erupt, small
events like those of 1955, 1999 and 2011 may trigger larger eruptions in the future. We have also conducted
a pilot study of the geology of the southern flank, where the new seismicity is recorded, and identified sources
for flank eruptions in the recent eruptive history of Katla. These include rhyolitic domes and surtseyan craters.
Therefore, a wide range of volcanic processes have to be taken into account as possible source for the new
seismicity and volcanic hazard.
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INTRODUCTION

The study of subglacial volcanoes is crucial, as
magma-ice interaction can produce highly explosive
eruptions and jokulhlaups (glacial floods; Major and
Newhall, 1989, Gudmundsson et al., 2008), but prob-
lematic, because the ice cover prevents direct observa-
tions and complicates the understanding of geophysi-
cal signals. The Katla volcanic system, in south Ice-
land, is a prime example. Katla hosts a large caldera
covered by the Myrdalsjokull ice cap (Figure 1) and
is a peculiar volcano for its persistent seismicity also
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during periods of volcanic quiescence (Einarsson,
1991). It is one of the most active volcanoes in Iceland
and its volcanic activity is dominated by explosive,
phreatomagmatic eruptions (Oladéttir er al., 2008).
The last eruption to break the ice surface occurred in
1918 and the current repose time is the longest known
in history (Larsen, 2000).

After the eruption of Eyjafjallajokull in 2010, sci-
entists’ attention was pointed to Katla, as several pre-
vious eruptions of Eyjafjallajokull were swiftly fol-
lowed by eruptions at neighbouring Katla (Einarsson
and Hjartardéttir, 2015). However, no visible eruption
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Figure 1. Map of Iceland showing volcanic systems in orange (Einarsson and Seemundsson, 1987). In the en-
larged inset, main seismic and geological features of Katla. Red dots: epicentres before July 2011, located
inside the caldera and at Godabunga. Black star: new cluster near Gvendarfell Ridge (GR) started in July 2011.
It is represented with a star because of its small size, derived from relative location (Sgattoni et al., 2016a,b).
Dashed lines: Katla and Eyjafjallajokull caldera rims. Open circles: ice cauldrons (Gudmundsson et al., 2007).
White areas: glaciers. To the NE, the location of Eldgja fissure. Topography information from the National
Land Survey of Iceland. — Kort af eldstédvakerfum Islands. Stewkkada kortid til heegri synir skjdlftavirkni d
Kotlusvedinu og stadi sem koma vid sogu [ greininni. Raudir punktar syna upptakastadi skjdlfta fyrir 2011,
ad mestu innan oskjunnar og [ pyrpingu vestan Godoabungu. Svort stjiarna synir péttu skjdlftapyrpinguna vio
Gvendarfell sem hofst i juli 2011. Umfang hennar er minna en stjarnan. Slitnu linurnar syna oskjur Kotlu og
Eyjafjallajokuls, litlir hringir sigkatla i yfirbordi jokulsins. Joklar eru syndir med hvitum lit. Eldgjd, sem er
hluti eldstodvakerfis Kotlu, er synd nordaustan Myrdalsjokuls. Landslagsgégn eru frd Landmelingum Islands.

occurred. But in July 2011, increased earthquake ac-
tivity occurred at Katla, together with a tremor burst
and a jokulhlaup, the latter causing considerable dam-
age to infrastructure. This unrest episode was sim-
ilar to two others that occurred in 1955 and 1999,
which some authors have interpreted as minor sub-
glacial eruptions (Thorarinsson, 1975; Gudmundsson
et al., 2007). However, the interpretation is controver-
sial, as no eruptive products were identified. The same
general controversy applies to the 2011 unrest. This
episode may have been related to either a geothermal
event with no magma involved or a small subglacial
eruption (Sgattoni et al., 2017).

The seismic activity at Katla in recent decades has
been concentrated in two main source areas, inside the
caldera and on the west flank, at Godabunga (Fig.1b),
with the latter being much more active, at least un-
til the end of 2004 (Sturkell et al., 2006). Seasonal
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patterns have also been reported with different fea-
tures for the two clusters (Einarsson and Brandsdéttir,
2000; Jonsdéttir et al., 2009). Another cluster has
been recently identified on the eastern flank of the vol-
cano by Jeddi et al. (2016). Clear changes in the seis-
micity at Katla occurred in July 2011. The 2011 un-
rest was associated not only with increased seismicity
inside the caldera, but also with the onset of new seis-
micity on the southern flank of the volcano, west of
the Gvendarfell ridge (GR in Figure 2), at the glacier
margin (Sgattoni et al., 2016b).

Attention has therefore been recently directed to-
wards the southern flank of Katla, which to date
has not been considered a source of serious volcanic
hazard, and thus its geology has been little studied.
Basaltic to intermediate hyaloclastites and lavas, to-
gether with rhyolitic domes were identified by La-
casse et al. (2007) and J6hannesson and Saemundsson
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(2009), but no detailed description of their features is
reported. We thus decided to undertake a geological
survey in the area around the Gvendarfell ridge, where
the new seismic cluster is located, aimed at identify-
ing the main geological and tectonic features possibly
connected with the seismic sources.

In this article, we place the 2011 unrest episode
at Katla in the broader context of its geology and
eruptive history. Moreover, we analyze the general
changes of the historical seismicity at Katla by look-
ing at the seismic catalogue from 1998 to 2015. We
use this information to shed light on the 2011 unrest
and suggest a possible interpretation.

THE KATLA VOLCANIC SYSTEM
Geological overview

Katla is located just south of the intersection between
the active rifting zone of the Eastern Volcanic Zone
(EVZ) and the transform boundary of the South Ice-
land Seismic Zone and may be classified as an in-
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Figure 2. Recent unrest at Katla. Black
cross: 1918 eruption site (Bjornsson et
al., 2000). Black, grey and red dashed
arrows: routes of 1955, 1999 and 2011
jokulhlaups, respectively. Circles with
same outline or fill colors mark the
cauldrons newly formed or deepened
during the same unrest episode. Red
star: new seismic source in the Gvend-
arfell area. GR: Gvendarfell ridge.
Light grey lines: water divides of main
outlet glaciers (Bjornsson et al., 2000).
Topography information from the Na-
tional Land Survey of Iceland. — Yfir-
litskort af nylegum atburdum vid Kotlu.
Svartur kross: Gosstoovar 1918. Svort,
grd og raud or synir leidir jokulhlaup-
anna 1955, 1999 og 2011. Hringir {
somu litum syna sigkatlana sem mynd-
udust i joklinum vid upptok pessara
hlaupa. Raud stjarna: Upptakasvedi
skjdlftarununnar vio Gvendarfell. GR:
Gvendarfell. Ljosgrdar linur: Vatna-
skil helstu skridjokla. Landslagsgogn
eru frd Landmeelingum Islands.

traplate volcano (Figure 1). An occasional connec-
tion with rifting in the EVZ is exemplified by the AD
934 Eldgja eruption (Sturkell et al., 2008). Katla and
Eyjafjallajokull appear to be tectonically connected,
as the Eyjafjallajokull E-W fissure swarm merges with
the Katla radial fissure system (Einarsson and Brands-
déttir, 2000; Einarsson and Hjartardéttir, 2015).

The Katla volcanic system consists of a large cen-
tral volcano mostly covered by the Myrdalsjokull ice
cap, connected to the Eldgja fissure system extend-
ing 75 km to the northeast (Larsen, 2000; Thordarson
et al.,, 2001). The central volcano hosts a 10x 14 km
wide and 650-750 m deep, ice-filled caldera (Bjorns-
son et al., 2000). Three main glaciers descend from
the ice cap through deep gaps in the southeast, south-
west and northwest caldera walls (Figure 1b), cor-
responding to the three main possible paths for jok-
ulhlaups via Kotlujokull, Sélheimajokull and Entu-
jokull, respectively. Several ice cauldrons (at least
16) located within the caldera and at its rim are the
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surface expression of subglacial geothermal activity
(Gudmundsson et al., 2007).

A zone with reduced P-wave velocities (with its
base at ~3 km below the bedrock surface) and absent
S-waves was identified beneath the Katla caldera with
seismic undershooting and interpreted as evidence of
a magma chamber (Gudmundsson et al., 1994). This
is in agreement with an aeromagnetic survey (Jons-
son and Kristjdnsson, 2000) and a recent tomographic
study by Jeddi er al. (2016). A shallow magma
reservoir is consistent with geobarometric analyses by
Budd et al. (2016) that imply polybaric magma crys-
tallization pointing to simultaneous deep and shallow
magma storage. This is in contrast with previous geo-
chemical studies by Oladéttir et al. (2008) suggesting
the absence of shallow magma reservoirs in the cur-
rent plumbing system at Katla.

The Katla volcanic system has possibly been ac-
tive for several hundred thousand years (Jakobsson,
1979; Bjornsson et al., 2000), producing FeTi-rich
alkali basalts and mildly alkali rhyolites, with very
subordinate intermediate rocks (Lacasse et al., 2007,
Oladéttir et al., 2008). Many outcrops along the
caldera rims and glacier margins are composed of rhy-
olitic lavas (J6hannesson and Semundsson, 2009; La-
casse et al., 2007). The age of the caldera is unknown.
Seismicity
Despite its tectonic location outside the main rift
zones, persistent seismicity has been detected at Katla
since the first sensitive seismographs were installed
in Iceland in the 1960s (Einarsson and Brandsdéttir,
2000). Until the 2011 unrest, this seismicity has been
concentrated mostly within the caldera and imme-
diately to the west, at Godabunga (Figure 1). The
caldera seismicity consists mostly of high-frequency
and hybrid events, probably associated with sub-
glacial geothermal activity and volcano-tectonic pro-
cesses (Sturkell ef al., 2008). The Godabunga cluster
consists mainly of low-frequency shallow events with
emergent P-waves, unclear S-waves and long low-
frequency coda. These events have a controversial in-
terpretation in the literature, either as a response to a
rising viscous cryptodome (Soosalu et al., 2006) or
due to glacial processes such as ice-fall events (Jons-
déttir et al,, 2009). Recent discovery of a massive
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landslide of about 1 km? that has been active since at
least 1945 at the site of the proposed cryptodome (Sa-
mundsson et al. 2020) calls for reinterpretation of the
possible sources of the Godabunga seismicity. More-
over, volcano-tectonic microearthquakes are recorded
on the eastern flank of the volcano beneath the surface
at around 3.5 km depth, near the tip of Sandfellsjokull
glacier (Jeddi et al., 2017).

The Katla seismicity also shows a seasonal vari-
ation, particularly at Godabunga, where the seismic
activity peaks in autumn. A less pronounced peak
of seismicity in the caldera occurs instead during the
summer (Jonsdottir et al., 2007). This seasonal cor-
relation has been interpreted as a result of ice-load
change and resulting pore pressure variation at the
base of the glacier (Einarsson and Brandsdéttir, 2000)
or due to enhanced glacial motion during periods of
distributed subglacial water channels (Jonsdéttir et
al., 2009).

Holocene volcanism

The Holocene volcanic activity at Katla has been char-
acterized by three main eruption types. The most
frequent are phreatomagmatic explosive eruptions
due to magma-ice interaction below the glacier that
produced jokulhlaups and widespread tephra layers
(0.02-1.5 km® volume; Thorarinsson, 1975; Larsen,
2000). At least 300 subglacial explosive eruptions are
known during the Holocene, with 20 in historic times,
i.e. since about 900 AD (Oladéttir et al., 2005). The
least common are effusive basaltic eruptions along the
fissure swarm in the ice-free part of the volcanic sys-
tem (8—10 in the Holocene). These include the two
largest eruptions of AD 93440 Eldgja Fires (19.6
km3; Thordarson et al., 2001) and ~7.7 ka Hélmsd
fires (>5 km?; Larsen, 2000). The third type of ac-
tivity consists of explosive silicic eruptions from the
central volcano that produced tephra fallout (<0.01-
0.27 km?; Larsen et al., 2001) and probably jokul-
hlaups (Larsen, 2000). It is not established whether
these events also generated effusive silicic products
that are exposed on the volcano today. At least 12 sili-
cic tephra layers are identified in the 1.7-6.6 ka time
interval between the H6lmsa and Eldgja fires (Larsen,
2000). A minor silicic component was erupted dur-
ing the Eldgja fires (Einarsson et al., 1980), but sili-
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cic eruptions are not reported since then, possibly in-
dicating a substantial change in the plumbing system
caused by the Eldgja eruption (Oladéttir et al., 2008).
In historical times, Katla has been the most pro-
ductive volcanic system in Iceland in terms of magma
volume erupted (Thordarson and Larsen, 2006). It has
generated observable subaerial eruptions fairly regu-
larly at a rate of 1-3 eruptions per century, with re-
pose periods ranging between 13 and 98 years, and
averaging 47 years since AD 1500 (Larsen, 2000).

Recent activity

The last eruption to break the ice surface was an ex-
plosive basaltic eruption in 1918 that produced a ~14
km high eruptive plume and tephra fallout (0.7 km?),
accompanied by a massive jokulhlaup that deposited a
large volume of juvenile eruptive materials. The erup-
tion site was located near the south rim of the caldera
beneath ~400 m of ice (Eggertsson, 1919; Sveinsson,
1919; Larsen, 2000).

Periods of elevated seismicity, not associated with
eruptive activity, occurred at Katla in 1967 and 1976-
77 inside the caldera and at Godabunga (Einarsson,
1991). Two minor subglacial eruptions, but with no
subaerial tephra emission, may have occurred in June
1955 and July 1999. The 1955 event took place near
the eastern rim of the caldera (Figure 2) where two
shallow ice cauldrons formed and a small jokulhlaup
drained from south-east Myrdalsjokull (Thorarinsson,
1975). In 1999, a new ice cauldron formed on the
glacier (Gudmundsson et al., 2007) and a jokulhlaup
was released from Sélheimajokull (Sigurdsson et al.,
2000; Roberts et al., 2003), associated with earth-
quakes and bursts of tremor.

From 1999 to 2004, GPS measurements on
nunataks exposed along the caldera rim revealed
steady uplift of the volcano, interpreted to result from
0.01 km?® of magma accumulation (Sturkell et al.,
2006, 2008). Consequently, Gudmundsson et al.
(2007) showed that increased geothermal heat output
occurred in 2001-2003 based on the evolution of ice
cauldrons, together with the increased seismicity and
ground uplift. However, a recent study by Spaans et
al. (2015) reported that the uplift may be due to glacial
isostatic adjustment as a consequence of mass loss of
Iceland’s ice caps.
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JULY 2011 UNREST

A significant, general increase in seismicity started at
Katla in July 2011 and lasted until winter 2011. This
followed a period of uplift of most ice cauldrons on
Myrdalsjokull (11-12 m at cauldron 16) between Au-
gust 2010 and July 2011, resulting from water accu-
mulation under the glacier (Gudmundsson and Sélnes,
2013).

The seismicity intensified especially in the south-
ern sector of the caldera and culminated with a 23-
hour tremor burst on July 8-9th (Sgattoni et al.,
2016b, 2017). No signs of eruption breaking the ice
were observed, but a ~18 million m? jokulhlaup
drained from Kotlujokull and some ice cauldrons
deepened in the southern and eastern parts of Myr-
dalsjokull (Figure 2). The jokulhlaup swept away the
bridge over Mulakvisl river early in the morning of
July 9th. This coincided with a clear flood-related
tremor phase lasting around 5 hours. Two main tremor
sources were identified in the southern and eastern
caldera, corresponding to the active cauldrons, and
were interpreted to be associated with either geother-
mal or magmatic processes (Sgattoni et al., 2017).

At the same time, a new earthquake source be-
came active on the southern flank near the Gvendarfell
ridge, at the edge of the glacier (Figure 2). This seis-
micity consists of long-period events with an emer-
gent P wave and an unclear S wave, and has a peculiar
temporal pattern characterized by regular inter-event
times modulated by a seasonal correlation. Due to
their temporal pattern and the depth distribution of the
hypocentres (Sgattoni et al., 2016a), they are inferred
to relate to volcanic rather than glacial processes. The
events locate in the shallow subsurface between 0.5
and 0.9 km depth, but the depth is marginally re-
solved to differ from zero. The size of the cluster in-
ferred from relative location is on the order of 100 me-
ters (Sgattoni et al., 2016a). Both magmatic and hy-
drothermal processes are considered possible (Sgat-
toni et al., 2016a,c).

EARTHQUAKE ACTIVITY 1998-2015

Catalogue data from the Icelandic Meteorological Of-
fice (IMO) give an overview of the seismic activity at
Katla during the period 1998-2015, as a framework
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for the interpretation of the 2011 unrest episode and
new seismicity. The seismic data of this catalogue
were recorded by the Icelandic national seismic net-
work (SIL) and the earthquake location obtained us-
ing a 1D SIL-velocity model (Stefansson et al., 1993).
The permanent monitoring network around Myrdals-
jokull has been densified through time (Figure 3). The
depth of the earthquakes is not well resolved, how-
ever, most events appear to be located at shallow depth
between 0 and 5 km (Vogfjord and Slunga, 2008).

The analysis of the catalogue shows significant
changes through time in the seasonal patterns, size
and location distribution of the persistent seismic-
ity recorded at Katla since the 1970s (e.g. Einars-
son and Brandsdoéttir, 2000). Because the network
configuration has improved through time, the magni-
tude of completeness of the catalogue has also im-
proved (lowered). Here we describe the seismicity
above M=1 (for the two main clusters, Caldera and
Godabunga), which is presumably below the magni-
tude of completeness for the whole time span we con-
sider. However, the same features, albeit less pro-
nounced, would also be seen by increasing this thres-

hold to M=1.7, which is indicated as the magnitude of
completeness of the Katla seismicity between 1993—
2006 by Jonsdéttir et al. (2007). We also point out
that the changes we observe in the seismicity patterns
do not coincide in time with changes in the network.
The following are the main features of the seismicity
at Katla during 1998-2015, (Figures 4 and 5):

— The Godabunga cluster was more active than the
caldera until the first half of 2011, with around 11600
events with magnitude My >1 compared to 3300 in-
side the caldera. The most intense earthquake activity
occurred during the 2000-2004 seismic crisis, after
the 1999 unrest episode, when inflation was observed
at Katla (Sturkell et al., 2008).

— Increased seismicity at Godabunga followed the
2010 Eyjafjallajokull eruption.

— Since July 2011, more earthquakes have occurred in
the caldera than at Godabunga, with 1610 events with
M1>1 compared to 760 at Godabunga.

— The magnitude of the largest events at Godabunga
has been decreasing since 2009, with most events of
M7,<2 as of 2010.

— The autumn seismicity peak of the Godabunga clus-

Figure 3. Earthquake locations (in blue) at Katla during 1998-2015 from the IMO catalogue. All events with
magnitude M >1 were selected for the caldera and Godabunga seismic clusters, and events with My M >M 0
for the southern flank seismicity. Black triangles: stations operating during the whole time period of each
panel. Grey triangles: stations that were deployed later. Station "snb" in (c) was substituted by "lod" in 2013. —
Skjdlftastadsetningar (bldir punktar) fyrir prjii timabil 1998-2015, gégn frd Vedurstofu Islands. Fyrir skjdlfta
innan oskjunnar og vestan Godabungu eru eingongu syndir skjdlftar med My, > 1. Fyrir pyrpinguna vido Gvend-
arfell eru syndir skjdlftar med My, > 0. Svartir prihyrningar: Skjdlftamcelistodvar sem gengu allt timabilid sem
synt er d kortinu. Grdir prihyrningar: Stéovar sem settar voru upp sidar. Stodinni "snb" var skipt it fyrir "lod"

drio 2013.
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Figure 4. Magnitude-time evolution of the seismicity at Godabunga (left) and inside the caldera (right) during
1998-2015, from IMO catalogue (events with magnitude M >1). — Steerd teiknud sem fall af tima fyrir skjdlfta
i Gooabungu-pyrpingunni (vinstri) og fyrir skjdlfta innan oskjunnar (heegri) d timabilinu 1998-2015. Skjdlftar

med My, > 1. Gogn frd Vedurstofu Islands.

ter described by Soosalu et al. (2006) and Jénsdéttir et
al. (2009) still occurs, but has gradually become less
clear. In addition, this peak seems to have shifted to
an earlier time of the year, probably reflecting climate
and weather changes.

— The seasonal correlation of the caldera seismicity
is less pronounced than at Godabunga (as was al-
ready observed in previous studies), but, opposite to
Godabunga, it has become clearer in the past few
years, especially in 2012, 2013 and 2014.

JOKULL No. 69, 2019

— A sharp increase of the seismicity rate inside the
caldera occurred in July 2011, coinciding with the un-
rest episode and jokulhlaup, and continued until the
beginning of 2012 with 660 events with M;>1 and
20 with Mp>2.5.

— The Gvendarfell seismic cluster on the southern
flank became active in July 2011. It includes nearly
all events located on the southern flank of Katla (Fig-
ure 3), with the spread of the hypocenters due to loca-
tion uncertainty. The size of the cluster is in fact very
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Figure 5. Cumulative number of earthquakes and cumulative seismic moment release during 1998-2015 in the
Godabunga, Caldera and Gvendarfell seismic clusters, from IMO catalogue (events with magnitude My, > 1).
The moment-magnitude relation used is logMg = 1.5M + 9.1, where M is the moment and M is the magnitude.
The 1999 and 2011 unrest episodes and the inflation period are marked with dashed lines. — Uppsafnadur fjoldi
skjdlfta og uppsafnad skjdlftaveegi skjdlfta 1998-2015 i pyrpingunum vestan Godabungu, innan dskjunnar og
vid Gvendarfell. Eingongu eru teknir skjdlfta med My, > 1. Gdogn frd Vedurstofu Islands. Samband milli
skjdlftasteeroar og skjdlftaveegis er: logMo = 1.5M + 9.1, par sem M er skjdlftavaegio og M er sterd skjdlftans.
Atburdirnir 1999 og 2011 og penslutimabilio 1999-2004 eru synd med strikalinum.

small, on the order of one hundred meters (Sgattoni et
al., 2016a). The Gvendarfell seismicity has faded out
since September 2017. The intensity of seismicity at
Katla volcano as a whole has been low over a similar
time scale (IMO data).
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GEOLOGICAL FEATURES OF THE
GVENDARFELL AREA
A geological field study was carried out outside the
southern rim of the Katla caldera near the Gvendarfell
ridge, in the vicinity of the new 2011 seismic cluster
(Figure 6). This area is partly covered by the Myrdals-
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Figure 6. Schematic map of the main geological features observed in the Gvendarfell and Nordurgilshaus area.
The approximate location of the Gvendarfell seismic cluster is also drawn with a red box representing the uncer-
tainty of absolute location (Sgattoni et al., 2016a,c). — Kort af helstu jaromyndunum svedisins vio Gvendarfell
og Nordurgilshaus. Upptakasveedi skjdlftanna vio Gvendarfell er einnig afimarkad med raudum ferningi. Stcerd
hans gefur til kynna 6vissu i stadsetningu pyrpingarinnar.

jokull glacier and the exposed region is characterized
by flat-topped ridges bordered by steep ravines eroded
by the fast-retreating Hafursarjokull and Mosakambur
glacier streams (Figures 6, 7). We carried out a
geological field study and lithostratigraphic analysis
around the Stérihryggur ridge, whereas it was not pos-
sible to directly investigate the flanks of the Gvendar-
fell ridge. Moreover, we worked in the area around
the Gaesavatn lake, to the south-east of Gvendarfell.
No signs of recent volcanic or hydrothermal activity
have been seen in the whole area.

JOKULL No. 69, 2019

A hundred-meters thick pile consisting of pale-
grey rhyolitic lava lobes and domes (tens-of-meters
thick) was identified on the E side of the Stérihryggur
ridge. They show concentric to fan-shaped flow
bands (Figure 7a) and obsidian-rich margins, embed-
ded within pale fragmented (talus) material. The lavas
are characterized by pervasive prismatic, platy and
columnar jointing, which is arranged both subverti-
cally and in fan shapes, depending upon the overall
morphology of the lava. Where clearly seen, fracture
spacing appears to be narrow, on the order of cm to
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Figure 7. Rhyolitic lavas in the Gvendarfell area. a-b) Pervasively jointed rhyolitic lava lobes (*) and overlying
lava flows (rh) along the eastern side of the Stérihryggur ridge. c) Panoramic view of the Gvendarfell ridge from
the West with lava flows (rh) lying above yellowish hyaloclastic deposits (hy). — Ryolit-hraun vio Gvendarfell.
a-b) ryolit-kubbaberg (*) og hraunlag sem liggur ofan d pvi (rh), i austurhlio Storahryggjar. c) Yfirlitsmynd af
Gvendarfelli séd tir vestri, synir hraunlag (rh) ofan d gulleitu, siiru mobergi (hy).

tens of cm (Figure 7a,b). Some of these lava bod-
ies display the platy jointing structure typical of lava
body interiors (Forbes et al., 2014).

The top of the Stérihryggur ridge consists of a
40-50 meters thick sequence of three viscous lava
flow units that gently dip southwards, overlying the
lava lobes/domes pile. The lava flows comprise 2—
3 metre-thick zones of vertical columnar jointing and
glassier texture at tops and bases, which surround a
paler-coloured and more crystalline flow interior that
is cut by platy fractures (Figure 7b). We collected two
samples of the lava flows that were analyzed by David
Budd (Budd, 2015). The chemical analysis revealed
a rhyolitic composition ranging in SiOg from 69 to
72 wt%. Similar lithostratigraphic features are visi-
ble also in the upper portion of the Gvendarfell ridge
(Figure 7c), both on its western and eastern flanks,
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although we could not reach the outcrops and investi-
gate directly in the field the rock lithotypes. However,
the occurrence of rhyolitic lava deposits in this area is
consistent with the petrochemical study of Lacasse et
al. (2007) and Jéhannesson and Saemundsson (2009)
along the southern Katla’s caldera rim.

A N-S oriented, sub-vertical cliff along the east-
ern cliff of the Stérihryggur ridge was interpreted as a
normal fault cutting the exposed lava succession with
a tens-of-meters displacement (Figures 6, 8). This is
confirmed by the evidence for vertical displacement
of the lava flow units on the opposite sides of the
fault (Figure 8) and by its almost rectilinear and sub-
vertical shape. Alternative interpretations as a glacial
erosive feature or as a constructional margin of an ice-
marginal lava flow (Tuffen er al., 2002) are therefore
considered less likely.
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Figure 8. N-S oriented, sub-vertical normal fault along the eastern side of Stérihryggur ridge. Pervasively-
jointed rhyolitic lavas (°) are exposed on the opposite sides of the fault with a tens-of-meters vertical displace-
ment. The fault is sealed by a glacial moraine associated to the retreating Hafursarjokull glacier stream (¥). —
Neerri loorétt siggengi med N-S strikstefnu © austurhlio Storahryggjar. Kubbaberg tir ryoliti sést bddum megin
misgengisins. Lodfeerslan um misgengio skiptir tugum metra. Misgengid er hulid jokulurd sem tengist horfun

Hafursdrjokuls.

On both sides of the Gvendarfell ridge, in its
middle-lower portion, we observed a very thick (up
to ~200-250 m), sequence of dark to yellowish vol-
caniclastic deposits (Figure 7c), with no base exposed.
Their features resemble those of hyaloclastic deposits
with palagonitized portions, although it was not pos-
sible to closely investigate them, nor the contact rela-
tionships with the overlying rhyolitic lavas. The pres-
ence of basaltic hyaloclastic deposits in this area is
consistent with the petrochemical study of Lacasse et
al. (2007) and Jéhannesson and Saemundsson (2009).
Notably, a crude-layering of these deposits is visi-
ble, displaying a radial bedding attitude around the
Gvendarfell ridge (Figure 6).
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Similar deposits crop out in the surroundings of
the Gasavatn lake (Figures 6, 9a), to the south of
Gvendarfell. There, we observed a tens-of-meters
thick succession of massive to crudely-stratified yel-
lowish lapilli-tuffs composed of dense black (basaltic)
glass fragments, minor vesicular scoriae and rare
lithic clasts, with several fine ash and accretionary
lapilli-rich layers (Figure 9b). Low-angle cross-
stratification and sandwaves (cm- to dm-scale) are
visible (Figure 9c), together with a few SW-to-NE
directed bomb sags (diameter <10 cm; Figure 9d).
These deposits have an overall radial, gentle outward-
dip around the Geasavatn lake, also showing in the
NE side of the lake an opposite dip-direction typi-
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Figure 9. Volcaniclastic deposits exposed along the NE side of Gasavatn lake (a), with accretionary lapilli-rich
layers (b), low-angle cross-stratification (c) and bomb-sags (d). White arrows indicate the SW-to-NE direction
of provenance of these deposits based on the bedforms shape (c) and the ballistic trajectory of the bomb sags (d).
— Gjoskulog koma vel fram i snidi nordaustan Geesavatns (a), med logum af 6skubaunum (b), skdlogottri gjosku
(c), og fallforum (d). Hvitar dérvar syna falldttina sem lesa md it ir lagskiptingunni (c) og logun fallfarsins (d).

cal of crater rims. Anomalous high-angle dipping (up
to 70°) was observed along a tectonically-controlled
ravine transverse to the sub-rounded geometry of the
lake.

Volcanologic and tectonic implications

Hereafter, we attempt to draw some conclusions about
the eruption types and environmental conditions of the
volcanic activity in the Gvendarfell area, bearing in
mind the difficulty in accessing most of the outcrops.

The most important feature observed is the occur-
rence of pervasively-jointed rhyolitic lava lobes and
domes embedded within fragmented material, inter-
preted as the products of effusive subglacial rhyolitic
eruptions similar to those described e.g. at Torfajokull
(Tuffen et al., 2001, 2008; Lescinsky and Fink, 2000),
Orzfajokull (Stevenson et al., 2006), Krafla (Tuffen
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and Castro, 2009) and Prestahnikur volcanoes (Mc-
Garvie et al., 2007). The rhyolitic lava flows at the top
of the succession have a distinctive near-horizontal
orientation and less pervasive jointing, similar to flat-
lying lava flows in the subaerial lava cap of rhyolitic
tuyas (e.g. Tuffen ez al., 2002). Although we were un-
able to inspect the flow surface textures and contact
relationships in detail, we speculate that these were
generated in subaerial conditions. Some of the under-
lying rhyolitic lava lobes may have acted as feeding
points for these lava flows.

Notably, most of the feeder dykes of this lava suc-
cession are aligned approximately along a N-S direc-
tion, apparently as the continuation of the proposed
fault in the E side of the Stérihryggur ridge (Figure
6). We argue that there could have been a NNE-
SSW tectonically-controlled magma transport during
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this activity. More likely, this pattern of radial fault-
ing and (rhyolitic) dyking is a feature of the Katla vol-
canic stress field (e.g. Burchardt ef al., 2018), not of
purely tectonic activity. The presence of a number
of rhyolitic intrusions around the Gvendarfell ridge is
indicative of a main area of lateral magma supply and
flank eruption during the eruptive history of Katla. A
similar information can be derived from the general
radial dip around the Gvendarfell ridge of the hyalo-
clastic deposits observed along its middle-lower sides.

No radiometric ages are available for these prod-
ucts, which makes it not possible to define chrono-
logically the rhyolitic and tectonic activity identified
along the Katla’s southern flank around Gvendarfell.
The proposed interpretation of lavas erupted in sub-
glacial to subaerial environmental conditions suggests
that these lavas were most likely emplaced before (or
during) the Last Glacial Maximum (LGM), that oc-
curred in Iceland around 21 ka BP (Norddahl, 1991).
This corresponds to a generic pre-Holocene age as
suggested by Lacasse et al. (2007) and Jéhannesson
and Saemundsson (2009). This is also coherent with
the presence of deep ravines that were most likely
eroded by retreating glacier streams after the LGM.
However, the possibility that volcanic and tectonic
processes have been active in the Gvendarfell area
during the Holocene cannot be ruled out.

The features of the deposits exposed in the area
of Gasavatn are those of basaltic, palagonitized prod-
ucts of dilute pyroclastic density currents (PDC) and
ballistic fallout typical of Surtseyan eruptions devel-
oped in shallow-water to subaerial conditions. Their
radial outward bedding attitude describe a tuff cone
structure centred on the lake, which is also consistent
with the bomb sag direction and the route of PDCs in-
ferred from the bedform shapes (Figure 9c, d). Over-
all, the lithologies observed here are broadly similar
to those described at the Varda tuff cone in southwest
Oraefajékull (Smellie et al., 2016), but without com-
plex subsidence attributed to ice block melt-out. The
presence of the Gasavatn tuff cone demonstrates that
the deposits of the southern flank of Katla are not en-
tirely of subglacial origin, as is commonly assumed
(Lacasse et al., 2007; Jéhannesson and Saemundsson,
2009).

JOKULL No. 69, 2019

The 2011 unrest at Katla volcano

DISCUSSION

The July 2011 unrest coincided with the beginning
of a period of elevated earthquake activity within the
caldera and the beginning of a new cluster of earth-
quakes on the southern flank of the volcano. More-
over, since 2011 the seismicity rate has become higher
inside the caldera than at Godabunga, opposite to pre-
vious patterns. These noteworthy changes are likely
related to modifications in the volcanic system, as
also indicated by slight ground deformation consis-
tent with inflation observed with GPS between 2011
and 2012 (B.G. Ofeigsson and S. Hreinsddttir, pers.
comm.). However, it is not simple to constrain the
origin of these changes, as this unrest, similarly to the
1955 and 1999 episodes, was not accompanied by di-
rect indications of volcanic activity or a clear defor-
mation field.

As Katla is partly covered by a glacier, it is possi-
ble that a part of its persistent seismicity is related to
glacial processes, since volcanic and glacial processes
can produce similar waveforms (Weaver and Malone,
1976; West et al., 2010). The controversial interpre-
tation of the Godabunga seismic cluster is an example
(Soosalu et al., 2006; Jonsdoéttir er al., 2009). Also the
ground deformation has controversial interpretations:
the 1999-2004 inflation episode has been interpreted
in association with either magma accumulation inside
the volcano (Sturkell ef al., 2006, 2008) or glacial re-
bound (Spaans et al., 2015). In this respect, we note
that the ground deformation notably coincided with
a seismic crisis at Godabunga that has had no ob-
served equals since and started after the 1999 unrest
episode, when jokulhlaup and ice cauldron formation
occurred. A similar trend has characterized the 2011
unrest, although with a less clear deformation pattern,
and is interpreted by Sgattoni et al. (2017) as originat-
ing from volcano-related (magmatic or hydrothermal)
rather than glacial processes. Therefore, we suggest
that volcanic processes generally dominate as a source
for seismic activity at Katla.

An influence of the glacial system is outlined by
the typical summer peaks of seismicity occurring in-
side the Katla caldera. They are frequently associated
with small jokulhlaups or increased water drainage
from the glacier, and with changes in the chemical
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composition of the water discharged (Wynn et al,
2015). Seasonal variations in the glacial-geothermal
system may be responsible for these summer peaks,
as suggested by Wynn et al. (2015). However, in the
1955, 1999 and 2011 unrest episodes, the jokulhlaups
have been particularly catastrophic and have been ac-
companied by an increased seismicity rate and occa-
sionally by tremor (in 1999 and 2011), indicating a
more dramatic change in the volcanic/geothermal sys-
tem than usual.

The 2011 unrest was associated with increased
heat released by the volcano as indicated by the wa-
ter accumulation under the glacier that started a year
before (Gudmundsson et al., 2014). The tremor and
sudden sinking of ice cauldrons and jokulhlaup that
occurred in July 2011 may have been due to a geother-
mal event, a volcanic (magmatic) event such as a sub-
glacial eruption or a combination of the two, such
as a shallow magma intrusion leading to increased
geothermal activity. It is not straightforward to draw
conclusions about whether a subglacial eruption oc-
curred. According to Galeczka er al. (2015), the
chemical analysis of floodwater does not show evi-
dence that the water came into contact with magma.
The analysis of the tremor conducted by Sgattoni et
al. (2017) suggests that most of the signal is associ-
ated with volcano-related processes occurring at the
sites of the active cauldrons and an additional small
portion of the signal is associated with the flood it-
self. The duration of the tremor and the inferred flood
velocity are consistent with the tremor burst having
been generated by boiling phenomena and/or explo-
sions induced by the water release from the hydrother-
mal system. This would imply that a geothermal
source may have sufficed to generate the tremor and
the flood, with no need for a magmatic event. How-
ever, the notable increase of seismic activity inside
the caldera that continued for months after the jokul-
hlaup is hardly consistent with an exclusively geother-
mal event and may indicate that the unrest did involve
magma, although no eruptive products were identified
(Sgattoni et al., 2017). Concerning this, it must be
noted that, in a subglacial volcano like Katla, small
eruptions may escape the geological and historical
records because they are concealed by the glacier.
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In addition to the tremor and increased caldera
seismicity, the 2011 unrest marked also the activa-
tion of a new seismic source on the southern flank.
Sgattoni et al. (2016b) suggested that this seismicity
may be associated with a shallow hydrothermal sys-
tem activated in association with the unrest episode,
although no direct evidence of hydrothermal activ-
ity was found. However, a possible connection to
magmatic processes cannot be ruled out. The ge-
ological study of the Gvendarfell area demonstrated
that the southern flank of Katla acted as the locus of
both tectonic activity and flank eruptions fed by ra-
dial dykes outside the caldera during its pre-Holocene
(to recent?) history. We have identified two areas of
magma ascent, corresponding to the Gvendarfell ridge
and the Gasavatn lake, which indicates that volcanic
activity has already occurred close to the area where
the current south-flank seismicity is recorded. There-
fore, it cannot be excluded that the Gvendarfell seis-
mic cluster is related to renewed eruptive processes.
The lava bodies of silicic composition exposed in the
Gvendarfell area are comparable in size to the volume
occupied by the hypocenter distribution that was ob-
tained from relative location (Sgattoni et al., 2016a).
Thus, the intrusion of a similar lava body should be
taken into account as a possible source for the seismic
events, but clearly the depth of intrusion will signifi-
cantly influence the nature of associated geophysical
signals. As demonstrated by Krafla central volcano,
rhyolitic intrusion depths may vary from kilometres
(e.g. the rhyolitic magma intercepted by IDDP-1 bore-
hole at Krafla at a depth of 2.1 km; Elders et al., 2011)
to superficial intrusions beneath ice only tens of me-
tres in thickness (Tuffen and Castro, 2009).

Our reconstruction has profound implications on
Katlas’s hazard potential. We in fact observed that
both basaltic and rhyolitic volcanic activity outside
of the caldera seems controlled by radial dykes that
can cause flank eruptions of different compositions.
Moreover, activity in the caldera (likely controlled
by magma ascent along the ring faults) can be con-
nected to or trigger activity outside the caldera, as ob-
served in 2011. Inside the caldera, any surface ac-
tivity (geothermal or magmatic) is influenced by ice,
while magma transport to the flank can lead to sub-
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aerial activity, because the flanks are (currently) to a
large degree ice-free. This deeply influences what sort
of hazards can be expected at Katla in case of vol-
canic reactivation. In light of this, further studies are
needed to better constrain the volcanic history and en-
vironment of eruptions and intrusions on the southern
flank, preferably combined with radiometric dating.

The potential involvement of magma during the
unrest episodes is not supported by clear signs of sur-
face deformation in the recent activity of Katla. This
might be explained by very shallow processes respon-
sible for the persistent seismicity, sometimes evolving
into real seismic crises. If, for example, a shallow
magma chamber exists, as postulated by Gudmunds-
son et al. (1994) and supported by more recent studies
(Budd et al., 2016; Jeddi et al., 2016), and the unrest
episodes are related to small batches of magma reach-
ing or approaching the surface, the associated defor-
mation signal might be negligible and hidden beneath
the glacier. In this scenario, it is important to note that
the 1955, 1999 and 2011 unrest episodes occurred in
different parts of the caldera, indicating that a large
portion of the volcanic system has been activated re-
cently.

Although no evidence of large-scale inflation is
currently observed at Katla, the possibility that the
volcano is preparing for an eruption cannot be dis-
carded. It is not unlikely that the edifice is already
in an inflated state that was reached before the defor-
mation measurements started. At Krafla, for exam-
ple, inflation of the edifice immediately followed the
1975-1984 rifting episode, and then since 1989 the
volcano has been slowly deflating, but the pressure of
the magma system is currently on the same order as
before the rifting episode (Buck et al., 2006). The sce-
nario at Katla may be similar and rapid inflation might
have occurred after the 1918 eruption. Accordingly,
the persistent seismicity may reflect the processes tak-
ing place in a pressurized system persistently close to
failure. The 1955, 1999 and 2011 episodes might be
signs of this. If this was the case, these unrest episodes
would represent important warnings, because they oc-
curred suddenly with no precursory activity and could
have triggered a larger eruption, or could do so in the
future.
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CONCLUSIONS

The 2011 unrest episode at Katla was character-
ized by a sudden jokulhlaup, tremor bursts originating
at the source of the water flood (where ice cauldrons
deepened), increased earthquake activity within the
caldera and the appearance of a new source of persis-
tent earthquakes on the southern flank. This marked
a clear change of the long-term seismicity pattern, as
outlined by the analysis of the 1998-2015 seismic cat-
alogue, that likely highlights a modification of the vol-
canic system, possibly involving magma movements.

The 2011 unrest, similarly to the 1955 and 1999
episodes, was likely associated with hydrothermal
processes or magma movement, possibly a small sub-
glacial eruption. All unrest episodes were apparently
accompanied by only small deformation fields. In the
absence of evidence for recent large-scale recharging
of a magma chamber beneath Katla, it may be spec-
ulated whether Katla is already in an inflated state,
having inflated immediately following the most recent
large eruption in 1918. This may be the cause of the
persistent seismicity at Katla.

During a pilot study of the geology of the southern
flank in the source area of the new seismicity we have
found evidence that flank eruptions occurred during
the pre-Holocene (to recent) history of the volcano.
We have identified two sources in particular, one cor-
responding to the Gvendarfell ridge, and the other
one to Gaesavatn lake, documenting subglacial to surt-
seyan, basaltic to rhyolitic volcanic activity. This
highlights new scenarios for Katla’s eruptive history
and future activity and suggests that magmatic intru-
sions on its flanks should not be neglected as a poten-
tial seismic source.
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Agrip

Katla er medal virkustu eldstédva Islands og hegd-
un hennar sidustu dratugi hefur einkennst af stodugri
skjalftavirkni. Eldstodin er ad talsverdu leyti hulin
jOkli og flest pekkt gos 4 sogulegum tima hafa verid
undir pykkum jokli innan 6skju hennar. Peim hafa pvi
fylgt stor jokulhlaup. T jdli 2011 vard snoggt jokul-
hlaup sem t6k af brina yfir Mulakvisl. Pessum atburdi
fylgdi 6réahvida, aukin skjalftavirkni innan 6skjunnar
og ny skjélftapyrping vid Gvendarfell sunnan henn-
ar. Liklegustu skyringar 4 pessum breytingum eru ad
annad hvort hafi ordid breytingar 4 jardhitakerfi eda
kvikuinnskot, hugsanlega 1itid eldgos undir joklinum.
Svipadir atburdir urdu 1955 og 1999. Rannséknir 4
skjélftavirkninni sem fylgdi atburdunum 2011 leida
i 1j6s breytingar 4 eldstodvarkerfi Kotlu. Leida ma
rok ad pvi ad hin prélata skjalftavirkni sé visbend-
ing um ad kvikukerfid sé undir prystingi, hugsanlega
nalegt brotmorkum sinum og tilbdid til goss. Litl-
ir kvikutengdir atburdir, likir peim sem urdu 1955,
1999 og 2011, geetu pvi verkad sem gikkir fyrir sterri
atburdi. Skjalftapyrpingin vid Gvendarfell beinir at-
hyglinni ad sudurhlidum eldstodvarinnar. Sudurbrin
Kotludskjunnar einkennist af sirum gosmyndunum
og hraungilum. Einnig m4 finna { Myrdalsfjollunum
forna O0skugiga med ummerkjum um surtseysk gos,
t.d. Gesavatn. Pessar frumathuganir benda til pess ad
huga purfi ad fjolbreytilegri svidsmyndum Koétlugosa
en hingad til hefur verid gert.
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