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ABSTRACT

Katla is a hazardous volcano in south Iceland, in large part covered by the Myrdalsjokull
glacier. It hosts a large caldera with several active geothermal areas and is characterised by
persistent seismicity. Katla is one of the most active volcanoes in Iceland with at least 20
phreatomagmatic eruptions in the last 1100 years associated with catastrophic jokulhlaups.
The last occurred in 1918. The present repose time is the longest known in history and the
2010 eruption of the neighbouring Eyjafjallajokull volcano prompted scientists’ concerns
because the two volcanoes are tectonically connected. The seismic network around Katla was
therefore densified. No visible eruption occurred, but in July 2011 a 23 hour tremor burst was
associated with a glacial flood which caused damage to infrastructure. This event was
accompanied by deepening of the geothermally fed ice cauldrons, increased earthquake
activity within the caldera and new seismicity on the south flank. The question arose whether
or not a subglacial eruption occurred, i.e. whether the tremor was generated by magmatic
processes or by the flood. Analysis of seismic data, including development of new location
strategies, and a geological field study of the south flank were conducted to interpret the
seismic sources and the volcanological significance of the 2011 unrest. July 2011 marked a
change in the seismicity pattern at Katla that suggests a modification of the volcanic system.
The tremor burst consisted of two phases originated at the active cauldrons and associated
with hydrothermal or magmatic processes and a third phase generated by the flood. The
increased seismicity rate inside the caldera and evidence of rapid melting of the glacier may
indicate that the tremor was caused by a subglacial eruption. Alternatively, tremor may have
been generated by hydrothermal boiling and/or explosions induced by the flood. An increase of
heat released by the volcano is required in any case. The seismicity at the southern edge of the
glacier in the Gvendarfell area consists of long-period repeating events occurring with regular
time intervals, modulated by seasons (higher occurrence in summer). Because of the temporal
evolution of the seismicity, hypocentre depth distribution, features of the glacier and
coincidence with the 2011 unrest, volcano-related processes are considered more likely than
glacial to generate this seismicity. A hydrothermal source may be easier to reconcile with the
seasonal pattern than a magmatic one, although no direct indication of hydrothermal activity
has been observed. A field survey revealed previously unknown flank eruption sites within the
Gvendarfell area. Renewed volcano-related processes are therefore plausible and a magmatic
source for the Gvendarfell events should not be discarded. This observation is of major
importance for hazard assessment of the south flank of Katla. This work highlights the
difficulty of discerning glacial and volcanic signals for the study and monitoring of subglacial

volcanoes.
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1. INTRODUCTION

Subglacial volcanoes are particularly hazardous as magma-ice interaction can produce
highly explosive eruptions often associated with catastrophic jokulhlaups (glacial floods). This
was exemplified by the 2010 Eyjafjallajokull summit eruption and its associated jokulhlaup
that caused major air traffic disruption, despite its mild-explosive character. The study and
monitoring of subglacial volcanoes is therefore crucial, but problematic, as it cannot count on
field-based methods and indirect information such as seismic data has to be used. Moreover, a
number of different seismic signals can be recorded at glacier-clad volcanoes, in association
with both volcanic and glacial processes. It is very important to be able to discern between
these different signals and processes, particularly in Iceland, where a number of large
volcanoes are covered by ice. Katla volcano, in south Iceland, is a prime example.

The Katla volcanic system consists of a central volcano mostly covered by the
Myrdalsjokull ice cap and a 75 km long fissure swarm extending to the north east of the
central volcano. The central volcano hosts a caldera up to 14 km wide entirely covered by the
glacier, with several active geothermal areas forming depressions on the ice surface (ice
cauldrons). Katla is one of Iceland’s most active and hazardous volcanoes as its eruptive
activity is characterized by frequent hydromagmatic eruptions. At least 300 subglacial
explosive eruptions are known during the Holocene, 20 of which have occurred with an
average repose time of 47 years since AD 1500 (Larsen, 2000; Oladdttir et al., 2005). The last

verified eruption occurred almost 100 years ago, in 1918, and the current repose time is the
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longest known in history (Larsen, 2000). The seismic behaviour of Katla is different from other
Icelandic volcanoes, consisting of anomalously intense and persistent seismicity, even during
periods of volcanic quiescence. Most of its seismicity, consisting of VT (Volcano-Tectonic;
Chouet, 2003; McNutt, 2005), hybrid and LP (Long-Period; Chouet, 2003) events, has been
primarily recorded within the summit caldera and along the western flank of Myrdalsjokull
named Godabunga (Einarsson, 1991; Einarsson and Brandsdéttir, 2000; Sturkell et al., 2010).
Katla, therefore, offers a wide variety of seismic signals to obtain insight into the volcano’s
internal dynamics.

Katla’s eruptive activity appears to be connected to the neighbouring Eyjafjallajokull
volcano (Einarsson and Hjartardéttir, 2015). For this reason, the 2010 Eyjafjallajokull’s
eruption enhanced scientists’ concerns regarding a possible eruption at Katla and the seismic
network around the volcano was densified. Although no visible eruption occurred, increased
seismicity within the caldera and a 23 hour tremor burst were recorded on July 8-9th 2011,
associated with deepening of several ice cauldrons on the ice cap and a jokulhlaup from the
south-eastern caldera rim, which swept away a bridge and a part of the main road to eastern
Iceland. The question arose whether or not this episode was related to a minor subglacial
eruption not breaking the ice, i.e. whether the tremor was generated by magmatic processes or
by the flood. Moreover, in coincidence with the 2011 unrest, a new cluster of LP seismic events
was detected on the south flank, just west of the Gvendarfell ridge, around 4 km south of the
caldera. Being located in a partly glaciated area, they may be associated with either volcanic
or glacial processes. Seismic events in this area of Katla had never been recorded before and
they are important when assessing Katla's volcanic hazard, as the south coast of Iceland is a
farming area and a popular tourist destination.

In light of these events, the main research objectives presented in this thesis are i)
characterization and geological interpretation of the new seismicity on Katla’s south flank, ii)
understanding the volcanological significance of the 2011 unrest and associated seismicity.
This was done by analysing seismic data from a dense seismic network consisting of 10
permanent stations operated by the Icelandic Meteorological Office (IMO) and 9 temporary
stations deployed by Uppsala University between July 2011 and August 2013. Moreover, three
additional stations were deployed during the summer of 2014 on the south flank, in order to
better constrain the absolute location of the Gvendarfell seismic cluster. In addition, the
location of this seismic cluster at the edge of the glacier, encouraged a pilot field study of the
Gvendarfell area, aimed at identifying the main geological and tectonic features possibly
connected with seismic sources.

Although the LP events located on Katla’s south flank resemble in some aspects those

of other volcanoes, they show some peculiar characteristics, especially in their time evolution,
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which have not been previously described. A detailed analysis of the seismic sequence was
carried out, in terms of waveform characteristics, temporal evolution, first motion description,
non-linear absolute location and relative relocation of the hypocenters. The relocation strategy
was specifically designed to minimize and carefully evaluate the uncertainty, in order to
obtain meaningful results in terms of size and shape of the seismic cluster.

The tremor signal that occurred in July 2011 was analysed together with the associated
earthquake activity. The time evolution of tremor attributes, such as amplitude and
frequency, compared with direct hydrological observations and the evolution of the earthquake
activity were used to constrain the possible origin. Cross-correlation methods were used to
locate the tremor source(s), including a new double-correlation approach.

Subsequently, the 2011 seismic event was placed in the broader context of Katla’s
geology, eruption and seismic history, by integrating literature information, analysis of the
IMO seismic catalogue from 1998 and geological observations carried out in the Gvendarfell

area.
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2. STRUCTURE OF THE THESIS

The thesis 1s organized in 4 main chapters, each consisting of a paper manuscript
already submitted or ready to be submitted for publication, and an additional last chapter
with general conclusions. The topics and methodology covered by each main chapter are here
summarized:

Chapter 3, the Gvendarfell seismic cluster: Submitted paper that describes the
seismicity in terms of waveform characteristics, temporal evolution and absolute
location of the cluster and discusses possible source interpretations. Correlation
methods were used to improve event detection in the continuous seismic record in order
to study in detail the temporal evolution of the sequence. A detailed analysis of the
waveform characteristics at different stations and through time was carried out,
including a first motion description of the source. The absolute location of the cluster
was obtained with a non-linear location method using a local network installed during
the summer of 2014. Possible source interpretations are discussed in this chapter,
based on observations and comparison with other volcanoes worldwide.

Chapter 4, relative relocation of the Gvendarfell seismic events: Submitted paper that

describes the relative relocation methodology that was developed in order to estimate

the size and shape of the hypocentre distribution and their implication for the source
interpretation. The proposed relocation strategy was designed to optimize both cross-
correlation measurements (to obtain differential-time measurements used for relative

relocation) and the relative relocation. A synthetic test was set up to determine the best
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parameters for differential-time measurements and to estimate their uncertainties,
specifically for each waveform. Differently than the usual relocation approaches that
rely on a 1D velocity model, the relocation strategy here presented was designed to
work without a predefined velocity model, by formulating and inverting the problem to
seek changes in both location and slowness. This approach inverts for azimuth, take-off
angles and velocity deviations from a 1D model. The inversion was solved explicitly in
order to propagate data errors through the calculation.

Chapter 5, the July 2011 tremor episode and earthquake activity inside the caldera:
Paper manuscript ready to be submitted. The 23 hour tremor signal that occurred in
July 2011 was analysed together with the associated earthquake activity using data
from 10 seismic stations, 3 of which were located on the caldera rim. The signal was
described in its frequency/amplitude features and their temporal evolution. Back-
projection of cross-correlation envelopes was used to locate the tremor sources. A
double-correlation technique is proposed and compared with the common single-
correlation approach. The seismic observations were integrated with hydrological data
in order to suggest possible interpretations of the tremor sources.

Chapter 6, the July 2011 unrest episode and its volcanological implications: Paper
manuscript ready to be submitted describing the seismological, geological and eruption
history context of the 2011 unrest at Katla. The changes in the seismicity pattern that
occurred in 2011 were analysed based on the IMO seismic catalogue from 1998 to 2015.
A review of the main features of the Katla volcanic system is presented, together with
geological observations carried out in the Gvendarfell area, volcanological implications

of the 2011 unrest at Katla and possible source processes for the seismic activity.
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CHAPTER 3

Abstract

Katla is a threatening volcano in Iceland, partly covered by the Myrdalsjékull ice cap. The
volcano has a large caldera with several active geothermal areas. A peculiar cluster of long-
period seismic events started on Katla’s south flank in July 2011, during an unrest episode in
the caldera that culminated in a glacier outburst. The seismic events were tightly clustered at
shallow depth in the Gvendarfell area, 4 km south of the caldera, under a small glacier stream
on the southern margin of Myrdalsjokull. No seismic events were known to have occurred in
this area before. The most striking feature of this seismic cluster is its temporal pattern,
characterized by regular intervals between repeating seismic events, modulated by a seasonal
variation. Remarkable is also the stability of both the time and waveform features over a long
time period, around 3.5 years. No comparable examples have been found in the literature.
Both volcanic and glacial processes can produce similar waveforms and therefore have to be
considered as potential seismic sources. Discerning between these two causes is critical for
monitoring glacier-clad volcanoes and has been controversial at Katla. For this new seismic
cluster on the south flank we regard volcano-related processes as more likely than glacial ones
for the following reasons: 1) the seismic activity started during an unrest episode involving
sudden melting of the glacier and a jékulhlaup; 2) the glacier stream is small and stagnant; 3)
the seismicity remains regular and stable for years; 4) there is no apparent correlation with
short-term weather changes, such as rain storms. We suggest that a small, shallow
hydrothermal system was activated on Katla’s south flank in 2011, either by a minor

magmatic injection or by changes of permeability in a local crack system.

Keywords: Katla volcano, Iceland, long-period earthquakes, volcanic processes, glacial

processes

1. Introduction

Katla is one of the most active and threatening volcanoes in Iceland. Partly covered by
Myrdalsjokull glacier, its volcanic activity has been dominated by large explosive
phreatomagmatic eruptions, the last occurring in 1918. The current repose time is the longest
known in history (Larsen, 2000). Katla is located just east of Eyjafjallajokull and the two
volcanoes appear to be tectonically connected (Einarsson and Brandsdéttir, 2000). Several
cases are known in history when Katla's eruption followed its neighbour's. For this reason, the
2010 Eyjafjallajokull eruption prompted scientists’ concerns about a possible imminent Katla’s

eruption and the seismic network around the volcano was densified.
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Seismic events at volcanoes are highly variable in terms of waveforms and temporal
sequence evolution. They can be generated by multiple, geothermal, volcanic or tectonic
processes. LP events (Long-Period; Chouet, 1996) are of particular interest as they often
accompany or precede volcanic eruptions, but they are still not well understood (Chouet, 2003;
McNutt, 2005). They can be related to a number of different magmatic and hydrothermal
processes, usually associated with fluid movements inside the volcano. Recent studies offer
new modelling of LP events as slow-rupture failure in unconsolidated volcanic materials (Bean
et al., 2014).

As Katla is largely covered by Myrdalsjokull glacier, extending over a ~600 km? area
and entirely covering the summit caldera, direct field studies are not feasible and indirect
methods such as seismic data analysis are important to study and monitor the volcano. Katla
offers a wide variety of seismic signals to obtain insight into the volcano's internal dynamics.
In this respect, it is an unusual volcano in Iceland because of its anomalously high and
persistent seismicity (even during volcanic quiescence) despite its tectonic location, out of the
main deformation zones. The only other Icelandic volcanoes comparable to Katla with respect
to intense seismicity are located along the plate boundaries (Hengill and Bardarbunga
volcanoes; Einarsson, 1991; Jakobsdéttir, 2008).

Most of Katla’s seismicity, consisting of VT (Volcano-Tectonic; Chouet, 2003; McNutt,
2005) and LP events, has primarily been recorded in two distinct source areas (e.g. Sturkell et
al., 2010): i) within the summit caldera and ii) in a region in western Myrdalsjékull named
Godabunga (Fig. 1). In July 2011, though, this general pattern changed. An increase in
seismicity and a 23 hour tremor burst were recorded on July 8-9t 2011, associated with
deepening of ice cauldrons on the ice cap and flooding from the south east rim of Myrdalsjokull
glacier that destroyed a bridge on the main road. At the same time, a new cluster of LP
seismic events was detected on the south flank, just west of the Gvendarfell rise, around 4 km
south of the caldera rim. Seismic events in this area of Katla had never been recorded before
and they are of major interest when assessing Katla's volcanic hazard, as the south coast of
Iceland is a farming area and a popular tourist destination.

At subglacial volcanoes, seismic events associated with glaciers (such as basal slip, ice
falls, crevassing) and shallow low-frequency earthquakes associated with volcanic activity can
produce similar waveforms (Métaxian et al., 2003; West et al., 2010; Thelen et al., 2013). The
ability to distinguish between such sources is critical for monitoring glacier-clad volcanoes. In
this respect, Katla aroused controversial interpretations of its seismicity, for its subglacial
location and for the unusually frequent occurrence of LP seismicity during periods of volcanic

quiescence (Soosalu et al., 2006; Jénsdéttir et al., 2009).
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Although the LP events located on Katla’s south flank in some aspects resemble those
of other volcanoes, they show some peculiar characteristics, especially in their time evolution,
which we have not found described in the literature. These are the subjects of the paper
herein. The improved seismic network operating around Katla during 2011-2013 provided a
good dataset for this purpose. Moreover, in order to improve the location estimates of these
events further, a temporal deployment of three stations was done in 2014 in the epicentral
area, in order to better define the absolute location of the cluster. We used cross-correlation
methods to improve the event detection, thus highlighting striking time-sequence features,
and a probabilistic non-linear method for the absolute location of the cluster. We also

attempted to retrieve the focal mechanisms from first motion polarities.

2. Study area

The Katla volcanic system is located just south of the intersection between the East
Volcanic Zone and the transform boundary of the South Iceland Seismic Zone (Sturkell et al.,
2008). It consists of a central volcano with a 110 km? summit caldera (up to 14-km wide; Fig.
1) covered by Myrdalsjokull glacier (Bjoérnsson et al., 2000) and the Eldgja fissure system
which extends 75 km to the northeast (Larsen, 2000; Thordarson et al., 2001; Fig. 1). The
central volcano’s activity is dominated by explosive phreatomagmatic eruptions due to
magma-ice interaction. Several ice cauldrons (at least 16) are located within and at the
caldera rim, representing the surface expression of subglacial geothermal activity. Changes in
their geometry are monitored to detect variations of geothermal heat release (Gudmundsson et
al., 2007).

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 (Gudmundsson 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 (Jénsson and Kristjansson, 2000). This is supported by geobarometry analyses on
historical tephra samples, conducted by Budd et al. (2014), but questioned by tephra
stratigraphy studies by Oladéttir et al. (2008).

Since the first sensitive seismographs were installed (in the 1960s), seismic activity has
been observed in two distinct main areas: within the caldera and at Godabunga on the western
flank (Einarsson and Brandsdéttir, 2000). The seismicity inside the caldera consists of high
frequency and hybrid events, probably associated with the subglacial geothermal activity
(Sturkell et al., 2010) and volcano-tectonic processes. The Godabunga cluster consists mainly

of long-period shallow events and has a controversial interpretation, as a response to a slowly-
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rising viscous crypto-dome (Soosalu et al.,, 2006) or in association with ice fall events
(Jonsdéttir et al., 2009). Katla’s seismicity shows a seasonal variation which is stronger at
Godabunga, where the peak occurs in autumn. A less pronounced peak of activity in the
caldera occurs instead during the summer (July/August; Jénsdéttir et al., 2007). This seasonal
correlation has been interpreted either as a result of ice-load change and resulting pore-
pressure change at the base of the glacier (Einarsson and Bransdéttir, 2000) or as enhanced

glacial motion during periods of distributed subglacial water channels (Jénsdéttir et al., 2009).
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Fig. 1. Map of Iceland showing the different volcanic systems (in orange; from Einarsson and Szemundsson, 1987)
and the different segments of the plate boundary. In the inset, the seismic network and main seismic and geological
features of Katla are shown. Dark brown triangles: permanent IMO seismic stations. Orange triangles: temporary
Uppsala University seismic stations operating between July 2011-August 2013 (no outline) and between July 2014~
August 2014 (black outline). The black open circle marks a temporary station (GAV) that has been operating on
both time periods. The black square at station SHR on the south flank indicates the location of a GPS station
operating in summer 2014. Red dots: seismic clusters at Katla before July 2011. These are mostly localized in two
distinct source areas, within the caldera and on the western flank at Godabunga. The star marks the new cluster
on the south flank. The Katla and Eyjafjallajokull caldera rims are outlined by dashed lines. Open circles
correspond to ice cauldrons (Gudmundsson et al., 2007). White areas are glaciers. To the NE, the location of Eldgj4

fissure is shown.

Although no visible eruptions have occurred after 1918, evidence of unrest was observed in
1955, 1999 and 2011, possibly associated with minor subglacial eruptions. In 1955 this
probably took place at the eastern rim of the caldera: two shallow ice-cauldrons formed and a
small jokulhlaup (glacial flood) drained from Kétlujokull, south-east Myrdalsjokull
(Thorarinsson, 1975; Rist, 1967). A similar event took place in July 1999: the seismic stations
around the glacier recorded earthquakes and bursts of tremor that culminated in the release

of a jokulhlaup from Sélheimajokull, south-west Myrdalsjokull (Sigurdsson et al., 2000;
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Roberts et al., 2003). A new cauldron also formed on the surface of the glacier (Gudmundsson
et al., 2007).

From 1999 to 2004, GPS measurements on nunataks exposed on the caldera edge
revealed steady uplift of the volcano, interpreted to result from 0.01 km?3 magma accumulation
(Sturkell et al., 2006; 2008). A recent study by Spaans et al. (2015), suggested instead that the
uplift may be due to glacial isostatic adjustment as a consequence of mass loss of Iceland’s ice
caps. Gudmundsson et al. (2007) showed that increased geothermal heat output occurred in
2001-2003, based on the evolution of ice cauldrons. As this was also accompanied by greatly
increased seismicity and ground uplift, they interpreted these phenomena as a result of
magma accumulation and consequent dilation of the edifice leading to enhanced permeability

and increased geothermal activity, in accordance with Sturkell et al. (2006).

3. The unrest episode of July 2011

Between August 2010 and July 2011, most of the ice cauldrons on the Myrdalsjokull
glacier uplifted by 6-8 m, interpreted by Guomundsson et al. (2013) as water accumulation
under the glacier. The greatest rise, 11-12 m was observed at cauldron 16 (Fig. 2;
Gudmundsson et al., 2013).

In July 2011, the seismicity intensified at Katla and remained high until winter. The
unrest culminated on July 8-9th when a burst of tremor was recorded by the Icelandic
Meteorological Office (IMO) seismic network. No signs of eruption breaking the ice were seen,
but a jokulhlaup drained from Koétlujokull and deepening of some ice cauldrons was observed
on the surface of Myrdalsjokull in the southern and eastern parts of the caldera (Fig. 2).

The tremor burst lasted for about 23 hours, beginning at about 19:00 GMT on July 8th.
The jokulhlaup (~18 million m?) swept away the bridge over Mulakvisl river around 05:00
GMT on July 9th, one hour after rising water level was detected at the gauging station
Léreftshofud, located a few km south of Kotlujokull IMO, 2011) and ~6 km upstream from the
bridge (Fig. 2). Another gauging station, located on the bridge over Mulakvisl river on the
main road 1 (Fig. 2), began to show increased conductivity early on July 8t (IMO, 2011).

This unrest episode has been interpreted in association with volcanic processes, such as
enhanced geothermal activity, shallow magma intrusion or possibly a minor subglacial
eruption (Sgattoni et al., 2015).

The earthquake activity accompanying these events was mainly concentrated inside

the caldera, mostly in its south-eastern part. The tremor also originated inside the caldera, in

a similar location to the earthquakes (Sgattoni et al., 2015). In addition, a new source of
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seismic events was activated on the south flank, near Gvendarfell rise, at the southern edge of

Myrdalsjokull glacier (Hafursarjokull), around 4 km south of the southern caldera rim (Fig. 2).

63°45'N

63°30'N

0 10

19°30'W 19°00'W 18°30'W

Fig. 2. Map of Katla showing the features related to the July 2011 unrest. Black open circles are the ice cauldrons
that deepened during the unrest. Number 16 is the cauldron that showed biggest changes before and during the
unrest. The dashed blue arrow shows the presumed flood path. Red dots are the earthquakes that occurred on July
8th and 9th, The 2 gauging stations are marked with black triangles; the southern one corresponds to the bridge over

Mulakvisl river. The star marks the southern seismic cluster which is studied herein.

4. Seismic network and data

Following the eruption of Eyjafjallajokull volcano in 2010, the IMO augmented the
seismic monitoring network around Katla from 5 to 9 stations. Moreover, 9 temporary stations
were deployed by Uppsala University between July 2011 and August 2013.

Most of the stations were equipped with broadband sensors, 5 Guralp ESPA , 4 Guralp
CMG3-ESPC and 1 Geotech KS-2000(LLC), all with flat response from 60 s to the Nyquist
frequency (50 Hz). 5-second Lennartz populated the remaining 8 stations. Data were recorded
and digitized with Guralp and Reftek systems at 100 sps. Stations were powered with
batteries, wind generators and solar panels. All the instruments recorded in continuous mode,
but some technical problems (e.g. power failure) mainly due to harsh weather condition
(especially in winter time), prevented some stations from working continuously during the

whole operation time.
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During the operation time of the dense network described above, the closest station to
the Gvendarfell cluster, object of this study, was GAV, around 6 km away. Therefore, the
hypocentral location was poorly constrained, especially in depth (uncertainty on the order of a
km). Since this seismicity continued with similar characteristics, we decided to install two
additional stations, around 1 and 2 km away from the source, during the summer of 2014 to
improve the hypocentral location of the cluster. Station GAV was also reactivated to minimize
biases in hypocentral estimations caused by the change in network geometry. In addition, a

GPS station was deployed during the same period (Fig. 1).

5. Waveform characteristics

The Gvendarfell seismicity is characterized by small magnitude (~ -0.5-1.2 My), long-
period earthquakes with an emergent P wave and unclear (usually not identified) S wave (Fig.

3).
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Fig. 3. a) Example seismograms of two different events at stations GVE and ALF. Notice the small event before the
main one at GVE. The amplitude unit is digital counts, proportional to velocity. The arrows mark the P and S wave

arrivals, where identified. b) Normalised amplitude spectra of the Z component at stations GVE and ALF.
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All events have remarkably similar, nearly identical waveforms with correlation coefficient >
0.9 at the nearest stations. Fig. 4 shows examples of waveforms throughout the whole time
period, starting from March 2011, when the first small events were recorded. The similarity of
the waveforms is striking and only slight changes can be noticed, from August 2012. The
frequency content is narrow banded around 3-4 Hz at the closest station GVE and nearly
monochromatic around 3 Hz at most other stations (Figs. 3 and 4).

The signals are characterized by a number of distinct seismic phases that we tried to
interpret with particle motion plots. This however didn't help to discern and understand the
different phases, which appear to be generated by interference of direct and scattered waves
propagating in a heterogeneous medium. The complexity of the waveforms and their duration
are therefore highly dependent on the distance from the source. A 6-7 sec long wave-train
recorded at ~1 km distance, becomes more than 20 sec long, at 30-40 km. This is indicative of
strong path effects, generating a number of secondary phases that increase the complexity of
the seismograms (Fig. 5).

Another interesting feature is that the larger events were often preceded by smaller
events, only recorded by the closest station GVE. At more distant stations, the small events

disappear into the background noise (Fig. 3).

6. Time evolution

Visual observation of the seismic data indicated that a significant improvement in
detectability could be achieved, compared with the IMO catalogue. As the waveforms are
highly repeatable, cross-correlation of a sample waveform with continuous data was applicable
to improve the event detection (cf. Lindblom et al., 2015 for a description of the correlation
method). For this purpose we used data from station ALF, as it is close to the source and has
been working continuously since February 2011. The best event in terms of signal to noise
ratio was chosen from the IMO catalogue as a reference event (occurred on Oct 10th, 2011).
Its waveform was band-pass filtered between 2-4 Hz and a 3 second window starting 0.5 sec
before the P wave arrival was cross-correlated with the continuous data from February 2011
to August 2013. Around 1800 events were detected with a cross-correlation coefficient higher
than 0.9 (mostly > 0.95), significantly more compared to the 720 events of the IMO catalogue
(Fig. 6). All the events were checked for possible false detections and visual inspection of 3
months of data proved that the cross-correlation analysis detected all wvisible events
successfully. Moreover, in order to check whether other similar events had occurred also
before 2011, data from station ESK (operating at Katla before the network was augmented)

were used for cross-correlation with continuous data from 2010. In this case, no events were
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detected that matched a minimum correlation coefficient threshold set as 0.7. This confirms

that seismic activity at Gvendarfell was absent before 2011.
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Fig. 4. Example waveforms of the Z component at station ALF (~6 km from the source) throughout the entire period
of study, showing their similarity. One event per month is shown for cold seasons and two events per month for

warm seasons.
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The local magnitude ML of the events was evaluated by calibrating the amplitude at
ALF with the IMO magnitude estimation (moment magnitude Mw and local magnitude ML).
The events overlapping between our improved catalogue and the IMO catalogue were used as
a reference. Fig. 7 shows a logarithmic plot of the maximum amplitude at ALF versus ML,
showing a clear linear relation. A line fitting of the ML plot was used to translate ALF
amplitudes (from our catalogue) into magnitudes (Fig. 7a).

The first Gvendarfell events detected at ALF occurred in March 2011 and were very
small, around 0.2 ML. A sudden increase in magnitude occurred on July 7th and a striking
time feature started on this day: a regular time pattern with 6 events per day at 4 hour

intervals began a few hours before the tremor burst of the 2011 unrest episode (Fig. 9). Before
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that time, this pattern was not observed. A seasonal variation in the event rate is also
observed, with maximal activity in late summer 2011, 2012 and 2013, which could not be
discerned from the IMO catalogue (Figs. 6, 8a and 9). This correlation is not as clear in the
cumulative moment release plot (Fig. 8b), showing a sharp increase in the summer of 2011
and less clear increases in the following summers. The regular event rate is observed also
during periods of lower activity, with occurrence frequency gradually decreasing to 1 event
every 1-2 days in winter and then increasing again to the maximum rate (6 to 8 events per
day, depending on the year) during summer (Fig. 9). No diurnal variability or correlation with
precipitation rates have been observed. This pattern is seen for the whole time period
analysed in this article (July 2011-August 2014), although the clearest regularity is observed
during the summer of 2011. Some exceptions to this general pattern can be noticed, for
example in March 2013 (Fig. 8a), when a small swarm of events was recorded, not correlated
with any volcanic/geothermal or meteorological event. According to the latest data from IMO,
the seismic activity at Gvendarfell seems to be fading out and became insignificant in
February 2015.

The amplitude behaviour with time also has interesting features. It increased by a
factor of 10 at the onset of the tremor and stayed high for a year (Fig.8). After 1 year, the
amplitude decreased by a factor of 2. A non-monotonic size distribution is also observed, with
small events occurring in the background, mainly during periods of high seismic activity (Figs.
8a and 9). The regular time pattern is mainly observed for the class of larger events, whereas
smaller events seem to occur at more random time intervals (Fig. 9), however this could be
due to incompleteness of the catalogue below M = 0.

Fig. 10 shows the relation between the magnitude and the cumulative number of
events. The size of the events does not follow the conventional empirical relation of Gutenberg-
Richter (logN = a — bM). The non-monotonic size of the events shows up clearly in the non-
cumulative plot in Fig. 10, with a peak around Mr= 1 and a minimum around M. = 0.4.
Another peak is present at around Mi= 0. It is not clear if this is simply caused by
incompleteness at magnitudes < O or if this is a feature of the physical distribution. Note that
it is impossible to estimate the magnitude of completeness in this case because the

earthquakes do not follow any standard model.
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Fig. 6. Cumulative number of events at Gvendarfell. The event detection of the catalogue obtained with cross-
correlation is highly improved. A seasonal variation, with more events during warm seasons (corresponding to the

steeper segments of the curve), is also clear on the top curve.
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Fig. 8. a) Magnitude (My) - time evolution of the Gvendarfell seismic sequence between January 2011 and July
2013. The arrow indicates the time of the tremor burst (July 8%t-9th). The March 2013 swarm is also outlined
(orange squared line). b) Cumulative seismic moment release in the same time interval as panel (a). The moment-
magnitude relation used is logMo = 1.5M + 9.1, where Mo is the moment and M is the magnitude. As we don’t have

an estimation of Mw, we used ML in this relation. Therefore, our estimates of seismic moment are uncertain.
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7. Absolute location

The absolute locations from the IMO catalogue show a cloud of hypocentres, dispersed
over a large area, several km in diameter (Fig. 11) around the Hafursarjékull glacial valley, on
the southern side of Myrdalsjokull glacier. However, the similarity of all the waveforms
suggests a much smaller distribution of foci, which we can crudely estimate by requiring the
phase difference to be smaller than a fraction of a period, in order to explain such high
correlation. By taking this fraction as a quarter of a wavelength and assuming a dominant
frequency of 3.5 Hz and an average velocity of 3.5 km/s, we can infer the maximum size of the
hypocentre distribution to be < 250 m. Reported uncertainty is on the order of 1 km in the
horizontal and several km in the vertical, i.e. smaller than the distribution of locations,
suggesting that significant and variable (because of changes in station geometry) bias due to

three-dimensional heterogeneity is present in the locations.

7.1 Non-linear location method

We selected the best recorded events during the summer of 2014 (when 2 additional
stations were deployed nearby) to be relocated. For this we used a probabilistic, non-linear
method, mapping the likelyhood function for each event around the centre of the IMO location
cloud with an exhaustive grid search (Lomax et al., 2000). The error distributions of arrival-
time data and their predictions are assumed to be Gaussian. The error is not known. A
distance weighting is assigned for stations farther than 3 km from the source to simulate
increasing uncertainty with increasing distance. This defines a data covariance matrix, less an
unknown scaling. This scaling is estimated based on the residual variance at minimum misfit
and thus represents the combined error of observation and prediction. The velocity model used
is one dimensional and based on tomographic results in the area (Jeddi et al. 2015). Scalar
station corrections (estimated based on time residuals) are introduced to absorb effects of
lateral heterogeneity with an iterative procedure, starting from no corrections and iterating
until converging to stable corrections.

The grid search extended over a 5x5 km? area around the average IMO location of the
events recorded in 2011-2013, down to 5 km depth, with 50 m resolution in the horizontal
directions and 100 m in the vertical. As the phase composition of the wave forms is unclear (as
explained above), particular care was taken when picking the P and S arrival times. The P
wave was carefully identified first in the stacked wave forms and then consistently in the

individual events (details of the stacking are explained below). The S wave was only picked at
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the closest station, GVE. The iterative process of relocation and station-correction estimation

converged at the second iteration. The resulting rms correction was 0.17 sec.
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Fig. 11. Locations and depth distribution of the Gvendarfell seismic events, from IMO catalogue: grey = all

locations 2011-2013; red = 30 events in summer 2014, same relocated with nonlinear method (see Fig. 12). The star
is the average IMO location (N63°32.772', W19°06.588") and corresponds to the origin of the axes of Fig. 12.

Black triangles are the seismic stations. The glacier outline (in blue) is derived from LiDAR DEM obtained in 2010
(Jéhannesson et al., 2013).

7.2 Location results

Fig. 12 shows the resulting combined probability density of the hypocentre locations.
The origin of the coordinate system is the average IMO location (at N63°32.772' and
W19°06.588") and depth is referred to the average elevation in the source region (at 800
m.a.s.l.). Our relocations do not differ much from the IMO average, except for a ~500 m shift
to the east. The distribution of hypocentres is much smaller than in the IMO catalogue
locations (Figs. 11 and 12a). The uncertainty of the relocations is around 400 m in the
horizontal dimensions and 500-600 m in depth, as inferred from the probability distributions
of the locations of single events (Fig. 12b). The cluster appears to be located in the shallow sub
surface, between 0.5 and 0.9 km depth. It is clear from comparing Fig. 12a, showing the
combined distribution of the cluster, and Fig. 12b, showing the distribution for an individual
event, that the cluster distribution is dominated by the uncertainty. Therefore, the cluster

may be much smaller in extent than Fig. 12a suggests. The eastward shift of the centre of
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mass of the distribution compared to the average IMO location is marginally resolved. The
depth is marginally resolved to differ from zero. A clear correlation (trade off) is persistent
between depth and easting. This is controlled by the station geometry, with the nearest
station GVE, yielding S picks, a few km to the west-northwest. Some trade off exists between

depth and origin time, but inclusion of S picks from station GVE reduces that significantly.
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Fig. 12. a) Non-linear locations of the Gvendarfell seismic events: combined probability density of all locations (34
events in total occurred in summer 2014). b) Probability density of the location of one example event, to show the
single event uncertainty. The scale is normalised and the density ranges from 1 (yellow, in the centre of the
distribution) to zero (white). The black contour lines correspond to 0.9 — 0.1 with 0.1 spacing. The grey contour lines

are 0.05, 0.03, 0.01.

8. Focal mechanisms

Although we do not know what kind of source generates the Gvendarfell events, we
tried to obtain some description of it using regular earthquake source analysis (e.g. focal
mechanism based on first motion polarities). If the source is different from that of a tectonic
earthquake (e.g. geothermal/volcanic processes involving fluids), a shearing type focal

mechanism would be inappropriate, but the first motion descriptions still valuable.
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The waveforms of the Gvendarfell seismic events are strongly affected by path effects.
In addition, the geometry of the network was unfavourable for source studies, with most
stations located several km away from the source, mainly because of the glacier. Therefore, it
was not considered promising to use a full waveform inversion to determine the source
mechanism. Such a method is also very sensitive to erroneous velocity models, particularly at
shallow depth (Bean et al., 2008), which strongly affects stations farther from the source.
Therefore, an attempt to retrieve the focal mechanism was done based on the first motion
polarities. The emergent P onset is difficult to identify for low-frequency events. Therefore, the
signal-to-noise ratio was improved by aligning and stacking all the waveforms at each station
(20 stations in total). This was possible thanks to the extreme similarity of the waveforms.
Each waveform was weighted according to its signal-to-noise ratio and the uncertainty of the
stack evaluated as variance of the weighted mean.

The first arrivals, however, remained unclear at many stations. A closer insight in the
zoomed P waves, showed that the first wiggles of all waveforms are highly correlated between
different stations. Therefore, by taking the clearest onset (positive polarity at the closest
station GVE) as reference, we were able to interpret all the others. We did this by correlating
the reference GVE onset with the stacked P onset at all other stations, first the original ones
and then the reversed. The stations resulting in the best correlation for the original onset
were assigned a positive polarity and vice-versa. The reason for this is intuitive and looks
clear from Fig. 13, showing the resulting polarities and the beginning of the seismogram for

all stations.
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Fig 13. First motion polarities of the Gvendarfell events, for all seismic stations. Orange dots for positive polarities
and white for negative. The beginning of the Z component seismogram for each station is also plotted, with colour

corresponding to the polarity. A tentative fault plane solution consistent with normal faulting is drawn.
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The interpretation of the first motions, however, is not trivial and no unique solution of
the focal mechanism can be obtained. This arises mainly from the poor coverage of the focal
sphere. Also, as the source is located in the shallow, low-velocity layers, take-off angles can
vary considerably and strong scattering effects due to the heterogeneous medium are expected
to affect azimuth angles. A tentative fault plane solution is drawn, consistent with normal
faulting. This is however not well constrained and other mechanisms, with different
combinations of CLVD (Compensated Linear Vector Dipole) and volumetric components might
be invoked. Certainly, the polarities are not consistent neither with thrust faulting, nor with

pure implosion/explosion.

9. Discussion

9.1 Event classification

The Gvendarfell seismic events have low frequency content, observed at all stations,
from the closest (around 1 km) to the farthest (around 40 km). Path effects seem to be
important at most stations, as seen from increasing complexity of the waveforms with distance
from the source. Moreover, the presence of the glacier might also play a role as a filter for high
frequencies (Weaver and Malone, 1979; Métaxian et al., 2003). If this was dominant, we would
expect the same effect for the caldera events as well, where the glacier is much thicker, up to
700 m, compared to few tens of meters at Hafursarjokull above the Gvendarfell seismic source.
However, we point out that other shallow events originating inside the Katla caldera contain a
broader spectrum of frequencies, up to 10-15 Hz, with higher frequencies not completely
attenuated by path effects. We therefore interpret the low frequency content of the
Gvendarfell events as a source property and classify them as LP events. Moreover, other
features of the waveforms are similar to those of LP events at other volcanoes: i) similarity of
waveforms, ii) emergent onset of P wave, iii) unclear S wave, iv) narrow peaked spectra with

typical frequencies between 0.5 and 5 Hz (Chouet, 2003).

9.2 Glacial vs volcano-related source

As the depth of the cluster is not distinguishable with certainty from the surface and
the location corresponds to a glacier stream, glacial processes must be considered also as
possible sources of the Gvendarfell seismicity. Glacial earthquakes can be associated with
glacier sliding, e.g. stick-slip ice motion (Weaver & Malone, 1979; Ekstrém et al., 2006; Wiens
et al, 2008; Thelen et al., 2013) or with ice avalanches and ice falls (Weaver & Malone, 1979;
Caplan-Auerbach and Huggel C., 2007; Roux et al., 2008; Jénsdéttir et al., 2009). Resonance of
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ice cracks (Métaxian et al., 2003) or resonance of the glacier (Wolf and Davies, 1986) can also
generate LP events, but for the reasons discussed below, we consider resonance processes
unlikely.

A glacial origin of these events could be in accordance with the seasonal variation
observed, as it is usual for glacier seismicity to peak during warm seasons (e.g. Wolf and
Davies, 1986; West et al., 2010; Moore et al., 2013). Glacier movements are enhanced due to
summer melting, which in Iceland peaks in July and August, after the summer thaw. An
example of regular and repetitive glacial seismicity over years has been observed in a
Transantartic Mountains glacier (Winberry et al., 2015). The size (likely a few hundred
meters) and slip-rate (50 m per year) of that glacier are however much bigger compared to
Hafursarjokull glacier. Hafursarjokull is a small, stagnant alpine glacier, not more than few
tens of meters thick, and is unlikely to be capable of producing such a persistent seismicity.
Fig. 14 shows a picture of the glacier, highlighting its small size and showing its actual
margin, compared to the outline drawn in Fig. 11. Alpine glaciers’ seismicity is usually highly
variable in amplitude, recurrence interval, waveforms and often shows changes on diurnal

basis and correlation with precipitation rates (Thelen et al., 2013).

Fig. 14. Aerial view of Hafursarjokull glacier. The red dashed line is the glacier outline shown in Fig. 11. The black
dashed line is the actual glacier limit as it is at the time we are writing (August 2015). The area marked with black
lines is ice covered by debris. The star corresponds to the approximate location of the centre of the absolute
hypocentre locations (obtained with the non-linear method, Fig. 12) and the box crudely indicates its uncertainty.

The approximate location of the seismic station GVE is also drawn with a black triangle.
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None of these characteristics are seen at Gvendarfell, where only one family of nearly
identical seismic events has been observed for more than 3 years. In addition, if a relation
existed between the Gvendarfell seismicity and glacial processes, it would be difficult to
understand why similar events are not observed at more active glacier streams nearby or at
other glaciers in Iceland. As a final consideration, the time association with the unrest episode

in July 2011 seems easier to reconcile with volcanic or geothermal processes.

9.3 Interpretation of the source process

Due to their association with eruptions, it is commonly thought that LP events are
caused by fluid movements within the volcano, for example magma injection into fractures or
crypto-dome formation (Okada et al., 1981; Cruz and Chouet, 1997; Rowe et al. 2004; Neuberg
et al., 2006), or processes related to hydrothermal systems (Moran et al., 2000; Saccorotti et
al., 2007; Guomundsson and Brandsdéttir, 2010; Jousset et al., 2010; Matoza and Chouet,
2010; Arciniega-Ceballos et al., 2012). The narrow-banded frequency range of LP seismograms
at volcanoes is often associated with resonance processes in which the dominant frequency of
the source is related to specific geometries and/or fluid characteristics.

In particular, monochromatic, volcanic LP events may be interpreted in terms of
resonance of fluid-filled cracks (e.g. Chouet, 1996; Kumagai and Chouet, 1999; Saccorotti et
al., 2007). However, a resonance process is expected to generate a long coda of decaying
harmonic oscillations, which 1s not observed in the Gvendarfell events. While most stations
record a long-duration signal, resembling resonance, the proximal observation from GVE
station is short in duration and indicative of a source more pulse-like rather than resonating.
This feature of LP events has been described by Bean et al. (2014) and explained as a strong
path effect, very pronounced for shallow sources in the low-velocity, near-surface layers. They
carried out a dynamic rupture simulation and showed that long-period signals can be
generated by slow-rupture failure in unconsolidated volcanic materials. This indicates that LP
events are not necessarily generated in association with fluid movements. Their simulations
also show a spread of hypocentres, which seems to be not the case of the Gvendarfell
seismicity, generated at a very small source, stable with time and always producing the same
waveform. At Gvendarfell there is neither variability of waveforms, nor evidence for multiple
structures acting as seismic sources, as described by Bean et al. (2014).

The high repeatability of waveforms and regular occurrence of LP events characteristic
of the Gvendarfell seismicity have been observed at other volcanoes worldwide (Cruz and
Chouet, 1997; Ramos et al., 1999; Green and Neuberg, 2006; Rowe et al. 2013), often
associated with rising domes (e.g. Okada et al., 1981; Neuberg et al., 2006) or with the
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interaction of hydrothermal and magmatic systems. For example, repetitive LP events at
Popocatépetl were associated with the non-destructive process of repetitive injection of
hydrothermal fluid into a fracture resulting in a sudden discharge when a critical pressure is
reached (Arciniega-Ceballos et al., 2012). Matoza and Chouet (2010) interpreted repetitive LP
events occurring at Mt. St. Helens with regular inter-event time spacing in terms of rapid
heating of water and dissolved volatiles in a shallow hydrothermal crack, with events
triggered by phase changes from liquid to vapour. In most cases, repeating LP seismicity has
been observed either prior to or during eruptions, their repeatability lasts for days to months
and the regular time intervals between successive events are on seconds to minutes scale. The
Gvendarfell events, instead, did not precede or accompany an eruption (at least not in the
same area), although they started in coincidence with a tremor event recorded inside the
caldera. Moreover, the same waveforms have been recorded for around 3.5 years, occurring
with regular inter-event times ranging from hours to days, depending on the season. These
features make the Gvendarfell seismicity a unique case.

The Gvendarfell events are also different compared to the other LP events recorded at
Katla, most of which are located at Godabunga, on the western flank of the volcano. The other
Katla LP events have a wider spectrum of frequencies, with higher frequencies in the
beginning of the waveform decreasing towards the end, as opposed to the nearly
monochromatic waveforms at Gvendarfell. In addition, no other cluster at Katla is composed
of only one family of waveforms and no other cluster has a similar regular time pattern. The
seasonal correlation also differs: the Godabunga activity peaks later in autumn (Einarsson
and Brandsdéttir, 2000; Jénsdéttir et al., 2009) as opposed to July/August at Gvendarfell and
the caldera events have a less pronounced seasonality.

The non-monotonic size distribution is also peculiar and is reflected in the magnitude-
cumulative number curve, where it is difficult to identify a unique b-value (Fig. 10).
Earthquakes below ML = 1 clearly dominate, implying that the source size is restricted and
not capable of producing events larger than a threshold size. A similar case, with minor events
occurring in the background of larger LP events, was observed at Mt. St. Helens during the
2004-2008 eruption period and interpreted in terms of less energetic fluid to gas phase
changes, involving a smaller volume of fluid in a shallow hydrothermal crack (Matoza and
Chouet, 2010). Non-linear magnitude-frequency relationship is commonly observed at
volcanoes, e.g. the earthquakes accompanying the dyke injection at Krafla in September 1977
(Brandsdoéttir and Einarsson, 1979).

Since we couldn’t model the source mechanism, for the reasons discussed in section 8, we are
not able to discuss in detail the physical process generating the Gvendarfell events. However,

the striking time evolution, together with the repeatability of the waveforms over years, are
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indicative of a remarkably stable, process repeating itself at regular time intervals, modulated
by seasons, for an unusually long time. Although glacial processes cannot be completely ruled
out, we regard volcano-related processes as more likely to generate such a stable seismicity.
Among volcanic processes, both magma-related (e.g. magma intrusion, dome formation)
and non-magma related hydrothermal processes (e.g. fluid instabilities, thermal cracking) are
candidate sources. The former interpretation fits with the geological evidence of silicic
extrusive bodies at the caldera rim and on the eastern and southern flanks of Katla (Lacasse
et al., 2007; Jéhannesson and Ssemundsson, 2009). This makes a rising shallow viscous
magma body a plausible geological processes in the Gvendarfell area. A normal faulting
mechanism with a dilatational component, consistent with the first motion polarities shown in
Fig. 14, could fit with the hypothesis of an intruding dike. The time association with the
tremor episode of the 2011 unrest would also fit with such magma-related interpretation.
However, the GPS station operating during the summer of 2014 near the Gvendarfell area did
not report evidence of ground deformation to support this hypothesis of a slowly intruding
dyke. Moreover, the seasonal correlation of the seismicity appears difficult to reconcile with
magma-related processes. Thus, we regard hydrothermal processes as more likely than
magma movements to explain this seismicity. A minor hydrothermal system, lasting for about
3.5 years, might have been activated on Katla’s south flank during the unrest episode in July
2011. The regular time pattern of the seismicity could be associated with a steady process of
cyclic heating and cooling of the fluid phase in a hydrothermal crack system with LP events
generated by phase changes between liquid and vapour (Matoza and Chouet, 2010). In this
scenario, the seasonal correlation of the seismicity could be explained in terms of varying
supply of ice melt water to the hydrothermal system, with peaks correlating with the warm
seasons. Less energetic phase changes, involving smaller volumes of fluids, might explain the
subset of smaller events. The first motion polarities, although not univocally interpretable,
can be consistent with non-double-couple mechanisms observed at other geothermal areas
such as Hengill in Iceland (e.g. Miller et al., 1998). However, we point out that there is no
visible evidence of geothermal activity, new or old, in the area. The new hydrothermal system,
therefore, has to be entirely concealed. Furthermore, a new hydrothermal system needs a new
heat source. A small dyke injection into the southern caldera wall or changes to a permeable
crack system in conjunction with the thermal event in July 2011 are possible scenarios. A

summary of possible interpretations and corresponding pros and cons is reported in Table 1.
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Process

Pros

Cons

GLACIAL

e.g. glacier sliding, ice-falls

VOLCANIC
(magma involved)
e.g. dome rising, viscous

magma injection

HYDROTHERMAL

(no magma involved)

e.g. phase changes of the
geothermal fluid, thermal

cracking

- seasonal correlation

- shallow depth

- geological evidences: silicic extrusive

bodies at the caldera rim and

south/east flanks

- association with unrest episode
- normal faulting mechanism (?)
- shallow depth

- high repeatability

- association with unrest episode

- seasonal correlation can be

explained

- small, stagnant glacier

- no correlation with precipitation rates
- association with unrest episode

- stability of the process over long time
- depth (?)

- seasonal correlation

- no ground deformation detected

- no evidence of geothermal activity

- regular time pattern can be

explained

Table 1. Summary of pros and cons of the three suggested interpretations of the source process of the Gvendarfell

seismic events.

10. Conclusions

Since July 2011 the seismicity pattern at Katla volcano has shown changes: a new
cluster of shallow, repeating LP seismic events has been observed on Katla’s south flank, at
the southern edge of Myrdalsjokull glacier, 4 km south of the caldera rim. The onset of this
seismicity coincided with an unrest episode culminated in a glacial flood from the south-east
rim of the glacier, on July 9th, 2011. The seismicity on the south flank had never been observed
before and continued for around 3.5 years with the same features.

Since these seismic events are located in a glaciated area, both volcanic and glacial
processes must be taken into account as possible sources. Because of the characteristics of the
small glacier stream and because of the remarkable stability of the main features of the
seismicity over years, we regard volcano-related processes as more likely to generate this
seismicity. However, we cannot rule out a glacial source and this study highlights the
difficulty and the importance of discriminating glacial and volcanic sources at subglacial
volcanoes.

Although they share some common features with LP earthquakes at other volcanoes

worldwide, the seismic events we have described represent a peculiar case study because of
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their temporal behaviour and because they did not accompany an eruption. We have not found
a similar case in the literature. They also differ significantly from other Katla’s LLP events.

Among volcano-related process, we suggest a shallow hydrothermal system is more
likely than magma movement to explain this seismicity, mainly because the clear seasonal
correlation is easier to reconcile with a process involving water. The extremely regular time
pattern over a long time (at least 3.5 years) together with the similarity of all the waveforms,
point to a stable, non-destructive source mechanism over time. We regard the regular seismic
rate, modulated by seasonality, as the most striking feature of this seismicity. Therefore, we
look for a steady source process, in both location and mechanism, in which some critical
parameter induces the regular time interval between events. This might be related to a steady
process of heating and cooling of a fluid phase, in a geyser-like process. As the fluid phase is
supplied by the glacier, a seasonal correlation can be expected as a response to the summer ice
melting. Our hypothesis is therefore that a small, shallow hydrothermal system might have
been activated on Katla’s south flank, in coincidence with the 2011 unrest episode. As a power
source, we suggest either a short lived dike intrusion towards the south flank or a crack
connection to a heat source established during the unrest. However, no evidence of old or new
hydrothermal activity has been seen in the area.

Further studies, such as relative relocation of the hypocentres and further insights into
the tremor episode of July 2011, will help interpreting the source processes and volcanological

implications of this peculiar cluster of LP events on the south flank of Katla.
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Abstract

Relative relocation methods are commonly used to precisely relocate earthquake clusters
consisting of similar waveforms. Repeating waveforms are often recorded at volcanoes, where,
however, the crust structure is expected to contain strong heterogeneities and therefore the
1D velocity model assumption that is usually made in most location strategies is not likely to
describe reality. A peculiar cluster of repeating low-frequency seismic events was recorded on
the south flank of Katla volcano (Iceland) from July 2011. No seismicity had been reported in
the same area before. As the hypocentres are located at the rim of the glacier, the seismicity
may be due to volcanic or glacial processes. Information on the size and shape of the seismic
cluster may help constraining the source process. The extreme similarity of waveforms points
to a very small spatial distribution of hypocentres. In order to extract meaningful information
about size and shape of the cluster, we minimize uncertainty by optimizing the cross-
correlation measurements and relative-relocation process. With a synthetic test we determine
the best parameters for differential-time measurements and estimate their uncertainties,
specifically for each waveform. We design a relocation strategy to work without a predefined
velocity model, by formulating and inverting the problem to seek for changes in both location
and slowness. This approach allows to account for azimuth, take-off angles and velocity
deviations from a 1D model. We solve the inversion explicitly in order to propagate data errors
through the calculation. This approach allows to resolve a source volume few tens of meters
wide on horizontal directions and around 100 meters in depth. There is no suggestion that the
hypocentres lie on a fault plane and the depth distribution indicates that their source is
unlikely to be related to glacial processes as the ice thickness is not expected to exceed few

tens of meters in the area where the cluster is located.

Keywords: Katla volcano; Iceland; Relative relocation; slowness.

1. Introduction

Earthquake multiplets consist of very similar waveforms, often exceeding cross-
correlation coefficients of 0.8 (Geller & Mueller 1980; Frémont & Malone 1987). They are
common in tectonic and volcanic areas worldwide and they are likely to be caused by
earthquakes occurring very close to each other and generated by similar, non-destructive,
source processes (Geller & Mueller 1980). Because they consist of closely-spaced earthquakes,
it is possible to determine relative relocation of the hypocentres with high accuracy (Poupinet

et al. 1984; Fréchet 1985; Frémont & Malone 1987; Got et al 1994; Slunga et al. 1995;
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Waldhauser & Ellsworth 2000; Thelen et al. 2008). The relative relocation method is based on
the idea that closely-spaced events recorded at a common station will share similar path
effects and site effects. If the hypocentral separation between two events is small compared to
the station-hypocentre distance and scale length of velocity heterogeneities, and if the latter is
big compared to the dominant wavelength of the waveforms, then the ray paths to a common
station are similar and the relative time lag between the two events will depend on their
spatial offset in the direction of the station (Waldhauser & Ellsworth 2000; Wolfe 2002).

Moreover, the location precision is improved by using high-precision waveform cross-
correlation methods to determine the relative time measurements. This can be done either in
the frequency domain (Poupinet et al. 1984) or in the time domain (Deichmann & Garcia-
Fernandez 1992). The accuracy of the arrival-time differences between pairs of similar events
is reported to be on the order of 0.001 s for micro-earthquakes recorded by local networks (e.g.
Frémont & Malone 1987). This makes it possible to calculate the relative location between
hypocentres with uncertainty on the order of a few meters to tens of meters (Waldhauser &
Ellsworth 2000).

This is particularly useful at volcanoes, where earthquakes are often characterized by
unclear phase onsets and their arrival-time determination can be highly imprecise with
manual phase-picking. The relative location of earthquake multiplets is, therefore, a common
practice at volcanoes worldwide. Got et al. (1994) relocated 250 earthquakes beneath Kilauea
that defined a nearly horizontal plane of seismicity at 8-km depth. Rowe et al (2004)
relocated approximately 17,000 similar earthquakes on Soufriere Hills volcano, Montserrat.
On Mount Pinatubo, Philippines, Thelen et al (2008) relocated several multiplets associated
with the 2004-2006 eruptive sequence at Mount St. Helens and suggested that they were
related to pressurization of the conduit system.

Two techniques are commonly used for relative relocation of earthquakes. One is the
master-event approach, where all other events are relocated with respect to one, the master
event (Ito 1985; Scherbaum & Wendler 1986; Frémont & Malone 1987; Van Decar & Crosson
1990; Deichmann & Garcia-Fernandez 1992; Lees 1998). Alternatively, cross-correlation time
delays can be computed for all possible event pairs and combined in a system of linear
equations to determine hypocentroid separations (Got et al 1994; Waldhauser & Ellsworth
2000). In addition to adding more constraints to the model parameters, this strategy makes it
possible to increase the spatial extent of the cluster that can be relocated, as there is no need
for all events to correlate with the master.

The ability of the relative-relocation technique to recover the relative locations well

depends on 1) the geometry of the network, ii) the accuracy of differential-time measurements,
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iii) the deviations from the assumption that the ray paths do not change within the cluster of
events, iv) the direction of the rays leaving the source, depending on 3D velocity variations
(Slunga et al. 1995; Michielini & Lomax 2004). The relative relocation problem is usually
solved in a 1D velocity model (e.g. Waldhauser & Ellsworth 2000) or with a constant slowness
vector for each station to the cluster (Got et al. 1994). However, in these approaches the
source of error represented by the uncertainties in the ray directions in the source volume is
not taken into account. Michielini & Lomax (2004) showed how the initial 1D velocity model
used, determining the take-off angles, influences the resulting shape of the relocated cluster.
Moreover, in highly heterogeneous media, such as in volcanic areas, strong lateral
heterogeneities can cause considerable deviations in the direction of the seismic rays from the
straight path assumed in a 1D velocity model. This, in turn, can affect the spatial direction in
which the earthquake location is re-adjusted as constrained by each station’s differential time.

We propose a relative relocation strategy that does not rely on a 1D velocity model, but
rather seeks changes in slowness vectors together with changes in relative relocation of
hypocenters. We apply the relative-relocation technique to a cluster of LP (Long Period,
Chouet 2003) seismic events located on the south flank of the subglacial volcano Katla, in
south Iceland. This seismicity started in July 2011, in association with an unrest event which
culminated in a glacial flood. Seismic events in this part of Katla volcano had never been
recorded before. Since they occurred in a glaciated area, they can be generated by either
glacial or volcanic processes. Sgattoni et al (2015) suggested that they are associated with
hydrothermal processes. A closer insight into the relative relocation of the hypocentres can
give a useful contribution to the source interpretation.

The extreme similarity of the waveforms indicates a very small spatial distribution of
the hypocenters. Moreover, indications of strong path effects, together with the poorly known
velocity model for the site, motivated the development of a specific strategy to optimize both
the differential-time measurements and the relative relocation technique. We conduct both
cross-correlation measurements and relative-relocation inversion so that the uncertainty is
carefully estimated and the sources of error minimized in each step. We perform a statistical
test to evaluate the best cross-correlation parameters and uncertainties of differential-time
measurements specifically for each station and each seismic phase used. This alleviates the
need to use generalized statistical assumptions about errors. We then relocate the events with
a master-event relocation strategy, inverting for both changes in location and in slowness, in
order to account for azimuth, take-off angles and velocity deviations from a 1D model. We

solve the inversion explicitly in order to propagate data errors through the calculation. We
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also perform synthetic tests to evaluate the ability of this approach to recover relative

locations and slowness-vector components.

2. Seismic data

2.1 Seismic network

Following the eruptions of the neighbouring Eyjafjallajokull volcano in 2010, the IMO
augmented the seismic monitoring network around Katla from 5 to 9 stations. Moreover, 9
temporary stations were deployed by Uppsala University between July 2011 and August 2013.

Most of the stations were equipped with broadband sensors, 5 Guralp ESPA , 4 Guralp
CMG3-ESPC and 1 Geotech KS-2000(LLC), all with flat response from 60 s to the Nyquist
frequency (50 Hz). 5-second Lennartz populated the remaining 8 stations. Data were recorded
and digitized with Guralp and Reftek systems at 100 sps. Stations were powered with
batteries, wind generators and solar panels. All the instruments recorded in continuous mode,
but some technical problems (e.g. power failure) mainly due to harsh weather conditions
(especially in winter time), prevented some stations from working continuously during the
whole operation time.

Because the seismic events we analyse are very small (magnitude lower than 1.2;
Sgattoni et al 2015), the signal to noise ratio (snr) is low at distant stations. Therefore, we

used data from 13 out of 19 stations (Fig. 1).

2.2 LP seismic events, Katla south flank

The LP events recorded near Gvendarfell on Katla’s south flank have been described in
detail by Sgattoni et al (2015). We report here the main features. The seismicity is shallow
and located on the southern side of Myrdalsjokull glacier. It is characterized by small
magnitude (~ -0.5-1.2 My), long-period earthquakes with an emergent P wave and an unclear
S wave (Fig. 2). The frequency content is narrow banded around 3 Hz at most stations (Fig. 2).
All events have remarkably similar, nearly identical waveforms with correlation coefficient >
0.9 at the nearest stations, throughout the whole time period investigated (March 2011 —
August 2014). The size distribution is non-monotonic, with small events below magnitude ML
= 0.2 and bigger events up to ML= 1.2.

The signals are characterized by a number of distinct seismic phases, whose nature is
difficult to understand, as the waveforms are heavily contaminated by secondary phases

generated by strong path effects. It is in general possible to recognise a P phase and a
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secondary wave package whose interpretation is not clear, probably containing both S waves
and surface waves. Although unclear, we will refer to it as S wave (Fig. 2).

Around 1800 events have been detected with cross-correlation of a sample waveform
with continuous data between July 2011 and August 2013. The temporal evolution shows
striking features: a regular time pattern with 6 events per day at 4 hour intervals began a few
hours before the tremor burst of the 2011 unrest episode, which occurred on July 8th-9th, A
seasonal variation in the event rate is also observed, with maximal activity in late summer

2011, 2012 and 2013.
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Fig. 1. Map of Myrdalsjokull and Eyjafjallajokull showing the seismic network used in this study. Dark brown
triangles: permanent IMO seismic stations. Orange triangles: temporary Uppsala University seismic stations
operating between July 2011-August 2013. The star marks the new Gvendarfell cluster on the south flank. The

Katla and Eyjafjallajokull caldera rims are outlined by dashed lines. White areas are glaciers.
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Fig. 2. a) Example seismograms of a Gvendarfell event at stations ALF. The amplitude unit is digital counts,

proportional to velocity. b) Normalised amplitude spectra of the Z component of the same event at stations ALF.
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3. Differential time measurements

As all the waveforms are extremely well correlated, with cross-correlation coefficients
higher than 0.9 (mostly > 0.95; Fig. 4), at the nearest stations, we expect a very small spatial
distribution of the hypocentres. We can crudely estimate the maximum size of the source
distribution requiring a phase difference of less than a fraction of a period in order to achieve
such high levels of correlation. Taking this fraction to be a quarter and assuming an average
velocity of 3.5 km/s and a dominant frequency of 3.5 Hz, we constrain the source region to be
smaller than 250 m in size. Therefore, in all steps leading to the relative relocation results, we
attempt to minimize the uncertainty and also carefully estimate it, from the differential-time
measurements to the resulting relative locations. In order to measure the relative times as
accurately as possible, we set up a synthetic test to identify the best parameters to use for the
cross-correlation. We then use the synthetic test to evaluate their uncertainty, later used as

weights for the relative relocation inversion.

3.1. Statistical test for cross-correlation

We perform a synthetic test that measures the time shifts between a clean waveform
(the template waveform) and the same waveform with different levels of random noise added.
The random noise is generated as white noise and then filtered with the same filter as the
template and adjusted in amplitude to constitute the specific snr, which is defined as the ratio
between the rms signal amplitude in the correlation time-window and rms noise amplitude in
a window of equal length before the P arrival.

At each station and for each component of the signal:

P and S phases are identified and extracted from the template waveform, previously

band-pass filtered between 2-4, 1-5 or 2-5 Hz depending on the station (the S phase is

identified only at stations ALF, GAV, SOH, HVO, ESK, FIM and RJU).

The extracted P/S window is tapered with a 10% cosine taper.

A template P/S window is correlated in the time domain with the same window with

noise added (without applying any time shift so that the differential time is known to

be exactly zero). A parabolic interpolation around the peak of the correlation function is

done to estimate the time shift with sub-sample precision.
The test is repeated for different snr (signal to noise ratios), varying from 1 to 10, and
different widths of the P and S windows, from 0.5 s to a few seconds.

The whole process is performed at least 100 times, each time generating a new random

noise vector (Fig.3). The std (standard deviation) of the calculated time shifts is then computed
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and its behaviour is analysed to determine, for each station, i) the best window width to use

for each type of wave and component at each station, ii) the expected std as a function of the
correlation coefficient. The first is done as follows:

- The correlation coefficients obtained for different snr and window widths are plotted

against the window width used, always starting at the P arrival time at a given station.

- Two peaks are identified in this plot. One peak occurs before the S arrival and

represents the best window length for the P wave. The other peak occurs after the S

arrival and corresponds to the sum of P and S windows that have best correlation. The

best window width for the S wave, therefore, corresponds to the time of the second peak

minus the S-P time at a given station.
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Fig. 3. Statistical simulation to determine uncertainty of cross-correlation measurements. Data from station ALF.
a) correlation coefficient and std obtained for different widths of the window used for correlation and different
values of snr. Window widths are measured starting from P arrival time. A first peak is observed at around 1 sec
(double arrow): this is the width chosen for P wave. At station ALF the S-P time is 1.6 s and this determined
increase in correlation after this time and reaching a new peak at ~4 seconds (single arrow). The window width
chosen for S wave is therefore 2.4 s (corresponding to 4 s minus 1.6 s). As expected, uncertainty decreases with
increasing snr. b) analytical standard deviation as a function of correlation coefficient, measured for chosen window
width (1 sec) and varying snr. Results for 3 components of P wave at ALF. An empirical fitted curve is then used to

estimate uncertainty of differential-time measurements between the template event and all the others.
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Fig. 3 shows an example for station ALF: a first peak of correlation is observed at 1 sec and
this is, therefore, the width chosen for the P wave. At this station the S phase arrives 1.6
seconds after the P phase and this is reflected by an increase in correlation coefficient starting
after this time and reaching a new peak around 4 seconds. Therefore, the window width
chosen for the S wave is 2.4 seconds.

The analytical std as a function of the correlation coefficient is then estimated for the
chosen window length (Fig.3):

The standard deviation obtained for different snr and window lengths is plotted as a

function of correlation coefficient.

An empirical curve is fitted to the data and later used to estimate the uncertainty of

the differential-time measurements of the real data, based on the correlation

coefficient.
The same procedure is repeated for P and S phases and all components. The uncertainty of the
differential time estimates is in most cases lower than the sampling interval (0.01 s) and as
low as 1 ms (Fig.4).

This synthetic test allows for optimization of the differential-time measurements in
order to minimize uncertainty. It also allows us to estimate uncertainty specifically for each

waveform, thus avoiding further generalized statistical assumptions about errors.

3.2. Cross-correlation measurements

Once the best parameters for the time-difference estimation are determined, a cross-
correlation scheme is built to correlate a reference event (later used as master event for the
relative relocation) with all other events (P and S phases separately), at all stations, for all
components. Sub-sample estimates of time lags are achieved in the time domain through
polynomial interpolation of the cross-correlation coefficient peak. Since not all stations have
been working at the same time for the entire period of study, it is not possible to identify one
unique reference event. An event which occurred on Oct. 10th 2011 is chosen for stations ALF,
GAV, KKE, HVO, AUB, ENT, RJU, ESK, FIM, SLY, SMJ. An event on Feb 18t 2013 is chosen
for SOH and on Oct 15t 2011 for LOD.

For each station, the differential-arrival times and the corresponding uncertainties are
estimated for P and S waves for all 3 components. Moreover, for each phase (P and S) the
weighted average of the time shifts for the different components by their uncertainty is
computed. Ultimately, the best estimates (in terms of low error) are selected between the 4
values obtained (3 components and weighted average) and the uncertainty used to weight the

data in the relative-relocation inversion.
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The cross-correlation times are selected by setting a lower threshold for the cross-
correlation coefficient as high as 0.9 for the closest stations and 0.8 for more distant stations
and only event pairs with at least 6 time measurements are used (Fig. 4). We also discard
some outlying data, with uncertainty greater than 0.03 s. This reduces the number of
relocated events to 1140. This is mainly due to the small magnitude of the events, in
particular the smaller-magnitude group, which is only observed at a few nearby stations.
From around August 2012 a decrease in average magnitude from ~1 My to ~0.5 MLw is also
observed for the larger-magnitude group of events (Sgattoni et al 2015). There is a greater
loss of data in the second part of the dataset, after January 2012, when a slight decrease of
correlation coefficient occurs and some data are lost due to technical problems at some seismic
stations (Fig. 4). The decreased correlation coefficient causes increased uncertainty of
differential-time measurements (Fig. 4), which starts in January 2012, increases until August
2012 and remains fairly stable after that. This pattern does not clearly correlate with changes

in the seismic network configuration.
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Fig. 4. Correlation coefficient (a), analytical error std (b) and number of observations for each event used in the

relative relocation (c).

4. Relative-relocation method

As no catalogue locations exist for all 1200 events, a master event strategy is used to
relocate the events starting from the same initial location and relocating them with respect to
the fixed location of a master event (Ito 1985; Scherbaum & Wendler 1986; Frémont & Malone
1987; Van Decar & Crosson 1990; Deichmann & Garcia-Fernandez 1992; Lees 1998). An
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event which occurred on October 10t 2011, used as reference for cross-correlation time
measurements at most of the stations, is chosen as a master event. As location coordinates, we
use the highest-probability hypocentral coordinates from the combined probability density of
non-linear absolute locations obtained by Sgattoni et al (2015), at N63°32.772' and
W19°05.988" and depth is referred to the average elevation in the source region (at 800
m.a.s.l.). Since a different reference event was used for cross-correlation measurements at
stations SOH and LOD, we made sure that the three reference events used had at least 8
differential time information linking them.

In the first instance, the routine is built to relocate the events in a 1D velocity model,
similar to most relative-relocation strategies (e.g. Slunga et al 1995; Waldhauser & Ellsworth
2000). However, the data misfit achieved is not satisfactory, as the data are not explained by
the model locations close enough to their level of uncertainty (known from the synthetic test
explained above). The misfit, normalized by the data covariance, exceeds the expectation of
the chi-squared distribution by a factor of 5.

We think this is partially due to effects of lateral heterogeneities that are expected to
be strong in the crust in the area and may cause considerable deviations in the direction of the
seismic rays from the straight path assumed in a 1D velocity model. Since this direction can
vary considerably because of the local heterogeneities, this introduces inconsistencies that
cannot be explained by the model. In addition, the correlation-time measurements are
integrated measurements of wave packages extending over 0.5 to several seconds. They are
likely to contain waves of varying type and geometry due to scattering. This is confirmed by
their complex particle motion. Therefore, the effective slowness of these waves as they leave
their source may differ from that predicted by a simple 1D model, in terms of azimuth,
incidence angle and effective local velocity. Thus, the strategy is adjusted to account for this
and the slowness vectors (3 spatial components per station per wave type) are included as
model parameters in the inversion. Azimuths, incident angles and P/S velocity are allowed to

be modified by the inversion, in order to account for velocity heterogeneities.

4.1. Formulation of the problem

At a given station, the arrival time, ¢ for an earthquake, 1, corresponds to the sum of

the origin time, 7, and the travel time, 7, as a function of the event spatial coordinates, x;:
tp =1 + T(x) (1)

We assume the locations are around a point, x,, with only small changes, §x;, much smaller

than the propagation distance:
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xX; = xg + 6x; |6x;| < propagation distance (2)

If the distances between the events are much smaller than the propagation distance from
source to receiver, then the differences in path from the events to the same station can be
described as planar. In our example, the distances between source and receiver are in the
range of 6-30 km and the events are likely to be generated at distances from the centre of the
cloud on the order of < 100-150 meters, as apparent from the non-linear absolute locations
presented by Sgattoni et al. (2015) and from the extremely similar waveforms. The events are
so close to each other that a first order, linear or planar approximation of the travel-time
function is justified. Therefore, we can apply a linear approximation:

T(x;)) = T(xy + 6x;) = T(xy) + u-dx; 3)

where u are linear coefficients with the unit of slowness (sec/km). Consequently, the

differential arrival-time, &t, between events i and j at a given station, can be expressed as:
Stij = ti - tj = T; — Tj +u(5xl- - SXJ) (4)

This is similar to the formulation by Got et al (1994) who used a constant slowness vector for
each station to the cluster. Instead, we allow the slowness vector to each station to vary in the
inversion. Equation (4) is non-linear in the last term when both u and §x; are unknown and
the model parameters are coupled, as they appear as a product. So, we linearize again by
differentiating with respect to slowness and location parameters, to seek changes in both

slowness and location:

6ti]' = TilO - Tj|0 + dTl' - dT] + uo(é‘xi - 5xj) + uo(d(?xl- - d5xj) + du(5xi - 5x])|0 (5)

where the 0 subscript indicates the initial guess (or estimate at previous iteration) and d
indicates the change of the model parameter. In each iteration we solve for perturbation of
location parameters (spatial and origin time) and perturbation of the slowness vector, thus
obtaining an update of location and slowness. We also apply constraints to the slowness
vector within reasonable bounds in order to avoid absurd geometry configurations such as rays
leaving the source in opposite direction with respect to the station location.

The initial slowness vector u is determined from azimuth angles, a, and incidence
angles, @, for each station j, (estimated in a 1D velocity model) and constant initial velocities,

v, for P/ S waves:

u;

_ ( 1 1 1) (6)

—smaj smcpj ;; —COSClj smcpj ;; —COS(pj ;

The initial P velocity is set as the P velocity at the master event hypocentral depth,
corresponding to 3.5 km/s. The S velocity is set as the P velocity scaled by a factor of 1/4/3 . In

total, the slowness parameters are six per station (3 for P and 3 for S). We do not constrain the
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angles to be the same for P and S, as there can be different scattering phenomena with

different influence on P and S azimuth and incidence angles.

4.2. Inversion

As we do not have catalogue locations for all events, before inverting for relative
relocations, we need an estimate of origin times. So, we first formulate the problem in order to
invert for origin time. This is a linear problem in which the differential arrival times

correspond to the sum of the differential origin times and differential travel times:
5tij =T — Tj + T(xl-)lo - T(x])lo (7)

We solve the problem by assuming that all events are located at the master event location (.e.
all relative locations equal to zero). Therefore, the travel times for all events are the same and
equation (7) simplifies to a difference of origin times.

We combine all data in a system of linear equations of the form:

We combine all data in a system of linear equations of the form:

Wem = wWd (8)
where G'is a matrix of size N x Nev (N is the number of differential-time measurements; Nev
is the number of events), m is the model vector of length Nev, containing origin times, d is the
data vector of length N, and W is a diagonal matrix containing weights.

We then add hard constraints in the form of Lagrange multipliers in order to fix the
master event origin time to a reference time (that we set to 0). The problem is overdetermined
and can be solved in a weighted least-squares sense, where the weights are set as the inverse

of the data covariances:
m=[6"C;'G] 1 6"c;'d 9)

where C; is the data covariance matrix, a diagonal matrix containing data variances
determined by the synthetic tests described in the previous section. In order to determine the
inverse of the product matrix [6TC;'G], we use the singular-value decomposition (SVD)
method. The system is well-conditioned and there is no need to regularize.

After solving for the origin time, an iterative process is set up to invert equation (5)
alternatively for relative changes in location, (déx; — déx;), and changes in slowness, du. The
inversion strategy is the same as before, but the size of the matrices and the hard constraints
change. In the inversion for location parameters, the model vector m has length 4Nev (d&x,,
dbx,,déx3,dt ) and the size of Gis N x 4Nev. The Lagrange multipliers consist in this case of
four additional equations to constrain all changes of hypocentral parameters of the master

event to be zero. Also in this case, the system is well-conditioned as we pre-filtered the data so
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that all event pairs have at least 6 observations. This way all events are well linked to each
other.

When inverting for slowness perturbations, the size of the matrices decreases
significantly as the number of model parameters reduces to the size of the slowness vector, i.e.
6 times the number of stations (Nst), and G is therefore N x 6Nst. Again, the inversion
strategy is the same and the matrix is inverted with SVD. In this case, some regularization is
needed to exclude the zero eigenvalues originating from stations that have no information for
some slowness components, depending on which phases have been used for the cross-
correlation. Also, some small eigenvalues can occur if only little information is used for some
stations and if, due to the geometry of the problem, some directions are poorly constrained. A
threshold value for eigenvalues is found by trial and error.

After the inversion is performed, the resulting perturbations of slowness are checked in
order to apply constraints to incidence angle, azimuth and velocity variations, so that they do
not exceed specified values. P and S wave velocities are allowed to vary within + 1 km/s from
the initial values. The azimuth angles can change within + 30 degrees from the initial
direction and the incidence angles within + 20 degrees.

The inversion scheme is therefore the following:

Iteration O: inversion for origin time and inversion for location parameters (using the

initial slowness vector)

Iteration 1...n: inversion for slowness and inversion for location parameters (using

updated slowness vector).

The process is iterated until the misfit reduction is negligible, for a total of 7 iterations.

4.3. Model covariance estimation

The uncertainty of the location model parameters is then determined by propagating
the estimated data covariances to the model parameters. However, this is sufficient only if the
data are appropriately explained (within their uncertainty). In our case study this does not
happen, as the final misfit achieved is bigger than the value expected statistically. If data are
appropriately explained, the data misfit scaled by data covariance, Q, is expected to equal the

number of degrees of freedom of the model, if the model errors are Gaussian:
E{Q}=e'Ci'le=n—r (10)

where E{Q} is the expectation of Q, e is the prediction error, n is the number of observations
and r is the number of eigenvalues used in the inversion (the degrees of freedom in the model).
In our case the misfit is bigger than (n —r) . This means that errors in the problem are not

fully described by measurement errors. Additional errors occur, possibly due to simplification
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of the theory or limited knowledge about the velocity model. We account for this by adding a
uniform diagonal covariance to our estimated data covariance matrix, so that the expected
misfit indicates that data are appropriately explained. We do this by calculating Q as a

function of data variance, o7, with a constant, ¢, added to the diagonal elements:

whe Q=e"(Cz'+ cD"e (11)

re Iis the identity matrix. We solve Q = n — r for c. We therefore obtain a new data-covariance
matrix, which includes both measurement errors and errors due to simplifications of the way
the forward problem is described and solved. We use this as a new estimate of the total data
covariance and propagate it through the calculation, to estimate the model covariance, i.e. the
uncertainty of relative relocation.

This strategy of adding a random component to the data variance estimates of
measurement errors assumes that the errors in the data are independent of errors due to the
simplification of the forward problem. Another possible strategy would be to scale the errors
up according to the residual misfit, but we have no reason to expect that the unaccounted for
errors are correlated with and proportional to the analytical measurement errors.

The resulting uncertainty of spatial location parameters is on the order of 15-20 meters
for the horizontal components and 30-40 meters for the vertical. A general increase in
uncertainty is observed from January 2012, correlating with bigger data uncertainties (see
Section 3.1) and associated with less phases available per event-pair, as explained in Section

3.2.

5. Synthetic tests

In order to test the behaviour of the inversion and the ability of the program to recover
both hypocentre locations and slowness components, we performed several synthetic tests
with the station configuration and geometry of the problem of our case study on the south
flank of Katla. Using equation (4), we generate differential times for all event pairs of a set of
50 events with random hypocentral locations within a 300x300x300 m volume. The data are
generated using an initial slowness vector for the same 1D model that was used to construct
the slowness for the inversion of real data (Section 4.1).

We generate perfect data and a slowness vector perturbed with random Gaussian
errors. We track, iteration by iteration, the slowness vector std with respect to the true
slowness and the spatial and temporal mislocations of the hypocentres. We repeat the test at
least 100 times and compute an ensamble average of the results for all realizations. We repeat

the same process for different size initial slowness perturbations. We set the bounds of the
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constraints imposed during the inversion (Section 4.2) as the maximum perturbation allowed,
corresponding to two std of the Gaussian distribution used to generate the random errors. We
then perform several tests with decreasing percentages of this maximum perturbation, from
100% to 0.1%. In all tests data are fitted perfectly, while hypocentre locations and slowness
components are recovered to some extent, depending on the initial slowness perturbation. The
average results for 100 repetitions of this test show that:
the smaller the perturbation of the initial slowness vector the better hypocentre
locations are recovered (with perfect recovery for an unperturbed initial slowness
vector). For small perturbations, most of the relocations occur at the initial, Ot
iteration. This is expected since in this case the non-linearity is weak;
the slowness vector (in terms of azimuths, incidence angles and P and S velocity) is
adjusted, iteration by iteration, towards the truth, with a reduction of the std
(compared to the true slowness) of 50 to 70% achieved (greater proportional reduction
when starting with less perturbed slowness;
when the slowness perturbation applied is small (up to 20% of the maximum
perturbation allowed) the hypocentral locations do not change significantly after the
initial Oth iteration, although the slowness vector changes and moves towards the truth;
for larger slowness perturbations (up to the maximum), the hypocentral mislocations
reduce with iteration, but the mean mislocation reduction (in terms of distance
between true and calculated locations) only reaches a maximum on the order of 30-40%
for the maximum initial slowness perturbation.
These tests demonstrate effects of the non-linearity of the problem and that trade-offs occur
between location parameters and the slowness vector. The function we try to minimize has
multiple minima that may prevent the inversion from reaching the global minimum. This, in
turn, means that the final relative locations obtained may depend on the initial slowness
vector. However, the true slowness vector is successfully recovered by at least 50% in all of our
tests and, even for the larger initial slowness perturbations, the hypocentre mislocations are

significantly reduced also, after the Ot iteration, when introducing the inversion for slowness.

6. Relative relocation results

Since the synthetic tests demonstrate a trade-off between relative relocations and
slowness vector, we compute the inversion with different starting slowness vectors and
compare the results. We perturb the initial guess of the slowness vector (obtained as described

in Section 4.1) with 25%, 50% and 100% of the maximum allowable random perturbation, for a
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total of 8 inversions. All inversions converge to similar results both in terms of relative
relocations and slowness vectors. The initial misfit (after inversion for origin time), normalized
by the data covariance and scaled by the number of degrees of freedom, is 9.2. At the Oth
iteration, it ranges for the 8 inversions between 4.9 and 5.5, with larger values for larger
slowness perturbations. After 7 iterations, the misfit is reduced to values between 2.8- 3.1.

All inversions converge to a similar size and shape of the cloud of hypocentres and the
slowness vector components move in the same direction. However, they do not converge to the
same values, as observed in Fig.5 where the resulting azimuth angles are reported as average
over the 8 inversions and corresponding std. The results indicate that the variation increases
with distance between station and seismic cluster. This is expected, as scattering effects are
likely to increase for longer travel-distance, together with the width of the Fresnel zone. In
some cases, the P and S azimuth angles move to opposite directions compared to the initial
value. Also, for P waves the azimuths deviate more from straight paths, compared to S waves.

The resulting relative relocations are shown in Figs. 6-7. Fig. 6 shows a comparison of
the absolute IMO catalogue locations, absolute non-linear locations obtained by Sgattoni et al
(2015) and the relative relocations obtained in this study. The spatial distribution of 870
catalogue locations spans an area several km wide, with a formal uncertainty on the order of 1
km. The non-linear locations of 32 events, obtained with the addition of 2 temporary stations
within 2 km from the cluster, are concentrated in a smaller area, less than 1 km wide, with
uncertainty estimates around 400 m. Our relative locations of 1140 events cover an even
smaller area, few hundred meters wide, with horizontal relative uncertainty on the order of
15-40 m (Figs. 7-8).

The std estimates for the 3 spatial components (Fig. 8) indicate that the uncertainty in
depth is about twice that in the horizontal directions. There are also changes with time:

starting from January 2012 the std and its variability increase in all directions.

P azimuths S azimuths
lod lod
A
ent ent
smj aub smj aub
A g[f)d B A ngd A
kke kke
P rju p rju
fi
fim N I\ im I\

av
&

10 km 10 km

Fig. 5. Average azimuth vectors and their std for all 8 inversions performed, with different starting slowness

vectors. P and S azimuths are drawn separately, as the inversion is performed separately.
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Fig. 6. Map view of 870 events from the IMO catalogue, 32 non-linear absolute locations (Sgattoni et al 2015) and
1140 relative relocations. The yellow star is the master event location, corresponding to the centre of the non-linear
absolute locations (at N63°32.772', W19°05.988' and depth corresponding to the local surface elevation) and is the
origin of the axes scale. The blue line is the glacier outline derived from LiDAR DEM obtained in 2010
(J6hannesson et al. 2013). The spatial distribution of the hypocentres is reduced with the relative relocation from

several km to tens of m.

This correlates with changes in correlation coefficient and related data uncertainty estimates
and the decrease in the number of observations per event (Fig. 4). In Fig. 7 we report the
locations and error bars for all events (950) with a smaller std than 60 m on all three
directions. The average std on the horizontal components corresponds to 14 m before January
2012 and 33 m after that. The average std in depth increases from 32 m to 45 m. In order to
estimate the size of the cluster, we derive the combined probability density distribution of the
whole cluster by summing the distribution of all individual events (based on their location
uncertainties). Although visually the size of the cluster appears to increase in the second time
period (after January 2012, Fig. 7), there is in fact no significant change, since the uncertainty
increases as well. The resolved size of the cluster is estimated to be on the order of 25x50x100
m (easting, northing, depth). There is indication of a shift in location between the two time
periods on the order of 30 m towards south, but this is not resolved as it is below the level of

uncertainty.
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Fig. 7. Relative relocation results for all events with a smaller std than 60 m in all directions. Blue points are the
locations and grey lines represent uncertainty (+ std). The star is the master event location, corresponding to the
origin point of the axes. a) 950 events for the entire time period (July 2011 and July 2013). b) 550 events, until
December 2011 c) 400 events, from January 2012.
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Fig. 8. Estimated std of the relative relocation spatial coordinates x (easting), y (northing), z (depth). A clear

increase starts in January 2012 and peaks in August 2012.

7. Discussion and conclusions

We have located with a relative relocation strategy around 1100 shallow, repeating LLP
seismic events located on Katla volcano’s south flank, at Gvendarfell. This seismicity started
in 2011, in coincidence with an unrest episode that culminated in a glacial flood and is
characterized by a strikingly regular temporal pattern, with regular intervals between
repeating seismic events, modulated by a seasonal variation. Sgattoni et al (2015) suggested
that this seismic activity may be related to hydrothermal processes, although no evidence for
hydrothermal activity was found in the area. As they occur at the rim of the glacier, both
volcanic and glacial processes must be taken into account as possible sources. Information on
the size and shape of the seismic cluster may help constraining the source process. This
motivated our detailed study in order to extract information on the hypocentre distribution.

The extreme similarity of all waveforms indicates a very small spatial distribution of
hypocentres. In order to extract meaningful information about size and shape of the cluster,
we have optimized the cross-correlation measurements and relative-relocation process in order
to minimize uncertainty. With a synthetic test we determined the best parameters for
differential-time measurements and estimated their uncertainties, specifically for each
waveform. This allowed avoiding further generalized statistical assumptions about errors.

We have then relocated the events with a master-event approach, which is justified by

the small size of the problem: the waveforms are so similar that the master event is well
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correlated with all others. The 1D velocity model assumption that is usually made in most
location strategies is not likely to describe reality in volcanic areas where strong
heterogeneities are expected. Therefore, we have designed the relocation strategy to work
without a predefined velocity model, by formulating and inverting the problem to seek
changes in both location and slowness. This strategy accounts for azimuth, take-off angles and
velocity deviations from a 1D model and allowed to considerably improve the data fit. When
allowing the slowness vectors to be changed during the inversion, the misfit is reduced by
almost 50% and approaches its expected value. In order to propagate data errors through the
calculation, we have solved the inversion explicitly and estimated a location covariance
matrix.

We have tested the program synthetically and observed a trade-off between relocations
and slowness that lies in the nature of the problem, which is non-linear and in which the
model parameters are coupled as factors in the same term (Eq. 4). For this reason, we have
performed the inversion with several initial slowness vectors. All inversions resulted in
similar hypocentre distributions and slowness values and angles.

The Gvendarfell seismic cluster appears to be distributed over a volume with depth
distribution on the order of 100 m and horizontal distribution on the order of 25x50 m. This
allows some considerations about the interpretation of the source:

there is no suggestion that the shape of the cluster has a single plane-like geometry.

Therefore, there is no evidence that the seismic events are generated by fault

movement, despite the fact that a recent fault was identified in the area (Chapter 6).

the depth distribution of the hypocentres suggests that these events are unlikely to be

generated by glacial processes, as the ice thickness is not expected to exceed few tens of
meters in the area where the cluster is located. Therefore, volcano-related processes,

magmatic or hydrothermal, are more likely, as suggested also by Sgattoni et al (2015).

the size and shape of the cluster do not exclude or point to a specific volcano-related

source. In the case of a hydrothermal source, the size may be consistent with e.g. a

crack or a crack volume filled with hydrothermal fluid. Alternatively, a small batch of

magma rising at shallow depth may act as a source. The size of the cluster is consistent

with the size of silicic magma bodies identified in the Gvendarfell area (Chapter 6).
Some indications of minor temporal changes are suggested by decreased cross-correlation
coefficient and increased location uncertainty after January 2012. While the location
uncertainty may be influenced by e.g. network configuration changes, a systematic decrease in
correlation coefficient may be associated with a decrease in the size of the events or with

changes in either source process or hypocentre locations. There is no clear correlation between
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magnitude and correlation coefficient variations or between the systematic increase in location
uncertainty and the changes in the network configuration. We suggest, therefore, that time
changes in either the source process or hypocentre location may have occurred starting from
January 2012. There is an indication of a shift of the hypocentres towards south, but this is
below the uncertainty level. It is not straightforward to infer what this time change would

imply for the source interpretation.
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Abstract

A 23 hour tremor burst was recorded on July 8-9th 2011 at the Katla subglacial volcano, one of
the most active and hazardous volcanoes in Iceland. This was associated with deepening of
cauldrons on the ice cap and a glacial flood that caused damage to infrastructure. Increased
earthquake activity started a few days before inside the caldera and lasted for months
afterwards and a new seismic activity started on the south flank. No visible eruption broke the
ice and the question arose as to whether this episode relates to a minor subglacial eruption
and the tremor was generated by volcanic processes or by the flood. The tremor signal
consisted of bursts with varying amplitude and duration. We have identified and described
three different tremor components, based on amplitude and frequency features. A tremor
phase associated with the flood was recorded only at stations closest to the river that flooded,
correlating in time with rising water level observed at gauging stations. Two other phases
have been located near the active ice cauldrons with back-projection of single and double
cross-correlation envelopes and interpreted to be caused by volcanic or hydrothermal
processes. The highly increased seismicity and evidence of rapid melting of the glacier may be
explained by a minor sub-glacial eruption. It is also plausible that the tremor was generated
by hydrothermal boiling and/or explosions with no magma involved. This may have been
induced by pressure drop triggered by the release of water when the glacial flood started. All

interpretations require an increase of heat released by the volcano.

Keywords: Iceland, Katla volcano, volcanic tremor, flood tremor, sub-glacial eruption,

hydrothermal boiling

1. Introduction

A wide range of seismic signals are recorded at volcanoes, generated by several
processes, including magmatic, geothermal or tectonic processes. Volcanic tremor and long-
period (LP, Chouet, 1996) events are thought to be generated by fluid movements in
association with volcanic eruptions or hydrothermal activity (Chouet, 2003; McNutt, 2005).
Since they often precede or accompany eruptions, understanding these phenomena is of major
interest for volcano monitoring. The precise mechanisms responsible for generating those
signals are, however, still debated, particularly for tremor, which is a more complex signal
compared to earthquakes and is difficult to locate as picking first arrivals is usually not

possible (Konstantinou and Schlindwein, 2002).
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Volcanic tremor is a persistent seismic signal, observed only at active volcanoes, that
lasts several minutes to several days and is observed prior to or during most volcanic
eruptions (Fehler, 1983; Julian, 1994; Ripepe, 1996; Métaxian et al., 1997). Because of the
absence of clear onsets of waves, volcanic tremor cannot be located with conventional arrival
time methods. Therefore, other techniques have been developed, based for example on phase
coherency of signals among stations, either with seismic arrays (e.g. Furumoto et al., 1990;
Goldstein and Chouet, 1994; Métaxian et al.,, 1997) or with sparse seismic networks
(Gudmundsson and Brandsdéttir, 2010; Ballmer et al., 2013; Droznin et al., 2015).
Alternatively, the signal amplitude distribution at different stations can be used to infer the
source location (e.g. Battaglia and Aki, 2003; Di Grazia et al., 2006), when the amplitude
decay with distance has a simple pattern.

A variety of source models have been proposed for the generation of volcanic tremor,
including excitation and resonance of fluid-filled cracks (Chouet, 1992; Benoit and McNutt,
1997), fluid-flow-induced oscillations of conduits transporting magmatic fluids (Julian, 1994),
magma column wagging (Jellinek and Bercovici, 2011) and frictional flow (Dmitrieva et al.,
2013). There are also observations of tremor composed by interfering, closely-spaced LP
events, e.g. at Montserrat (Baptie et al., 2002). Tremor resembling volcanic tremor has been
recorded in association with hydrothermal activity, defined as ‘non-eruption tremor’ by Leet
(1988). This is generated by bubble growth or collapse due to hydrothermal boiling. A similar
source has been suggested for geothermal noise at Olkelduhals, SW Iceland (Gudmundsson
and Brandsdéttir, 2010). Tremor has been recorded also in association with hydrothermal
explosions occurring as a consequence of pressure drop on the hydrothermal system, triggered
for example by landslides (Jolly et al., 2014).

At subglacial volcanoes, a number of other processes related to glacier dynamics can be
responsible for producing seismic signals. In addition to glacial earthquakes, due to e.g.
glacier sliding, crevassing, ice falls (e.g. Métaxian et al., 2003; Jénsdéttir et al., 2009), seismic
tremor can be generated in association with glacial floods, which in turn can be caused by
subglacial volcanic eruptions or by drainage of subglacial lakes formed by geothermal activity
(Gudmundsson et al., 2008). Seismic tremor generated by jokulhlaups (glacial floods) has been
recorded several times in Iceland, e.g. from the Skaftda cauldrons on Vatnajokull ice cap
(Zéphéniasson and Palsson, 1996) during the Gjalp eruption in 1996 (Einarsson et al., 1997),
but no detailed description is available in the literature.

Sometimes, glacial and volcanic processes are acting together and it is difficult to
discern whether or not an eruption has started, or even occurred at all, under a glacier. It is

very important for volcano monitoring to be able to discern between these different signals
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and processes, particularly in Iceland, where a number of large volcanoes are covered by ice.
One of these is Katla, located under Myrdalsjokull glacier in south Iceland, just east of
Eyjafjallajokull. After the eruption of Eyjafjallajokull in 2010, attention was attracted to the
neighbouring Katla, as some previous eruptions of Eyjafjallajokull had been followed by more
powerful eruptions of Katla (Einarsson and Hjartardéttir, 2015). The two volcanoes are
tectonically connected (Einarsson and Brandsdéttir, 2000) and are both covered by glaciers.
Therefore, their volcanic activity is dominated by explosive eruptions due to magma - ice
interaction. The erupted volumes from Katla have been at least one order of magnitude bigger
than its neighbour’s (Sturkell et al., 2010).

Katla’s last eruption to break the ice surface occurred in 1918 and the present repose
time is the longest known in historical times (Larsen, 2000). However, two minor sub-glacial
eruptions with no tephra emission into the atmosphere possibly occurred in 1955 and 1999.
Both were accompanied by formation of new ice depressions (cauldrons) on the ice surface and
jokulhlaups, but no visible eruption through the ice. During the 1999 unrest, a tremor signal
was recorded (e.g. Thorarinsson, 1975; Sigurdsson et al., 2000). A similar episode occurred
recently in July 2011, when increased seismicity was recorded, together with a tremor burst
and a joékulhlaup (glacial flood) that drained from south-east Myrdalsjékull and destroyed a
bridge on the main road. One important question is whether this unrest is due to a minor
subglacial eruption and the tremor associated to volcanic processes (magmatic or
hydrothermal) or to the flood.

In this article we analyse the 2011 tremor signal and associated seismicity. We use
cross-correlation methods to extract information about the source location. We study the time
evolution of tremor attributes, such as amplitude and frequency, and compare them with
direct hydrological observations and the evolution of the earthquake activity, to constrain

possible sources.

2. The Katla volcanic system

The Katla volcanic system consists of a central volcano with a 110 km2 summit caldera
(up to 14-km wide; Fig. 1) filled with the 600 to 750 m thick ice of Myrdalsjokull glacier
(Bjornsson et al., 2000) and the Eldgja fissure system which extends 75 km to the northeast
(Larsen, 2000; Thordarson et al., 2001; Fig. 1). It is located south of the intersection between
the Eastern Volcanic Zone and the transform boundary of the South Iceland Seismic Zone

(Sturkell et al., 2008) and forms a part of the Eastern Volcanic Zone.
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The caldera wall is breached in three places, to the south-east, north-west and south-
west. These gaps provide outflow paths for ice in the caldera to feed the main outflow glaciers,
Koétlujokull, Entujokull and Sélheimajokull and are the potential pathways for melt water
from the glacier in jokulhlaups (Sturkell et al., 2010). Several ice cauldrons (at least 16) are
located within and at the caldera rim, representing the surface expression of subglacial
geothermal activity. Changes in their geometry are monitored to detect variations of
geothermal heat release (Gudmundsson et al., 2007).

A velocity anomaly at shallow depth, revealed by seismic undershooting, was
interpreted as evidence of a magma chamber (Gudmundsson et al., 1994) and a non-magnetic
body was identified within the same region with an aeromagnetic survey (Jénsson and
Kristjdnsson, 2000). The presence of a magma chamber is supported by geobarometry
analyses on historical tephra samples, conducted by Budd et al. (2014), but is questioned by
tephra stratigraphy studies by Oladéttir et al. (2008).

2.1. Recent activity and seismicity

Apart for the large Eldgja lava eruption in AD 934-940 (Thordarson et al., 2001), all
historical eruptions of the Katla volcanic system, at least 20, occurred within the caldera
(Larsen, 2000) and consisted mainly of basaltic phreatomagmatic eruptions, capable of
producing destructive glacial floods. The last eruption to break the ice-surface was an
explosive basaltic eruption in 1918. It lasted for about three weeks and was accompanied by a
massive jokulhlaup (Sveinsson, 1919). The eruption site was located near the south rim of the
caldera, beneath about 400 m of ice. The height of the eruptive plume was estimated as 14 km
a.s.l. (Eggertsson, 1919), the volume of tephra fall-out around 0.7 km3 and the volume of
water-transported material is estimated to be between 0.7 and 1.6 km3 (Larsen, 2000).

Persistent seismic activity has been observed at Katla since the first sensitive
seismographs were installed (in the 1960s). When reasonably accurate locations became
available, the activity was shown to occur in two distinct main areas: within the caldera and
at Godabunga on the western flank (Einarsson and Brandsdéttir, 2000). The seismicity inside
the caldera consists of high frequency and hybrid events, probably associated with the
subglacial geothermal activity (Sturkell et al., 2010) and volcano-tectonic processes. The
Gooabunga cluster consists mainly of long-period shallow events and has a controversial
interpretation, as a response to a slowly-rising viscous crypto-dome (Soosalu et al., 2006) or in
association with ice fall events (Jénsdéttir et al., 2009). Periods of high seismicity were
observed in 1967 and 1976-77 (Einarsson, 1991). In the 1976-77 episode, both epicentral areas

were active, i.e. both within the caldera and at Godabunga.
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The two possible minor sub-glacial eruptions in 1955 and 1999 both occurred at the
caldera rim. The 1955 event took place at the eastern rim of the caldera. Two shallow ice-
cauldrons formed and a small jokulhlaup drained from Kotlujokull, i.e. south-east
Myrdalsjokull (Thorarinsson, 1975). The 1999 event took place in July at the south-western
rim. Seismic stations around the glacier recorded earthquakes and bursts of tremor that
culminated in the release of a jokulhlaup from Sélheimajokull, i.e. south-west Myrdalsjokull
(Sigurdsson et al., 2000; Roberts et al., 2003). A new cauldron also formed on the surface of the
glacier (Guomundsson et al., 2007).

From 1999 to 2004, uplift of the volcano was revealed by GPS measurements on the
caldera rim, interpreted to result from 0.01 km?3 magma accumulation (Sturkell et al., 2006;
2008). This interpretation was supported by the evidence of increased geothermal heat output
observed in 2001-2003, based on the evolution of ice cauldrons (Gudomundsson et al. (2007). A
recent study by Spaans et al. (2015), suggested, instead, that the 1999-2004 uplift may be due

to glacial isostatic adjustment as a consequence of mass loss of Iceland’s ice caps.
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Fig. 1. Map of Iceland showing the different volcanic systems (in orange; from Einarsson and Seemundsson, 1987).
In the inset, the seismic network operating during the tremor and the main seismic and geological features of Katla
are shown. Dark brown triangles: permanent Icelandic Meteorological Office (IMO) seismic stations. Orange
triangles: temporary Uppsala University seismic stations operating during 29 May 2011 - August 2013 (no outline),
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et al., 2015). The Katla and Eyjafjallajokull caldera rims are outlined by dashed lines. Open circles correspond to
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location of Eldgja fissure is shown. The black cross in the south-eastern caldera marks the site of the 1918 eruption.
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3.July 2011 unrest: Course of events

Between August 2010 and July 2011, most of the ice cauldrons on the Myrdalsjokull
glacier uplifted by 6 to 8 m, as interpreted by Gudmundsson et al. (2013) due to water
accumulation under the glacier. The greatest rise, 11-12 m was observed at cauldron 16 (Fig.
2; Gudmundsson et al., 2013).

Since the beginning of July 2011, the seismicity intensified, especially inside the
caldera, and culminated on July 8-9th, when continuous tremor was recorded, starting at
~19:00 GMT on dJuly 8th. No signs of eruption breaking the ice were seen, but a jékulhlaup
drained from Koétlujokull and deepening of some ice cauldrons was observed on the surface of
Myrdalsjokull in the southern and eastern parts of the caldera (Fig. 2). The jokulhlaup (~18
million m3) swept away the bridge on the main road 1 over Mulakvisl river around 05:00 GMT
on July 9th, one hour after rising water level was detected at the gauging station
Léreftshofud, located a few km south of Kétlujokull IMO, 2011) and ~6 km upstream from the
bridge.

Another gauging station, located on the bridge over Mulakvisl river, began to show
slightly increased conductivity, reaching values close to 200 uS/cm, around midnight on July
7th. This doesn’t coincide with increased water level. The conductivity later rose again above
200 uS/cm at around midnight on July 8th and a dramatic increase occurred after midnight on
July 9th, around the time of maximum of the tremor (IMO, 2011), coinciding with dramatic
water level increase (Fig. 2).

Galeczka et al., (2014) conducted a study of the chemical composition of the flood water
and did not find evidence that the water had come into contact with magma. They suggested,
therefore, that the heat source for glacier melting was geothermal rather than magmatic.

In association with the tremor, a new source of seismic events was activated on the south
flank of Katla, at the southern edge of Myrdalsjokull glacier (Fig. 2). This seismicity has been
interpreted as related to a new hydrothermal system that may have activated on Katla’s south
flank during this unrest episode, although no new hydrothermal area was found (Sgattoni et
al., 2015; Sgattoni et al., subm). The course of events occurred in association with the 2011

unrest is reported in Table 1.
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Fig. 2. a) Map of Katla showing the features related to the July 2011 unrest. Black open circles are the ice
cauldrons that deepened during the unrest, number 16 is the one that showed the biggest change before and during
the unrest. The dashed blue arrow shows the presumed flood path. Red dots are the earthquakes that occurred on
July 8th and 9th, The 2 gauging stations are marked with black triangles, the southern one corresponding to the
bridge over Mulakvisl river. The star marks the new seismic cluster on the south flank (Sgattoni et al., 2015). b)
IMO continuous monitoring of water level, temperature and conductivity of Mulakvisl river. Data from the gauging
station located at the bridge over the river. The red line marks the time when the station stopped working due to
the flood that destroyed the bridge (IMO, 2015).

Before tremor
- from August 2010: ice cauldrons uplifting
- from beginning of July: increased seismicity

inside caldera and new seismicity on south flank

8" - 9" July 2011

- July 8™ 00:00: conductivity above 200 uS/cm in
Mulakvisl river

- July 8“‘, ~19:15: tremor starts

- July 9"‘, 00:00: dramatic increase in conductivity
in Mulakvisl river

- July 9"‘, 04:00: rising water level detected at
gauging station Léreftsh6fud

- July 9"‘, 05:00: jokulhlaup destroys a bridge on
road n.1

- July 9“‘, 18:00: tremor ends

Table 1. Course of events that occurred in association with the July 2011 unrest at Katla.
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4. Seismic network

Following the eruption of Eyjafjallajokull volcano in 2010, the IMO augmented the
seismic monitoring network around Katla from 5 to 9 stations. Moreover, Uppsala University
deployed additional 9 temporary stations between May-October 2011 and August 2013 (Fig 1).
Three of these stations, located along the caldera rim, were deployed before the tremor episode
occurred. The rest were deployed later and therefore could not be used to analyse the tremor.
However, 3 of them were deployed immediately after the tremor episode, and could therefore
be used to locate the earthquakes after July 9t

Of the total 15 seismic stations used in this study, 8 stations were equipped with
broadband Guralp ESPA and Guralp CMG3-ESPC sensors with a flat response from 60 s to
the Nyquist frequency (50 Hz). The remaining 7 stations had 5-second Lennartz sensors. Data
were recorded and digitized with Guralp and Reftek systems at 100 Hz. Stations were
powered with batteries, wind generators and solar panels. All the instruments recorded in
continuous mode, but some technical problems (e.g. power failure) mainly due to harsh
weather condition (especially in winter time), prevented some stations from working
continuously during the whole operation time. Data from a total of 10 seismic stations near

the caldera and around the glacier were used to locate and analyse the tremor signal (Fig 1).

5. Earthquake activity

The seismic events inside the caldera and at Gooabunga that occurred prior to, during
and after the tremor, between June 20t and July 20t have been automatically detected and
located with the SIL analysis software by using manually picked P- and S- phases (Bédvarsson
et al., 1998). The software uses a single event location technique, performed by minimizing
the square sum of both P- and S- wave residual arrival times in a 1D velocity model. The
velocity model was obtained from tomographic studies of the area (Jeddi et al., 2015). Data for
the seismic events located on the south flank, instead, were obtained with cross-correlation
methods, described in Sgattoni et al. (2015). The number of seismic stations changed during
the time period analysed from 11 to 12 stations on July 6t (when station KKE was installed)
and from 12 to 15 stations immediately after the tremor.

The cumulative number of events detected is shown in Fig. 3, separately for the three
main clusters identified at Katla: Inside the caldera, at Godabunga and on the southern flank.
A sharp increase of seismicity inside the caldera occurred on July 7-8th, together with the

onset of the seismicity on the south flank. The Godabunga cluster, instead, appears to have
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become less active. The increased seismicity cannot be explained only by the additional station
deployed on July 6th, as can be seen in Fig. 4, where the seismicity clearly increased already on
July 6t and maintained a high rate also after the tremor. A small swarm also occurred around
02:00 on July 6t (Fig. 4). After the tremor event, the seismicity remained high, but decreased
slowly (Fig. 3).
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Fig. 3 Cumulative number of seismic events that occurred between June 20t and Jul 20t in the 3 main clusters at

Katla. The arrow indicates the time of tremor. Data for the southern cluster are from Sgattoni et al. (2015).

We have located only events with at least 5 identified phases (P and S), for a total of
480 events between June 20t and July 20th, of which 56 occurred during the tremor (Fig. 5).
However, many more earthquakes can be visually identified in the seismograms (more than
80 events during the tremor) but could not be located and are therefore not counted in the
cumulative plot of Fig.3 because they were only recorded at the closest stations. This is clear
when comparing the seismograms of Fig. 4: The intense seismicity at the caldera station AUB
1s not observed on the seismogram at station ALF, located several km south of the caldera
(Fig. 4). At ALF station, however, the south-flank seismicity appears clearly, with LP events
with a peculiar regular temporal pattern commencing on July 7t (Fig. 4). Only few similar,
much smaller, events were observed in the months before, with no regular temporal pattern
(Sgattoni et al., 2015).

The hypocentral locations of the 480 events are shown in Fig. 5. Most events are small
in magnitude, with only ~100 events with magnitude M>1 (magnitudes from IMO catalogue).
Based on the temporal changes of the seismicity, we defined three different time intervals: 1)
20 June — 6 July, before the increased seismicity started; 2) 6-9 July, from the increased
seismicity to the end of the tremor; 3) 10-20 July, after the tremor. During the first time
period, the seismicity was distributed evenly inside the caldera and at Godabunga (Fig. 5).
Some seismic events were also located near the northern active cauldron (Fig. 5). After the
seismicity increased (second time interval) most of the hypocentres were clustered in the

south-eastern part of the caldera (Fig. 5). More than 30 events with magnitude M>1 occurred
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between July 6-9th. The largest event had magnitude equal to 2.3. After the tremor, the
seismicity was mainly concentrated in the northern sector of the caldera (Fig. 5). The formal
uncertainty of the locations is of the order of 1 km in the horizontal components and several
km in the vertical. The distribution in depth is therefore not well resolved, as most of the

stations used for the location were located at some distance from the hypocentres.
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Fig. 4. Daily Z-component seismograms at stations AUB (left) and ALF (right) (see Fig. 1 for location) for the time
period between July 2nd and July 12th. The orange arrow marks the onset of the tremor. The black arrows in the
right panel mark the regular seismicity that started on the south flank of Katla (Sgattoni et al., 2015). The
amplitude is in digital counts, proportional to velocity and the instrument response removed, so that amplitudes at
the two stations are comparable. However the seismograms are clipped, for plotting reasons. The magnitudes of two

events located in the south-eastern caldera are given as reference.

We will describe in more detail the waveforms of some events recorded after the
seismicity picked up on 6-7t July. Most of the seismicity consisted of shallow events with
varying frequency content. Most of the located events fall into two frequency ranges, 0.5-3 Hz
and 0.5-10 Hz (same frequency as the tremor; see the next chapter). Before the tremor, the
biggest events (high amplitude peaks in Fig. 4) fall in the second frequency range, while
during the tremor there is a more even distribution of the two frequency ranges. In addition,

several smaller high-frequency events, with frequency content up to 20 Hz, were recorded
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mainly at the closest stations (AUB and KKE). Many of the earthquakes during the intense
seismicity period observed at AUB in Fig. 4 fall into this category.
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Fig. 5. Map location and depth distribution of events in three different time intervals: a) before the increased
seismicity, b) after the increased seismicity until the end of the tremor, c) after the tremor. Red open circles: active
cauldrons. Red star: new seismic cluster on the south flank. Red dots in panel b, labelled with 1,2,3: earthquakes

shown in Figs. 6-8.

Three events, among the biggest recorded during the tremor, are shown as examples in
Figs. 6-8. Two of them were located in the south-eastern caldera, close to the southern
cauldron that deepened during the unrest (Fig. 5). Of these, the first is characterised by low-
frequency content with a main peak between 2-3 Hz, an emergent P wave and unclear S (Fig.
6). The second is composed of a wider spectrum of frequencies, up to 10 Hz, and can be
classified as hybrid, with a high frequency beginning of the seismogram and lower frequency
coda (Fig. 7). Noticeably, the higher frequencies appear to be strongly attenuated at the
stations located on the other side of the caldera with respect to the source, particularly at the
caldera stations KKE, AUB and ENT, the last being the most attenuated. The P wave is clear
at ALF and GOD, emergent at KKE and AUB, unclear at ENT. The third event (Fig. 8),
located near the northern active cauldron, contains frequencies mainly between 1-4 Hz, and
has an emergent P wave and unclear S.

A conspicuous number of events was detected at station HVO after the river flooded,
mainly consisting of small events with frequency content between 1 and 7 Hz. Further details

about this seismicity are not reported as that is beyond the scope of this article.
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2011, July 9th - 01:54:49
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Fig. 6. Three component waveforms and Z component spectra of seismic event labelled ‘1’ in Fig. 5. The amplitude

is in digital counts, proportional to velocity. The magnitude is 1.56.
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is in digital counts, proportional to velocity. The magnitude is 1.61.
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is in digital counts, proportional to velocity. The magnitude is 1.65.

6. Frequency and amplitude characteristics of the tremor signal

6.1 Tremor pre-processing

The tremor signal is complex, with energy and frequency content varying with time. In
order to study the tremor amplitude and frequency features, we first had to clean the signal
from transients. As is evident from Fig. 4, persistent seismicity occurred during the days of
the unrest, also during the tremor. Since many events have frequency content similar to the
tremor, filtering is not effective. In addition, the amplitude time-features of the tremor change
over time scales sometimes shorter than minutes, making the use of clipping strategies
problematic. Therefore, in order to clean the signal from earthquakes, we used a combination
of manual removal of earthquakes and clipping.

The signal has been examined in detail in order to identify local events, based on the
time behaviour and on the frequency content. Seismic events usually manifest themselves in
the signal as short transients with abrupt amplitude change compared to the ‘background
tremor’. They are also evident in the spectrograms, where they appear as peaks creating

vertical lines with high amplitude compared to the adjacent time windows. By looking at both
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the raw seismograms and the spectrograms, we iteratively removed signals that resembled
earthquakes. The time windows containing events were cut out of the signal and tapering was
applied to the sides of the window. This was then accounted for when computing amplitude
spectra, by normalizing the spectral amplitude based on the length of the windows that were
cut out. Furthermore, we clipped the tremorgrams in order to suppress any leftover events.
This process considerably reduced the number of sharp peaks in the spectrograms and in the

amplitude time-history of the tremor.

6.2 Frequency content

The main features of the tremor signal can be seen in the spectrograms of Fig. 9, The
tremor started around 19:00 GMT on July 8t and lasted for about 23 hours. The energy is
distributed between 0.8-10 Hz, but mainly concentrated between 0.8-4 Hz, at most stations.
The tremor was strongest between 23:00 GMT (July 8%) and 05:00 GMT (July 9th), when a
number of short bursts occurred, ranging between 6 and 50 minutes in duration. Moreover, a
distinct tremor phase with a broader frequency content is clear on the spectrogram at station
HVO on July 9t. The time of this phase correlates with the surface water flooding and this
station is located very close to the river that flooded.

We computed amplitude spectra of the tremor signal over one-hour intervals. The
spectra are characterised by a wide range of frequencies between 0.8 and 10 Hz. A number of
peaks can be identified in the spectra, not representing overtones of a fundamental frequency,
as is characteristic of harmonic tremor. We selected three frequency bands (Fig. 10) for further
analysis of tremor location and amplitude:

- 0.8-1.5 Hz: This frequency range dominates the amplitude spectra in the beginning and

ending hours of the tremor;

- 1.5-4 Hz: Dominant when the tremor is strongest and short bursts of tremor are

recorded;

- 4-9 Hz: Lower in amplitude and not seen at some stations (e.g. ENT, ESK, SLY).
Although the overall pattern is similar at all stations, there are some exceptions. Station ENT
has significantly less high-frequency content (4-9 Hz) proportionately compared to most other
stations. Station ALF has a relatively even distribution of amplitude over all frequencies (0.8~
10 Hz) with peaks in the amplitude spectra that can be recognized as horizontal bands in the
spectrogram of Fig. 9. These features are in general similar to what is observed for the seismic
events: Higher frequencies appear to be attenuated at the caldera stations, in particular at

ENT, compared to station ALF.
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Fig. 9. Spectrograms of the Z component of motion at all stations. The signal was pre-filtered between 0.5-15 Hz.
The colour scale shows the logarithmic relative amplitude (dB) individually normalised by maximum at each
station. The stations are ordered from top to bottom by decreasing values of total rms amplitude in the frequency
range 0.5-9 Hz. The amplitude spectra used to compose the spectrograms have been computed over consecutive,
8192 samples long, windows (sampling rate is 100 Hz), with 80% overlap. Vertical lines that appear locally at some

stations may be earthquakes that were not identified when removing transients from the signal.

The globally normalised spectra in Fig. 10 show clearly the hours when the tremor was
strongest. This occurred in general between 23:00 on July 8t and 05:00 on July 9th, with the
hours of tremor between 02:00 and 03:00 on July 9t dominating at all stations except for
HVO. At this station, the tremor was strongest at 04:00 on July 9t coinciding with the time of
the glacial flood. Compared to the rest of the tremor, the amplitude spectrum of this different
tremor phase at HVO is flatter, with power distributed more evenly over the frequency range
2 - >15 Hz. Less energy is present below 2 Hz. The width of the frequency range is greatest at
the onset of this tremor phase (0.8 - >10 Hz) and then reduces gradually towards the end,

around 4 hours later (Fig. 9). This coincides with decreasing amplitude as well.
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Fig. 10 Hourly amplitude spectra at some stations. Top: hourly traces individually normalised. Grey lines separate

the three frequency bands. Bottom: hourly traces globally normalised for each station (all 23 hours).

6.3 Power time-history

In order to obtain better insight into the amplitude history of the signal at different
stations, we performed a LSQ (least-squares) fit of the power time-function at each station. We
aimed at identifying different components of the signal, possibly reflecting different
phenomena (for example different sources).

We first computed, for each station, the integral power of the signal over 8 minute
windows, sliding with 1 minute steps, between 05:00 GMT on July 8t (around 2 hours before
the onset of the tremor) and 20:00 GMT on July 9t (around 2 hours after the end). We used
the 2 hours before and after the tremor to evaluate the background power, which was then
subtracted from the tremor power as a linear trend interpolated between the beginning and

end (Fig. 11). As this led occasionally to negative power at the low amplitude stations at the
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beginning and end of the signal, we chose to use only 18 central hours of tremor for further
analysis, as indicated in Fig. 11. As i1s evident from Fig. 11, the time history of the tremor has
very similar features at all the stations, while the overall amplitude is quite varied. We have
fitted a simple model to the tremor in order to enhance any variations.

At each station, the 3 spatial components of the 18 extracted hours have been combined
into a total power (vector amplitude squared). Then a simple model was fitted to the data,
parameterized as:

Fjj=a;-f; [1]

where Fj; is the power time-function at station j with jindexing time, the function f; represents
an average pattern at all stations, scaled by a station coefficient, a;. This is solved through a
LSQ fit which is performed in 10 minute intervals throughout the 18 hours. This fitting
involves an ambiguity where an arbitrary scaling factor can scale f; relative to all the a;.
Thus, the method extracts relative amplitude information between stations. It is clear from
Fig. 11 that most of the relative variation in amplitude occurs at station KKE. So we used this
station as reference and normalised all stations’ coefficients by the KKE coefficients (Fig. 12b).
KKE coefficients were instead normalised by the mean of the other stations’ coefficients, in
each time interval (Fig. 12a). We repeated this process for each of the three different
frequency bands mentioned above: 0.8-1.5 Hz, 1.5-4 Hz and 4-9 Hz.

All results, for all stations and all frequency bands, are reported in the Supplementary
Material (Appendix A) and Figs. 11-12 show some examples. Some general features are:

- The onset of the tremor is clear at about 19:15 on July 8th and the end is gradual, with
the tremor disappearing into background noise at 18:00 the following day (Fig. 11).

- Overall, the amplitude time-history is similar at all stations, except for a scaling factor
(Fig 11), and the coefficient plots are stable for most of the duration of the tremor,
except for occasional peaks (Fig. 12).

3 main strong tremor bursts, lasting 6 to 10 minutes, occurred at around 00:30, 01.20

and 03:00 and are observed at all stations. They are dominated in terms of power at

station KKE in all frequency bands, as shown clearly by the KKE coefficients (Fig.
12a).

- Another longer (40 min) burst occurred at around 01:55, recorded by all stations. This
1s not dominated by a particular station, as there is no corresponding peak in any of the
relative coefficients plots (Fig. 12 and Supplementary Material).

- Station ENT has much less power than the other stations in the highest frequency

band compared to the lower two bands (Supplementary Material).
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Fig. 11. a) Integral amplitude spectral density over the low-frequency band (0.8-1.5 Hz) at all stations as a function
of time. b) The same plotted on a logarithmic scale. In both cases the background power has been subtracted and
the amplitude normalised by the average background at station KKE. The solid arrow indicates the onset of the
tremor. The dashed arrow indicates approximately the time when tremor disappears into noise. The vertical
dashed lines indicate the time when rising water was observed at Léreftshofud gauging station (04:00) and the time
when the bridge over Mulakvisl river was destroyed (05:00). Around 03:30 an anomalous tremor phase appears at

station HVO. The solid lines indicate the time interval used for the LSQ fit (same as Fig. 12).

- At 03.30, a different tremor phase dominates clearly at HVO (Fig. 12b) in all frequency
bands (especially the highest) and is vaguely seen at RJU in the lowest frequency
range (Supplementary Material). The shape of the burst is different compared to the
other short bursts described before, with a sharp increase in amplitude at the
beginning, and gradual decrease in the following hours, as opposed to a sharp onset
and a sharp end of the others (Figs. 11 and 12). In the medium and high frequency
range, the coefficient curve at HVO appears to have a sharp peak starting at 03:30,
decaying for about 3 hours and then rising up again reaching a new peak around 12:00.
This second increase in amplitude is due to the seismicity that occurred locally near
HVO, mentioned above in Section 5.

In addition, there are some other minor features, e.g. some other bursts with varying
amplitude ratios between stations. Most of them are related to small local earthquakes which

we have not managed to remove from the data.
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coefficients, normalised by the mean of all other stations’ coefficients, in each time interval. b) HVO coefficients,

normalised by KKE coefficients. Results are shown for all three frequency bands analysed.

6.4 Amplitude-distance decay

The amplitude decay with distance was analysed in the 3 main frequency bands
identified above and by assuming a source location consistent with the southern cauldrons,
most of the earthquake activity, and the main tremor source location obtained from cross-
correlation, shown in the next section. The tremor amplitude was estimated as rms value of
the amplitude time-history shown in Fig. 11, over the 23 hours of tremor. The small
differences of station elevation are not taken into account in the distance calculation. The
amplitude pattern with distance is not simple, especially at the caldera stations, and varies
with frequency (blue lines in Fig. 13). In the two lower frequency bands, the relative
amplitudes at stations AUB and ENT increase with distance. At higher frequency, instead,
the signal amplitude at ENT drops significantly compared to all other stations and the
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amplitude decay with distance has a simpler pattern. This non-monotonic pattern is not
consistent with both a confined location and simple distance decay.

The overall pattern is, however, stable with time and for this reason we only show the
rms amplitude — distance function for the whole tremor signal (23 hours) in Fig. 13. In order to
evaluate whether this pattern may be influenced by site effects, we computed the horizontal to
vertical spectral ratio (H/V) at each seismic station. We did not find any clear correlation
between the H/V functions and the amplitude pattern, which appears similar for all three
spatial component of motion. Therefore, we present the three components combined together.
Similar complexities to those of the tremor are observed also in the amplitude-distance decay
of the two example events shown above in Figs. 6-7 (grey lines in Fig. 13). The peak amplitude

1s used as a measure of signal amplitude for these events.
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Fig.13 In blue amplitude decay with distance of the tremor for all stations in the three frequency bands, assuming
the source is located at the point of highest energy in Fig. 15. Rms amplitude over 23 hours, combined for the 3
components of motion. In grey the amplitude decay with distance of the two seismic events of Figs. 6-7 for the 5

closest stations, for two frequency bands, computed as maximum amplitude combining the 3 components of motion.

7. Tremor source(s) localization

As the amplitude pattern is not simple, especially at the caldera stations, we only used
the phase information of the signals in order to locate the tremor source. We used two cross-
correlation methods, using a grid-search for locating the source that best predicts the energy
of correlograms. These are 2-dimensional methods that assume the source is located at the
surface and that the tremor has a strong surface wave component, propagating at constant

velocity. In many cases the tremor wavefield has been shown to consist of Rayleigh and Love
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waves, e.g. at Kilauea (Ferrazzini et al, 1991) and at Mt. Etna (Ereditato and Luongo, 1994;
Wegler and Seidl, 1997). Li et al. (2015) have shown with synthetic tests that it is not
necessary that the tremor be dominated by surface waves for this approach to work. Body
waves of the same order of magnitude in amplitude as surface waves disturb the measure but
do not correlate in a 2D geometry with surface wave velocities. They represent noise that is
suppressed because it doesn’t correlate. It is therefore sufficient that a significant part of the
wavefield consists of surface waves.

In order to reduce the effect of transients in the signal, we processed the tremor using a
1 bit normalization (Bensen et al., 2007). This proved to work better than clipping or manually
removing earthquakes from the tremorgrams, more effectively focusing the energy of the
source, reducing the influence of the nearby stations, which otherwise dominate in terms of
amplitude with respect to all other stations.

We applied both methods to the lowest frequency band (0.8-1.5) because at higher
frequency it is more difficult to obtain stable results and the low frequencies are less likely to

be affected by scattering effects.

7.1 Single-correlation method

This method is based on the back-projection of the cross-correlation envelopes,
computed for all 45 station pairs (Shapiro et al., 2006; Gudomundsson & Brandsdéttir, 2010;
Ballmer et al., 2013; Droznin et al., 2015). A grid of hypothetical source points in the surface is
defined and an average velocity is chosen. For each point, the expected time lag for a given
station pair is calculated. The value corresponding to this time difference is then fetched from
the envelope of the cross-correlation function. The results from all station pairs are then
stacked for each point of the grid, resulting in a map of the stacked, back projected correlation
envelopes. This can be taken as a proxy for the energy distribution of the source, but is of
course affected by the frequency and its band width, the velocity and its variation, other
signals in the tremor than those that propagate horizontally, including noise, and an unknown
or arbitrary amplitude scaling with distance. Li et al. (2015) addressed these issues by
synthetic testing. Several different velocities have been tested and the one that best focuses
the energy was chosen. This velocity (1.2 km/s) is slightly lower than Rayleigh-wave group
velocities measured at 0.5-1 Hz at Hekla (Haney et al.,, 2011) and at Katla and nearby
Eyjafjallajokull (Z. Jeddi and A. Benediktsdéttir, personal communication).
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7.2 Double-correlation method

In this case, station triplets are used instead of pairs. One of the stations in each triplet
is chosen as reference. The other two are correlated with the reference and the resulting two
correlograms are correlated with each other. The resulting function is then back-projected in
the same way as in the single-correlation method, but in this case for 360 station triplets. This
method increases the amount of independent correlation information from 45 to 360. In this
case, the result has the unit of energy squared, therefore, the square root of the stack is taken
in order to map energy. This method is similar to the one proposed by Li et al. (2015), except
that they use higher-order stacks of envelopes rather than higher order correlation. The

details of the method are explained in the Supplementary Material (Appendix B).

7.3 Cross-correlation functions

The cross-correlation functions for all station pairs have been computed over one hour
records (Fig. 14). The pattern of correlation is complex. If the source was truly diffuse, and the
wavefield dominated by surface waves, we would expect two symmetric wave packets at
opposite time shifts, corresponding to intra-station surface waves. This is not the case. If the
source area was geographically small and there was no multipathing, we would expect to see
an isolated wave packet at a time corresponding to the difference in distance of the two
stations from the source divided by an average wave velocity. Instead, several wave packages
can be identified in the cross-correlation functions, distributed over a wide range of time
shifts, not symmetric. The correlation functions are also not stable with time, in particular
between 11:00 on July 8% and 04:00 on July 9%, when the tremor is strongest. During this
period, a number of wave packages can be identified in all cross-correlation functions
distributed over time shifts of several tens of seconds. After this unstable period, the functions
become much more stable until the end of the tremor, with few wave packages dispersed over
10-15 seconds. Auto-correlations of tremor at individual stations do not suggest significant
source correlation on these time scales. The wide time dispersal cannot be explained by direct
propagating waves from a single point source only. Higher-order scattering effects must be
invoked. Multiple wave packages at smaller time shift may be caused by a distributed source

or multiple sources.
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Fig.14 Examples of hourly cross-correlation functions for four station pairs. Several wave packages can be
identified, dispersed over wide ranges of time shift. Temporal variations of the tremor can also be noticed. An

unstable period between 00:00 and 05:00 is followed by a more stable period until the end of the tremor.

7.4 Tremor location results

The source distribution of energy obtained with the single- and double-correlation
methods for the whole tremor signal is shown in Fig. 15. We tested a range of velocities
between 1 and 2.5 km/s and chose 1.2 km/s as the velocity that best focused the energy.

Both methods result in a similar source location in the south-eastern caldera. This is
consistent with the location of the earthquakes that occurred during the tremor and with the
locations of active ice cauldrons. A part of the energy is noticeably distributed along the
hyperbolae corresponding to constant time shifts for the 3 caldera stations’ (KKE, ENT and
AUB) pairs. This is expected, as they are the three closest stations to the source and dominate
not only in terms of signal amplitude, but also in terms of coherency. The one-bit
normalization equalizes the amplitudes of the individual correlograms, which vary
considerably in this case as distances vary from a few km to about 25 km. This focuses the
back-projected energy map and reduces streaking amplitude bands on the periphery of the
map in our case. However, we cannot claim this amplitude scaling, or effectively weighting, of
the data is optimal, because we do not know the signal-to-noise ratio of the data. Therefore,
this pre-processing step may not be beneficial in all cases. In addition, the double-correlation
technique significantly focuses the energy on the source with respect to the single correlation.
This reflects the ability of higher-order correlations to better suppress the noise.

The width of the maximum energy peak is affected by several factors: The finite width

of the frequency band used, the uncertainty of velocity, the size of the source.
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Fig. 15. Location results from single- and double-correlation methods, obtained for the whole tremor signal, with
velocity 1.2 km/s. The colours define normalised energy, dark red for maximum energy. Black dots: earthquakes
recorded during the tremor. Black solid line: glacier. Black dashed line: caldera outline. Black triangles: seismic

stations. Black circles: active cauldrons.
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Fig. 16. Location results with double-correlation method, obtained for only the short tremor bursts, stacked.

Otherwise, same as for Fig.15

As there are three clear short tremor bursts that showed a distinct behaviour in the
relative amplitude, we isolated them and located them separately from the rest of the tremor.

For this we used the double-correlation method, applied to each 6-min burst. We then stacked
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the three energy-maps to better suppress noise. By doing this, we assume that the three
bursts were generated at the same location. This is justified by the relative amplitude
behaviour, where all three peaks have the same pattern, different from the average pattern at
other times, suggesting a similar source location. The result is shown in Fig. 16: although the
energy is not as focused as in the case of the whole 23 hour signal, a peak of energy is located
to the north-east of the main tremor source located in the south-eastern caldera. This
correlates with the north-eastern active cauldron and with the evidence described in the
previous section that the power related to these peaks is dominated by station KKE, which is
located very close to this cauldron.

It was not possible to locate the tremor component generated by the flood, for several
reasons: i) its presumed location is peripheral to the network, ii) it is observed mainly at one
station and weakly at a few other stations, while at most stations it is hidden in the main

tremor , iii) the source may not be stable in space.

8. Discussion

8.1 Volcanic/hydrothermal tremor and flood tremor components

Most of the tremor signal appears to be generated at a stable source located in the
south-eastern part of the caldera, consistent with the two southern active cauldrons and with
the earthquake activity. This component of the tremor likely corresponds to the stable portion
of the relative amplitudes at various stations (Fig. 13 and Supplementary Material). This
suggests that there is a main source of tremor which was stable in space and time, although
varying in frequency content and power, probably in association with changes in the source
mechanism. This source might have been spatially distributed, based on the width of the peak
of energy obtained from back-projection of the cross-correlation functions (Fig.15). However,
part of this width is due to uncertainty and a part due to the finite width of the frequency
band used. We are not able to estimate the uncertainty rigorously, but the average half width
of the distribution in Fig. 15b is about 3 km.

In addition to this main source, another component of the tremor was identified with
the L.SQ fit of the tremor power, corresponding to the three short tremor bursts, dominated in
amplitude by station KKE (Fig. 13a). This component has a similar amplitude pattern in all
frequency bands analysed. The location results obtained with back-projection of the double-
correlation envelopes highlighted a peak of energy correlating in space with the northern

active ice cauldron, located close to station KKE (Fig. 16). We therefore suggest that another
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source of tremor, located closer to KKE, was either intermittently activated, or intermittently
exceeded the main source’s power.

A third distinct tremor phase is primarily seen at station HVO (Fig. 13b), the station
closest to Mulakvisl river. This phase correlates in time and space with the water flood and
therefore appears to be directly related to the water draining from Koétlujokull glacier.

The evidence of a stable tremor phase, both in time and space, located near active
cauldrons and clearly separated from a tremor phase associated with the flood, suggests that
most of the tremor was generated by volcanic or hydrothermal processes occurring at the
location of the active cauldrons. This is also supported by the increased earthquake activity in
the same location and by the water accumulation under the glacier that started months before
the tremor, which is explained by increased geothermal activity (Gudmundsson et al., 2013).
In addition, the power of volcanic tremor is often concentrated in the band between 0.5-7 Hz
(Konstantinou and Schlindwein, 2002), which is consistent with our observations. The same
applies to the source located in the eastern sector of the caldera, corresponding to the short
tremor bursts. Here the source appears less stable in terms of amplitude history, but stable in
space, allowing us to crudely estimate a location that corresponds to the eastern active
cauldron.

The two different types of tremor source suggested (flood-related and volcano-related)
may be reflected also in different amplitude and frequency features of the signal, summarised
here:

- the flood tremor spans a wider frequency range, with energy up to >15 Hz, while the
volcanic tremor has energy up to 9-10 Hz;

- the frequency content of the flood tremor is flatter, with most of the energy evenly
distributed over a wide range (2-10 Hz), while the hydrothermal/volcanic tremor is
mainly concentrated between 0.8 and 4 Hz;
the flood tremor has the widest frequency range in the beginning and gradually loses
high frequencies as the signal decays in amplitude, while the volcanic tremor has a
more stable frequency distribution through time, which does not correlate with
changing signal amplitude;

- the flood tremor begins with large amplitude which monotonically decays with time

over a few hours, while the volcanic tremor has a more complex amplitude history.

8.2 Interpretation of the volcanic/hydrothermal source

Possible interpretations of the source generating the tremor located at the active ice

cauldrons are either a subglacial magmatic eruption or a hydrothermal process, such as
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hydrothermal boiling, eventually involving explosive events. We have insufficient evidence to
distinguish whether or not a minor subglacial eruption occurred. Certainly, an increase in
geothermal heat release has occurred, starting about one year before the tremor episode (when
water accumulation started under the glacier) and a subglacial eruption is not an unlikely
scenario, considering that the event was also accompanied by greatly increased seismicity
inside the caldera.

The 2011 unrest was similar to the event that occurred in 1999, that some authors
interpreted as a subglacial eruption (e.g. Gudmundsson et al., 2007). For the 1999 event, the
arguments to support the hypothesis of an eruption are that the heat exchange that led to the
formation of the melt water occurred very rapidly (few hours or days) and that there was no
appreciable geothermal heating at the same site in the following years (Gudmundsson et al.,
2007). This is different from what happened in July 2011, as in this case geothermal activity
was observed for years before 2011 and still persists. However, this does not exclude that, if in
1999 a subglacial eruption took place, a similar episode occurred in 2011. Although in both
cases increased seismicity was observed, neither of the two unrest episodes showed clear
seismic indications of magma rising. In addition, geochemical studies of the flood water from
the 2011 jokulhlaup did not find evidence for floodwater having come into contact with magma
(Galeczka et al., 2014).

Another possible scenario is that the tremor was generated by hydrothermal processes.
For example, hydrothermal boiling generating tremor may have been induced by the pressure
drop that occurred when the water level in the subglacial lakes dropped as a consequence of
water release from the cauldrons. The tremor started at 19:00 on July 8th and the flood waters
reached the gauging station at Léreftshofud 9 hours later, at 04:00 on July 9tk. It 1s difficult to
evaluate how long it may have taken for the water to flow from the cauldrons to the gauging
station, as this strongly depends on the unknown subglacial water drainage system and
topography. As a reference, we used two known jékulhlaups which occurred at Eyjafjallajokull
in 2010 and Gjalp in 1996. The first occurred during the 2010 Eyjafjallajékull eruption and
took about 5 hours to reach a proglacial lake around 5 km away from the crater, down a steep
slope (Magnusson et al., 2012). During the Gjalp eruption, instead, the flood took
approximately 10 hours to travel about 50 km on a more gentle slope (Einarsson et al., 1997).
The difference between these two cases may depend on the time of the year when the eruption
occurred, influencing the subglacial drainage system. While the Eyjafjallajokull eruption
occurred at the end of the winter, when the drainage system is inefficient, the Gjalp eruption
occurred at the end of the summer when the system is fully developed (Magntsson et al.,

2012). The unrest at Katla occurred in early summer and the distance between the cauldrons
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and the Léreftsh6fudo gauging station is around 20 km. The steepness of the slope is
intermediate between the two reference cases. Using the two examples as extremes, the Katla
flood might have taken between 4 to 20 hours to reach the gauging station at Léreftshofud.
This suggests that it is plausible that hydrothermal boiling, generating tremor, was initiated
when water was released from the active cauldrons, reaching the first gauging station 9 hours
later. This interpretation, however, does not clearly explain the increased earthquake activity
that started some days before, on July 6t inside the caldera and the new seismic cluster on
the south flank (Sgattoni et al., 2015).

The tremor signal is highly variable in amplitude. Tremor amplitude variations at
other volcanoes have in many cases coincided with visual observations of varying strength of
volcanic/hydrothermal activity (e.g. lava fountaining or dome building), as for example at
Kilauea (Dvorak and Okamura, 1985) and Hekla (Brandsdéttir and Einarsson, 1992).
However, this is not always the case and sometimes no relationship between surficial activity
and amplitude has been identified. This has been interpreted as a consequence of variation of
magma flow rate at depths in the crust, e.g. at Kilauea (Ferrazzini and Aki, 1992). In the case
of Katla’s tremor, the short tremor bursts, which seem to be located at a different site
compared to the main tremor source, appear to be the strongest in terms of power and occur
with a sharp onset and sharp end. If the source was hydrothermal, this might be explained
with local, more powerful hydrothermal explosions or flash-boiling. The possibility to generate
hydrothermal explosions depends on local conditions such as permeability. A local low-
permeability layer, for example, could induce a build-up of pressure, suddenly released into
steam flashing (Morgan et al., 2009). The conditions for this to happen may have occurred only
at the site of the northern tremor source, explaining the higher amplitude bursts generated
there. If the tremor source was an eruption, the amplitude variations may be explained with

eruption phases of varying strength.

8.3. Considerations about path effects and location method

The frequency-dependent, complex pattern of amplitude decay with distance, not
following any clear amplitude-distance decay law, suggests that source radiation and/or
propagation effects are anisotropic. A similar pattern is seen also for the earthquakes. Site
effects may play an additional role, but no clear correlation was identified between H/V
spectral ratios and the amplitude distribution at the different stations. Also, the amplitude
pattern is similar for all components of motion, which may indicate that site effects do not
play the main role. However, the H/V spectral ratio method is motivated to detect

amplification due to resonance in a stratified structure. The caldera stations were all deployed
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on nunataks in the ice, on sharp bedrock peaks protruding the ice sheet. The elastic properties
of ice are rock-like, but its density is much less than that of rock. The potential amplification
effects of such topographic features are poorly understood. We, nevertheless, suggest that path
effects and/or an anisotropic radiation pattern are the main responsible factors for the
complex amplitude patterns observed. In addition, there is clear indication of strong
propagation effects, within the caldera, suggested by the strong attenuation of high
frequencies at stations receiving seismic ways travelling through the caldera region, for both
tremor and earthquakes. The complexity of the cross-correlation functions is also indicative of
strong scattering effects, generating several, broad wave packages in the correlation functions.
The interaction of seismic waves with the subglacial topography and the ice, together with the
crustal heterogeneities, may be responsible for strong path effects.

The complex amplitude pattern made the use of amplitude-based tremor location
methods impossible. However, by using the signal phase through cross-correlation methods,
we were able to confidently locate two tremor sources (for the lowest frequency component of
the tremor), in locations that are consistent with other seismic and hydrological observations.
The double-correlation method allowed us to significantly focus the tremor source location
compared to the single-correlation method. Higher order correlation methods therefore appear

to be a promising tool to improve the resolution of volcanic tremor location.

9, Conclusions

We have analysed the 23 hour tremor signal and earthquake activity associated with
an unrest episode that occurred at the subglacial volcano Katla in July 2011. During the
unrest, three ice cauldrons deepened on the glacier and a glacial flood caused damage to
infrastructure, but no visible eruption broke the ice surface. Three different tremor
components were identified based on amplitude and frequency features. We have described
them in detail and discussed their possible source process by using additional hydrological
observations and comparison to other case studies. Back-projection of single and double cross-
correlation envelopes was used to locate the two spatially stable components of the tremor.

The main conclusions of this work are:

Increased earthquake activity, characterised by low-frequency, hybrid and high-

frequency events, started inside the Katla caldera a few days before the tremor burst

and lasted for months afterwards;

The tremor signal can be separated into three main phases. Two of them were traced to

the active ice cauldrons and are interpreted to be caused by hydrothermal or volcanic
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processes. The third, mainly observed at the station closest to the river that flooded, is
associated with the glacial flood;

Because of the highly increased seismicity, evidence of rapid melting of the glacier and
similarity to the 1999 event that was interpreted as a subglacial eruption, the 2011
tremor may have been caused by a minor subglacial eruption;

It is also plausible that the tremor was generated by hydrothermal processes with no
magma involved: boiling and/or explosions may have been triggered in the
hydrothermal system when the flood started to flow out of the subglacial geothermal
systems;

All interpretations require an increase of heat released by the volcano that led to water
accumulation before the tremor. This may be due to heat introduced into the shallow
crust by a magmatic process or enhanced permeability in the geothermal areas due to
tectonic activity;

The double cross-correlation method used to locate the lowest-frequency tremor sources
significantly improved the resolution of the source energy distribution, compared to the
single correlation. Higher order correlation methods appear to be a promising tool to
further improve the resolution of tremor-source location;

The complex amplitude-decay with distance precluded the use of amplitude information
to locate the tremor source and suggests the presence of strong path effects on waves
travelling through the caldera region. This is corroborated by strong attenuation of

high frequencies along trans-caldera paths.
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Supplementary material: Appendix A

Figs. Al, A2, A3. a) Integral amplitude spectral density at all stations as a function of time. b) The
same plotted on a logarithmic scale. In both cases the background power has been subtracted and the
amplitude normalised by the average background at station KKE. ¢) and d) station coefficients obtained
with LSQ fit of the power time-history over 10 minute intervals. ¢) KKE coefficients, normalised by the
mean of all other stations’ coefficients, in each time interval. d) all other stations coefficients,
normalised by KKE coefficients. Results are shown for the three frequency bands: 0.8-1.5 Hz in Fig. A1,
1.5-4.0 Hz in Fig. A2, 4.0-9.0 Hz in Fig. A3.
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Figure A1
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Figure A2
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Figure A3
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Supplementary material: Appendix B - A double-correlation location
method

Introduction

Here we introduce a method to locate tremor sources based on stacks of back-projected,
doubly-correlated tremor records at multiple triplets of seismographs to hypothetical source
locations in an aerial grid. Peaks in the resulting stack are inferred source locations.

Many Earth processes, especially in volcanic areas, produce complex seismic signals
lacking a clear onset, such as emergent events or continuous tremor. We cannot pick their
onsets in order to locate their sources. Instead, amplitude decay with distance has, e.g., been
used [Battaglia and Aki, 2003; Di Grazia et al., 2006]. This requires simplistic assumptions
about geometrical spreading, site magnification and attenuation and does not work well for
the tremor data presented here. Another strategy is to use array methods such as beam
forming, FK analysis or semblance methods [Furumoto et al., 1990; Konstantinou and
Schlindwein, 2002], requiring dense sampling of the wave field yielding direction and slowness
or vectorial wave number. Combining such estimates at multiple dense arrays constrains the
source location. Haney [2010] measured differential travel times extracted from cross-
correlations of recordings of very-long-period (VLP) volcanic tremor at different stations and
inverted those for the source location. Inter-station cross-correlation has become a common
tool for analysis of seismic ambient noise over the past decade.

Numerous authors have used cross-correlation analysis in order to assess the spatial
distribution of ambient noise sources. Shapiro et al., [2006] located a spurious peak near the
primary microseismic peak at 26 s period in the Gulf of Guinea by back-projecting noise
correlations two dimensionally. Gudmundsson and Brandsdéttir [2010], Zeng and Ni [2010],
Ballmer et al. [2013] and Droznin [2015] used similar approaches to locate persistent sources
of geothermal noise in Iceland, microseisms around Japan and volcanic tremor in Hawaii and
Kamchatka, respectively. All such methods require detailed information about seismic velocity
in the area. Because this information is often insufficiently precise, a number of the above
studies stacked envelopes of cross correlations rather than the cross-correlations themselves.

If we think of a tremor or noise source as a point source which is incoherent in time and
consider a simple medium between that source and all recording seismographs, then the
recorded tremor (noise) will consist of a continuous interference pattern between the same
source functions at random time intervals, but at a fixed delay for one station compared to any
other corresponding to the differential travel time from the source to the two stations.

Recordings of the tremor at two stations will, therefore, correlate at that time lag, cancelling
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the random time of each source pulse by a relative measurement. This is the principle that all
of the above methods make use of. In addition, correlation is an effective tool to suppress
noise, or any signal that is incoherent at the particular time lags assumed.

Each differential travel-time extracted by correlation of tremor recorded at two stations
does not constrain the source location to a point alone. Instead, it will constrain the location to
lie anywhere on a hyperbolic surface corresponding to equal differential distance from the
source (assuming a uniform velocity). If we restrict the propagation to two dimensions the
solutions are constrained to lie on a hyperbolic curve. With information from two station pairs,
we have two hyperbolic curves, which will usually intersect at one or two points. Further
station pairs will provide redundant constraints on a single point solution. Thus, we need
differential travel-time measurements from at least two station pairs to locate a source in two
dimensions. Similarly, we need three pairs to locate a source in 3D.

If we back-project the corresponding correlation functions to hypothetical source
locations, again using uniform velocity, the energy distribution for each of them will peak on
the same hyperbolic surface. Stacking two of them will usually produce a peak at a point,
while stacking more station pairs will enhance that peak.

The premise of this argument is simplistic. We need to know the velocity well, which we
may not. The tremor signals may contain both body and surface waves, so, it becomes
ambiguous which velocity to use or if we need to solve a two-dimensional or a three-
dimensional problem. The Green’s functions between the source and different receivers may be
complex and differ by more than a time delay from one station to the other.

If the recorded signals at different stations are significantly different due to source or
propagation complexity, then the correlograms may correlate poorly. However, variations in
the tremor source activity level should still produce similar variations at each station in the
more slowly-varying correlogram envelopes. Use of envelopes will stabilize the back-projection
at a loss of spatial resolution. The other problems can only be evaluated by synthetic

simulation, which we will discuss later.

Double-correlation

Our method of location extends the above methods by applying double correlation
instead of a single correlation. The straightforward definition of the correlation of tremor

series at a pair of stations, a and b, is:

Cli)= 20061+ ) 81
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Having computed a second such correlation for stations cand d:

C,, (k)= N_z_kc(i)d(i +k) B2

we can then define a double correlation as:

Core(M= 3 Con()Cua (+m) B3

j=—N-m

This is useful for two purposes. First, the level of redundancy is somewhat increased over a
single correlation, which suppresses random noise. Second, this double correlation will peak at
the double differential travel-time between the two pairs and if we back-project this function
to the source in two dimensions it will concentrate energy around a point as opposed to a
hyperbola for the back-projection of a single correlation.

This is, however, not how we implement double correlation. First, we note that the sum
in equation B3 will not have much of a contribution from time lags beyond a finite limit
corresponding to the possible differential travel times of sources within the network. Second, if
secondary, spurious correlation persists in the correlations Ca» and Ca, then they will
contribute higher-order correlation peaks in Caca. We define double correlation in the
following manner. First, we select a triplet of stations, a, b and ¢. Then, we select one of those
as a reference station, for example 4, and correlate stations g and b on one hand and stations a
and ¢ on the other. Before doing this, we divide the time span of our observations, T, into K

equal sub intervals of length A7'= 7/K and convert our time series to an analytical signal:

A

ft)=f@)+iZ{f )} B4

We then compute the correlations:

. (kDAT . (K+1)AT
Ca(i)= D a0b*(i+]) Co(i)= D aG)e’(i+j) B5
i=kAT i=kAT

where the time series are all complex and # indicates the complex conjugate. Finally, we

correlate those two:

K-1
Cabc(m):ZkCab(j)kC:c(j+m) B6
k=0
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For a population of n stations in a network there will be (g) combinations of three stations

and for each three possible choices of a reference station. The order of the remaining two
stations in each triplet is arbitrary and the two choices completely redundant. There are

therefore NV independent triplets, where N is:

n
N=3( J B7
3

For a n= 10 station network the number of triplets is N = 360.

The amplitude of this complex double correlation Ca is a measure of the double
correlation at a given differential time-shift. It will peak at the double differential travel-time
between the two station pairs. The phase of Cas is a measure of the interpolation between the
discrete samples of time shift to the true maximum correlation. This double correlation will
suppress random noise beyond single correlation and suppress non-stationary correlated
noise. Stacking the back-projected double correlations for all triplets will further suppress
correlated peaks that are not common for all triplets, e.g. components of the Green’s functions
between source and stations that vary from one path to another. A further advantage of this
double correlation is that each back-projection provides a localized estimate of the source
location (in two dimensions). Therefore, when we back-project to a hypothetical source and
stack different such double correlations we stack equivalent estimates of the source, while
stacking single correlations involves stacking hyperbolic distributions that have very different
localization properties.

The back-projection is done in the following straight-forward manner: For each
hypothetical source location the travel time to any given station is computed using a velocity
model. The time lag between stations a and b and stations a and cis thus estimated and their
double difference computed. The value of back-projection is then the wvalue of the
corresponding double correlation at that differential lag. These are then stacked over all

triplets.

Synthetic tests

We have tested this approach with various synthetic tests. When using perfect data in
a uniform velocity structure, the source is perfectly recovered with a resolution limitation
controlled by the frequency content of the data. With significant velocity heterogeneity

(compared to the finite frequency limitation) we lose our ability to predict travel time
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precisely. This results in erratic phase behavior. However, the modulus of the back-projected
double correlation remains stable, but its finite width, controlled by the frequency band width
of the data, translates into a broader spatial constraint on the location.

We have tested the method also with synthetic data generated by delaying a random
sequence of impulse sources at a point inside the Katla caldera according to a two-dimensional
velocity model for surface waves to elements of the Katla network of seismographs. We have
added corresponding impulses delayed according to a simple body-wave model. We have added
random noise to the synthetic time series and correlated them. Finally, we have added a set of
random scatterers given a random strength, a random scattering width and a random
orientation. The tests are done with seismograms filtered in the same frequency range as the
lowest frequency interval in the Katla tremor data (0.8-1.5 Hz). The back-projection is done
with a uniform velocity. The velocity is selected so that it focuses the resulting energy-stack
maximally as judged graphically.

These tests reveal that, even with a strong velocity variation of +15% (root-mean-
square level of heterogeneity) with a correlation length of 7 km, we still recover the source
location to within a few km. Noise suppression is very effective and the point-source location
is well recovered even if the signal is buried in noise by a factor of 2 (signal-to-noise ratio is
0.5). The body-wave component of the synthetic tremorgrams is coherent at time delays
corresponding to distance and velocities that are very different from those for the surface
waves and does not significantly affect the recovery of the point source even if given a relative
amplitude three times as big as the surface-wave component. The most limiting synthetic
component is the addition of scatterers. With 50 scatterers randomly distributed within the
caldera given a random orientation and a Gaussian width of £40° (one standard deviation) and
a random scattering strength between 0 and 1, we simulate the appearance of the stacked,
back-projected energy distribution obtained with the real data.

Two examples of simulations are shown in Figure B1l. In Fig Bla we show the back-
projected energy with synthetic data containing velocity heterogeneity (£20% velocity
variation, 7 km correlation length), added white noise (signal to noise ratio of 1) and a body-
wave component equal to the surface-wave component in amplitude. The source, which is
located at coordinates (2, -4) is clearly resolved. In Fig B1lb we have added 100 random
scatterers with the same geometrical characteristics as described before. In this case the
source is considerably spread and the energy distribution decays more slowly away from the
sources, similar to the real data. Note the common structure in the peripheral distribution

which is controlled by the station geometry.
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No scatterers 100 scatterers

Northing (km)

-25 -15 -5 5 15 25 -25 -15 -5 5 15 25
Easting (km) Easting (km)

Fig. B1: Results from simulations with (a) and without (b) scatterers. The colours define normalised energy, dark
red for maximum energy. Black solid line: glacier. Black dashed line: caldera outline. Black triangles: seismic

stations.

Conclusions

We conclude from these tests that we can recover the dominant source location with a
resolution of a few km with the Katla network with the data at hand. We need not assume
that the tremor is dominantly composed of surface waves for a two-dimensional back-
projection to work as at surface-wave velocities the body-wave components do not stack
coherently. Back-projecting in 2D limits our resolution to two dimensions, so source depth
cannot be recovered. If the source has a finite depth, a phase shift will be introduced into the
surface waves, but this will be common to all observations and, therefore, cancel in the double-
differential times of the double correlation.

For the higher frequencies (1.5-4 Hz and 4 — 9 Hz) of the Katla data we are not able to
recover a coherent picture of the source with this method. We suspect that is caused by
increasing vigour of scattering effects at increasing frequency in tune with the fact that
addition of discrete scatterers for the 0.8-1.5 Hz range proved to be by far the most obscuring

effect out of those that we synthesized.
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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 Myrdalsjokull glacier and its activity is dominated by
phreatomagmatic eruptions associated with catastrophic glacial floods. In July 2011 a sudden
jokulhlaup was released from the glacier, associated with tremor, intense seismicity inside the
caldera and a new 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 in coincidence with the 2011
unrest, suggesting a modification in the volcanic system. It may be speculated that if the
persistent seismicity at Katla is the indication of a pressurized system ready to erupt, a small
event 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 south 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 hyaloclastic to surtseyan craters. Renovated volcanic
processes have, therefore, to be taken into account as possible source for the new
seismicity. The 2011 activity has directed attention to the south flank of Katla that has so far

not been considered a source of serious volcanic hazard.

Keywords: Katla volcano, Iceland, volcano seismicity, long-period earthquakes, silicic

intrusion, flank eruption

1. Introduction

The study of subglacial volcanoes is crucial, as magma-ice interaction can produce
highly explosive eruptions and jokulhlaups (glacial floods), but problematic, because the ice
cover prevents direct observations and complicates the understanding of geophysical signals.
The Katla volcanic system, in south Iceland, is a prime example. Katla hosts a large caldera
covered by Myrdalsjokull ice cap and is a peculiar volcano for its persistent seismicity also
during periods of volcanic quiescence. It is one of the most active volcanoes in Iceland and its
volcanic activity is dominated by explosive, hydromagmatic eruptions. 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, the scientists' attention was pointed to

Katla, as several previous Eyjafjallajokull’s eruptions were followed by the neighbouring Katla
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(Einarsson and Hjartardéttir 2015). However, no visible eruption occurred. But in July 2011
increased seismicity, a tremor burst and a jokulhlaup occurred that caused considerable
damage to infrastructure. This episode was similar to two other events that occurred in 1955
and 1999 and some authors have interpreted as minor subglacial eruptions (Thorarinsson
1975; Guomundsson et al. 2007). However, the interpretation is controversial, 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 (Chapter 5).

The seismic activity at Katla has been concentrated in two main source areas, inside
the caldera and at Godabunga, with the latter being much more active, at least until the end
of 2004 (Sturkell et al. 2006). Seasonal patterns have also been reported with different
features for the two clusters (Einarsson and Brandsdéttir 2000; Jénsdéttir et al. 2009). Clear
changes in the seismicity at Katla occurred in July 2011. The 2011 unrest was associated not
only with increased seismicity inside the caldera, but also with the onset of new seismicity on
the south flank of the volcano, at the glacier rim (Sgattoni et al. 2015; Sgattoni et al. subm.).
No seismic activity is reported to have occurred there before and little is known about the
geology of the area.

This encouraged a geological study of the Gvendarfell area, where the new seismic
source 1s located, aimed at identifying the main geological and tectonic features possibly
connected with seismic sources. This geological survey brought new light on the southern
flank of Katla that had been little studied before. In this article we place the 2011 unrest
episode at Katla in the broader context of its geology and eruption history. Moreover, we
analyse the general changes of the historical seismicity at Katla by looking at the seismic
catalogue from 1998 to 2015. We use this information to shed light on the 2011 unrest and

speculate on its interpretation.

2. The Katla volcanic system

2.1. Geological overview

The Katla volcanic system, in South Iceland, consists of a central volcano mostly covered by
the Myrdalsjokull ice cap, connected to the Eldgja fissure system extending 75 km to the
northeast (Larsen 2000; Thordarson et al. 2001). The central volcano hosts an ice-filled
caldera 10x14 km wide and 650-750 m deep, as revealed by radio echo measurements
(Bjornsson et al. 2000). Three main glaciers descend from the ice cap through deep gaps in the

southeast, southwest and northwest caldera walls. These correspond to the three main
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possible paths for jokulhlaups. Several ice cauldrons (at least 16) located within and at the
caldera rim, represent the surface expression of subglacial geothermal activity Guomundsson
et al. 2007).

Katla is located just south of the intersection between the Eastern Volcanic Zone (EVZ)
and the transform boundary of the South Iceland Seismic Zone (Sturkell et al. 2008). The
active rifting in the EVZ terminates just north of Myrdalsjokull. Therefore Katla and the
neighbouring Eyjafjallajokull move completely with the Eurasia plate (La Femina et al. 2005;
Geirsson et al. 2006) and may be classified as intraplate volcanoes. An occasional connection
with rifting in the EVZ is exemplified by the AD 934 Eldgja eruption. Katla and
Eyjafjallajokull appear to be tectonically connected, as Eyjafjallajokull E-W fissure swarm
merges with the Katla radial fissure system (Einarsson and Brandsdéttir 2000).

A zone with reduced P-wave velocities and absent S-waves was identified beneath the
Katla caldera with seismic undershooting and interpreted as the evidence of a magma
chamber (Gudmundsson et al. 1994). This is confirmed by an aeromagnetic survey indicating
the presence of a non-magnetic body within the same region (Jénsson and Kristjansson 2000).
The occurrence of a shallow magma reservoir is consistent with geobaromety analyses on
historical basaltic tephra samples by Budd et al. (2014) that imply both shallow (<6 km) and
deep crustal magma crystallization. However, tephra stratigraphy studies by Oladéttir et al.
(2008) suggest that Katla has currently a simple plumbing system, with no shallow magma
reservoirs.

The Katla volcanic system has possibly been active for several hundred thousand years
(Jakobsson 1979; Bjérnsson et al. 2000). Its products consist of FeTi-rich alkali basalts and
mildly alkalic rhyolites, with very subordinate intermediate rocks from magma mingling
(Lacasse et al. 2007; Oladéttir et al. 2008). Most outcrops along the caldera rims and glacier
margins are composed of rhyolitic lavas (Jéhannesson and Szemundsson 2009; Lacasse et al,
2007). The largest explosive eruption known at Katla occurred ~11.980 cal years BP and
produced the Sélheimar ignimbrite (>6 km3; Gronvold et al. 1995; Lacasse et al. 2007). The

age of the caldera is unknown.

2.2. 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 60ies
(Einarsson and Brandsdéttir 2000). The only other volcanoes comparable to Katla in this
respect are located along the active plate boundaries (Hengill and Bardarbunga; Einarsson

1991; Jakobsdéttir, 2008).
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Until the 2011 unrest, the seismic activity at Katla has been concentrated mostly
within the caldera and immediately to the west, at Godabunga (Fig. 1). The caldera seismicity
consists mostly of high-frequency and hybrid events, probably associated with the subglacial
geothermal activity and volcano-tectonic processes (Sturkell et al. 2010). 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 interpretation, either as
a response to a rising viscous cryptodome (Soosalu et al. 2006) or due to glacial processes such
as ice-fall events (Jénsdéttir et al. 2009).

The Katla seismicity also shows a seasonal variation, particularly at Godabunga, where
the seismic activity peaks in autumn. A less pronounced peak of seismicity in the caldera
occurs instead during the summer (Jénsdéttir et al. 2007). This seasonal correlation 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 (Jénsdéttir et al. 2009).

/ TS P e
2 %

; @ e P
) £ 4
O P .

24 Myrdalsjokull

o ! e i“? -
% ; : £ - -0~ g e
i : & = s :
© : - Eyiafiallajokall Q. ?? » 3 Tl

-l o D= - . . ;& \ = <
7/ T 2oL -
% % . 1 Y y %
A j 0 100
NVZ = Northern Volcanic Zong ~
= WVZ = Western Volcanic Zone = sz
‘on | EVZ =Eastern Volcanic Zone s
‘0 || SISZ = South Iceland Seismic Zone ™
24°'W 22°'W 200W 18°'W 16°'W 14w

Fig. 1. Map of Iceland showing volcanic systems in orange (Einarsson and Szemundsson 1987). In the inset, main
seismic and geological features of Katla. Red dots: epicentres before July 2011, located inside the caldera and at
Godabunga. Back star: new cluster started in July 2011 (Sgattoni et al. 2015). Dashed lines: Katla and
Eyjafjallajokull caldera rims. Open circles: ice cauldrons (Gudmundsson et al. 2007). White areas: glaciers. To the

NE, the location of Eldgj4 fissure.

2.3. Holocene volcanism

The Holocene volcanic activity at Katla has been characterized 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-
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1.5 km? volume; Thorarinsson 1975; Jakobsson 1979; Larsen 2000). At least 300 subglacial
explosive eruptions are known during the Holocene, 20 in historical times (Oladéttir et al.
2005). The least common are effusive basaltic eruptions along the fissure system in the ice-
free part of the volcanic system (8-10 during the Holocene). These include the two largest
eruptions of AD 934-40 Eldgja Fires (19.6 km3; Thordarson et al. 2001) and ~7.7 ka Holms4
fires >5 km?3; Larsen 2000). Explosive silicic eruptions from the central volcano produced
tephra fallout (<0.01-0.27 km?; Larsen et al. 2001) and probably jokulhlaups (Larsen, 2000).
At least 12 silicic tephra layers are recognized in the 1.7-6.6 ka time interval between the
Holmsa and Eldgja fires (Larsen 2000). A minor silicic component was erupted during the
Eldgja fires (Einarsson et al. 1980), but silicic eruptions are not reported since AD 870,
possibly indicating a substantial change in the plumbing system caused by the Eldgja eruption
(Oladéttir et al. 2008).

In historical times, Katla has been the most productive volcanic system in Iceland in
terms of magma volume erupted (Thordarson and Larsen 2006). It has erupted fairly regularly
with 1-3 eruptions per century, with repose periods ranging between 13-95 years, 47 years on
average since AD 1500 (Larsen 2000). The year of 14 Katla eruptions are known from
historical records and the time of the year are known for 9 of them, in the last 400 years. All
these eruptions occurred during the spring-fall seasons, suggesting a seasonal control on

eruptive activity (Larsen 2000).

2.4. Recent activity

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

Seismic crises, 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 with no tephra emission in the atmosphere may have
occurred in June 1955 and July 1999. The 1955 event took place near the eastern rim of the
caldera (Fig. 2) where two shallow ice-cauldrons formed and a small jékulhlaup 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 south-west
Myrdalsjokull (Sigurdsson et al. 2000; Roberts et al. 2003), associated with earthquakes and

bursts of tremor.
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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?3 magma accumulation
(Sturkell et al. 2006; 2008). Consistently, 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. A recent study by Spaans et al.
(2015), suggested instead that the uplift may be due to glacial isostatic adjustment as a
consequence of mass loss of Iceland’s ice caps.

Continuous GPS measurements from stations around the caldera rim, showed that
deformation consistent with inflation occurred between 2011 and 2012 consistent with
inflation, which could suggest magma injection at shallow depth, although further analyses

are being carried out (B.G. Ofeigsson and S. Hreinsdéttir, pers. comm.)

2.5.July 2011 unrest and new seismicity

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

The seismicity intensified especially in the southern sector of the caldera and
culminated with a 23-hour tremor burst on July 8-9th (Chapter 5). No signs of eruption
breaking the ice were observed, but a ~18 million m3 jékulhlaup drained from Ké&tlujokull and
some ice cauldrons deepened in the southern and eastern parts of Myrdalsjokull (Fig. 2). The
jokulhlaup swept away the bridge over Mulakvisl river early in the morning on 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 (Chapter 5).A study of the chemical composition of the flood water, conducted by
Galeczka et al. (2014), did not show evidences that the water came into contact with magma.

At the same time, a new seismic source became active on the south flank in the
Gvendarfell area (Fig. 2). This seismicity consists of LP (Long-Period) events with emergent P
wave and an unclear S wave and has peculiar temporal patterns, with regular inter-event
times modulated by a seasonal correlation. These events are located at the edge of the
glaciated area and may therefore be related to both glacial and volcanic processes. Because of
their temporal pattern and depth distribution of the hypocentres as inferred from relative
relocation (Sgattoni et al. subm.), they have been interpreted in association with volcano-
related processes, suggesting hydrothermal processes as more likely than magmatic (Sgattoni

et al. 2015).
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A similar, but comparatively much smaller, unrest episode occurred in July 2014.
Increased water discharge was observed from Sélheimajokull and Koétlujokull outlet glaciers,
accompanied by slightly increased water conductivity and increased seismicity that only

lasted for a few weeks (IMO website).
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Fig. 2. Recent unrest at Katla. Black cross: 1918 eruption site. Black, grey and red dashed arrows: routes of 1955,
1999 and 2011 jokulhlaups, respectively. Circles with same outline or fill colours mark the cauldrons newly formed
or deepened during the same unrest episodes. Red star: new seismic source in the Gvendarfell area. Light grey

lines: water divides of main outlet glaciers (Bjérnsson et al. 2000).

3. Earthquake activity 1998-2015

Catalogue data from the Icelandic Meteorological Office (IMO) have been used to obtain
an overview of the seismic activity at Katla during the period 1998-2015, as a framework for
the interpretation of the 2011 unrest episode and new seismicity. The seismic data of this
catalogue were recorded by the Icelandic national seismic network (SIL) and the earthquake
location obtained using a 1D SIL-velocity model (Stefansson et al. 1993). The permanent
monitoring network around Myrdalsjokull has been densified through time, as shown in Fig.
3. This has a consequence on event detection and localisation accuracy; however it doesn’t
seem to correlate with the temporal changes in seismicity pattern described below. The depth
of the earthquakes is not well resolved, however most events appear to be located at shallow

depth between 0 and 5 km (Vogfjérd and Slunga 2008).
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This analysis shows significant changes through time in the seasonal patterns, size and
location distribution of the persistent seismicity recorded at Katla since the 60ies (e.g.
Einarsson and Brandsdéttir 2000). These are the main features:

The Godabunga cluster was more active than the caldera until the first half of 2011,

with around 11600 events with magnitude Mw>1 compared to 3300 inside the caldera.

The most intense seismicity occurred during the 2000-2004 seismic crisis, when

inflation was observed at Katla (Sturkell et al. 2008). This sustained earthquake

activity started after the 1999 unrest episode (Figs. 4, 5).

Increased seismicity occurred at Gooabunga following the eruption of Eyjafjallajokull in

2010 (Fig. 4).

Since July 2011, more events have occurred in the caldera than at Godabunga, with

1610 events with Mw>1, compared to 760 at Godabunga (Figs. 4, 5).

The magnitude of the largest events at Godabunga has been decreasing since 2009,

with most events with Mw<2 as of 2010 (Figs. 4, 5).

The seasonal correlation of the Godabunga cluster as described by Soosalu et al. (2006)

and Jénsdéttir et al. (2009), with seismicity peaking during fall, is still occurring, but

has gradually become less clear (Figs. 4, 5). In addition, the peak of activity 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 already observed in previous studies), but, opposite to Godabunga, it

has become clearer in the past few years, especially in 2012, 2013 and 2014 (Fig. 5).

A sharp increase in seismicity rate inside the caldera occurred in July 2011, coinciding

with the unrest episode and jokulhlaup, and continued until the beginning of 2012 with

660 events with Mw>1 and 20 with Mw>2.5.

The Gvendarfell seismic cluster on the south flank became active in July 2011 (Fig. 5).

It includes nearly all events located on the south flank of Katla (Fig. 3), with the spread

of the hypocentres due to location uncertainty. The size of the cluster is in fact very

small, on the order of one hundred meters (Sgattoni et al. subm.). The Gvendarfell
seismicity appeared to be fading out since February 2015, but the activity has renewed
since August 2015, possibly reflecting a delayed summer activity peak due to a colder
summer than usual and a high amount of snow deposited in winter time. A slightly
increased seismic rate was recorded for a few weeks in July 2014, coinciding with the

small unrest episode (Fig. 4).
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Fig. 3. Earthquake locations (in blue) at Katla during 1998-2015 from IMO catalogue. All events with magnitude
M>1 were selected for the caldera and Godabunga and events with M>0 for the south flank. 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.
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Fig. 4. Magnitude-time evolution of the seismicity at Godabunga (left) and inside the caldera (right) between
January 1998 and September 2015. Data from IMO catalogue.

118



PAPER 4

T ! I
16000 f | INFLATION |
2 %l ' Godabunga =
€ :_‘| 3|
S 12000} g 2
= 3l 3
g < FS
B 5| 2|
S sooo| % 8
£ 2 5 ="
5 =| =| e
O = = > s
4000 + 2| 21/
<} | Caldera ______ %
| I O B, e Gvendarfell
0 | = J: g=—s—"7T"
— 2500 | .
=] | Godabunga |
< 2000 } | |
£
z | |
S 1500 t | |
(]
£ | |
g
o 1000 F l Caldera Jf ------------- |
é Lt | ¥ | L |
3 500} | A |
€ T i |
© i ' |

0 r : \ \ \ Il | )\ N s s \ \ N N N N
1998 2000 2002 2004 2006 2008 2010 2012 2014
Year

Fig. 5 Cumulative number of events and cumulative seismic moment release between January 1998 and September
2015 in the Godabunga, caldera and Gvendarfell seismic clusters. The moment-magnitude relation used is logMo =
1.56M + 9.1, where Mo is the moment and M is the magnitude. The Gvendarfell cluster does not appear in the
bottom plot because the seismic moment released is too small. The 1999 and 2011 events and the inflation period

are marked with dashed lines.

4. Geological features of the Gvendarfell area

A geological field study was carried out on the south flank of Katla in the vicinity of the
new 2011 seismic cluster in order to outline the main volcanological and tectonic features
possibly relating to seismic sources (Fig. 6). No signs of recent volcanic or hydrothermal
activity have been seen in the area.

The 2011 seismic cluster is located outside the southern rim of the caldera near the
Gvendarfell rise. This area is partly covered by the Myrdalsjokull glacier and the exposed
region is characterized by flat top ridges bordered by steep cliffs and ravines that were eroded
by the fast-retreating Hafursarjokull and Mosakambur glacier streams (Figs. 7a, b). It is
known from the literature that the southern and eastern exposed flanks of Katla are
characterised by basaltic hyaloclastites and lavas and silicic (rhyolitic and obsidianaceous)
lavas, the latter also forming the “nunataks” emerging from the glacier along the caldera rim
(Lacasse et al. 2007; Jéhannesson and Saemundsson 2009). However, no detailed description

of the geological and structural features is reported.
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Fig. 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.

These two main lithotypes are recognized in the study area, although the presence of
vertical cliffs and steep talus slopes along the ravine walls often makes the fieldwork
impossible. A thick (up to 250 meters), laterally-continuous sequence of dark volcaniclastic
deposits conforming to the basaltic hyaloclastites identified by Lacasse et al. (2007) is visible
in the lower portion of the stratigraphic succession exposed along the Gvendarfell and
Stérihryggur ridges (Fig. 6) and constitute the Norourgilshaus ridge up to the top. The base of
this hyaloclastite succession is not exposed. A few outcrops can be studied in detail near the
edge of the Norourgilshaus ridge, showing a crudely-layered succession of dark-coloured
hyaloclastites, pillow breccias and compound lava flows, topped by a layer of scoriaceous lapilli
and bombs (bread-crust to spindle). Overall, the hyaloclastite succession shows a general
radial dipping behaviour around the Gvendarfell ridge (Fig. 6). Towards the top, the
hyaloclastites gradually pass to a succession of rhyolitic products, up to ~200 m thick, on both
sides of the Gvendarfell ridge. This is the largest rhyolitic unit in the area, and mostly
corresponds to the silicic lavas recognized by Lacasse et al. (2007) and Joannesson and
Saemundsson (2009) along the southern caldera rim. A number of pale-grey (rhyolitic) lava
lobes and dome-shaped bodies with concentric to fan-shaped flow bands and obsidian-rich
margins are visible. They are characterised by pervasive prismatic, sub-vertical and fan-
shaped to concentric jointing with narrow fracture-spacing on the order of cm to tens of cm

(Fig. 7c, d). The top of the Gvendarfell ridge consists of a sequence of tens-of-meters thick,
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viscous rhyolitic lava flows with m-scale vertical columnar jointing and a tabular to gently

south-wards dipping attitude (Fig. 7c).
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Fig. 7. a) Panoramic view of Gvendarfell ridge from the west. The location of Gaesavatn lake is also indicated. b)

View of Hafursarjokull glacier from the South. The dashed box outlines the approximate source area of the
seismicity according to Sgattoni et al. (2015). ¢) Exposure along Stérihryggur ridge of a stock-like lava body (¥)
embedded within brecciated deposits, which is one of the feeders of the overlying tabular to gently-dipping rhyolitic
lava flows (o). d) Detail of a pervasively jointed rhyolitic lava lobe along the Stérihryggur ridge.

Rhyolitic lavas are absent in the Nordurgilshaus ridge. In the NE side of Gaesavatn
lake (Fig. 6) the hyaloclastite succession passes upward to a thick succession of massive to
crudely-stratified lapilli-tuffs composed of dense glass fragments, vesicular scoriae and rare
lithic clasts, with several accretionary lapilli-rich layers (Fig. 8). Low-angle cross-stratification
and cm- to dm-scale sandwaves are visible. A few bomb sags (<10 cm) consisting of deeply
brecciated mafic lavas are recognized near the ground level, showing a SW-to-NE direction of
provenance. Layers of fine ash are interlayered. These volcaniclastic deposits have an overall

radial, gentle outward-dip around the Gaesavatn lake, in places showing the opposite dip-
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directions typical of crater rims. An anomalous high-angle dip (up to 70°) was observed along a
ravine transverse to the sub-rounded geometry of the lake, possibly due to tectonic activity.

No firm conclusions about the eruption types and the environmental conditions during
the eruption of the volcanic deposits in the Gvendarfell area can be drawn due to the difficult
access to the outcrops, that prevents direct observation of most lithotypes. Nevertheless, the
geological and volcanological features generally conform to what has been observed in other
areas In Iceland where rhyolitic lava sequences are recognized above hyaloclastite deposits
(see Stevenson et al. 2006; Lescinsky and Fink 2000; McGarvie 2009 for a review).
Pervasively-jointed rhyolitic lavas embedded within brecciated deposits are described e.g. at
Torfajokull (Tuffen et al. 2001, 2008), Orzefajokull (Stevenson et al. 2006) and Prestahnhuikur
volcanoes (McGarvie et al. 2007). They are interpreted as ice-chilled rhyolitic lavas erupted in
a subglacial environment.

The same interpretation may apply to the rhyolitic lava lobes recognized in the
Gvendarfell area, interpreted as dikes or stock-like bodies feeding effusive activity in
subglacial conditions that are responsible for the quench-fragmented breccia accumulation
that surrounds the lava bodies (Fig. 7c). Some of the lava lobes directly act as feeding points
for overlying lava flows. A number of these magma feeders are located along a roughly N-S
direction along the border of Stérihryggur ridge (Fig. 6). The presence of magma feeding points
around of the Gvendarfell ridge demonstrates that this was an area of lateral magma supply
and flank eruption during the recent history of Katla. This interpretation is corroborated by
the radial dipping of the hyaloclastic deposits around the Gvendarfell rise in the lower portion
of the stratigraphic succession (Fig. 6).

In this scenario, the tabular to gently-dipping lava flows at the top of the succession are
likely related to subaerial conditions of effusion, consistent also with the absence of pervasive
jointing and of surrounding brecciated deposits. This suggests a progressive melting of the
glacier and exhaustion of the melting water due to continuous effusive activity. This is
consistent with the occurrence of a strombolian scoriaceous layer with a subaerial character at
the top of the Norourgilshaus ridge. Moreover, the volcaniclastic deposits exposed in the area
of Geesavatn lake have the features of deposits from dilute pyroclastic density currents and
associated ballistic fallout typical of surtseyan eruptions developed in shallow-water to
subaerial conditions. Their radial outward bedding attitude around Gaesavatn lake, together
with the crater-type opposite dipping and the direction of provenance of a few bomb-sags,
indicate a possible source area corresponding to the lake.

No radiometric ages are available, but the proposed subglacial (to subaerial)

interpretation indicates that the deposits outcropping around Gvendarfell were most likely
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emplaced before (or during) the last glacial maximum which occurred in Iceland between 21
and 10 ka BP (Nordodahl 1991a,b). This corresponds to a generic pre-Holocenic age, consistent
with the chronologic information by Lacasse et al. (2007) and Jéannesson and Saemundsson
(2009). This is also coherent with the presence of deep ravines that were most likely eroded by
glacier streams that have retreated after the last glacial maximum. The possibility that more
recent phases of activity have occurred during the Holocene cannot be completely underscored.

Notably, we identified a N-S oriented, sub-vertical to gently E-dipping normal fault
cutting with a tens-of-meters (vertical) displacement the volcanic succession along the eastern
edge of the Stérihryggur ridge (Figs. 6, 9). This fault cuts also a m-thick heterolithological,
volcaniclastic deposit with a slope-cone geometry found at the top of the succession (Fig. 9a),
which is interpreted as a glacial moraine left by the retreating Hafursarjokull glacier after the
end of the last glacial maximum. This indicates that the fault was likely active during the

Holocene and possibly in recent times, as also confirmed by the freshness of the fault scarp

(Fig. 9b). This demonstrates recent, or even active, tectonic activity in the Gvendarfell area.

Fig. 8. Volcaniclastic deposits exposed along the NE side of Geesavatn lake (a), represented by massive to crudely-
stratified lapilli tuffs with abundant accretionary lapilli (b), locally showing low-angle cross-stratification and
sandwaves (c) and a few bomb-sags (d). In (c) and (d), white arrows indicate the common SW-to-NE direction of
provenance of the pyroclastic density currents that emplaced these deposits (based on the bedforms shape) and the

ballistic trajectory of the bomb sag.
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Fig. 9. N-S oriented, sub-vertical (E-dipping) normal fault cutting the volcanic succession along the eastern edge of
Stérihryggur ridge. The vertical displacement is on the order of tens of meters (a). The fault scarp is fresh (a) and
cuts a volcaniclastic deposit (*) representing the glacial moraine along the retreat trace of the Hafursarjékull
glacier stream (b). In (b) a brecciated deposit (0) representing the collapsed part of the volcanic succession is

exposed to the right of the fault.

5. Discussion

This unrest coincided with the beginning of a period of intense seismicity inside the
caldera that lasted for months and the beginning of a new cluster of earthquakes on the south
flank of the volcano, still active at the time of writing (October 2015). Moreover, since 2011 the
seismicity rate has become higher inside the caldera than at Godabunga, differently than
before. These are noteworthy changes that are likely related to modifications in the volcanic
system, which seem to be indicated also by slight ground deformation observed with GPS
between 2011 and 2012 (B.G. Ofeigsson and S. Hreinsdéttir, pers. comm.). However, it is not
simple to constrain the origin of these changes. The July 2011 unrest, similarly to the 1955
and 1999 episodes, was not accompanied by direct indication of volcanic activity or a clear
deformation field.

As Katla is partly covered by a glacier, it is possible 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

124



PAPER 4

interpretation of the Godabunga seismic cluster is an example (Soosalu et al. 2006; Jénsdéttir
et al. 2009). The ground deformation has also controversial interpretations: the 1999-2004
inflation episode has been interpreted in association with either magma accumulation inside
the volcano (Sturkell et al. 2006, 2008) or glacial rebound (Spaans et al 2015). In this respect,
it is important to notice that the ground deformation coincided with a seismic crisis at
Godabunga that has had no observed equals since and started after the 1999 unrest episode.
In addition, the long-term seismicity pattern and the correlation with jokulhlaups and ice-
cauldron formation suggest that volcanic processes dominate.

The seasonal peak of seismicity inside the caldera, that usually occurs in dJuly,
frequently correlates with small jokulhlaups or increased water drainage from the glacier,
associated also with changes in the chemical composition of the water discharged (Wynn et al.
2015). Also, many historical eruptions at Katla occurred during the summer. This indicates
that seasonal variations in the geothermal-glacial system may be responsible for these
summer peaks, as suggested by Wynn et al (2015). In 1955, 1999 and 2011, the jokulhlaups
have been particularly catastrophic and have been accompanied by an increased seismicity
rate and occasionally by tremor (in 1999 and 2011), indicating a more dramatic change in the
volcanic/geothermal system than usual.

The 2011 event was associated with increased heat released by the volcano as indicated
by the water accumulation under the glacier that started a year before (Gudmundsson et al.
2014). The subsequent sudden sinking of ice cauldrons and jokulhlaup that occurred in July
2011, may have been due to a geothermal event, a volcanic (magmatic) event such as a
subglacial 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 occurred or not. According to Galeczka et al. (2015), the chemical analysis
of floodwater does not show evidence that the water came into contact with magma. The
analysis of the tremor suggests that most of the signal is associated with volcano-related
processes occurring at the sites of the active cauldrons and an additional small portion of the
signal is instead associated with the flood. The duration of the tremor and the inferred velocity
of the flood indicate that the tremor burst may have been generated by boiling phenomena
and/or explosions induced by the water release from the hydrothermal system (Chapter 5).
This would imply that a geothermal source may have sufficed to generate the tremor and the
flood, with no need for a magmatic event. However, the notable increase of seismic activity
inside the caldera that continued for months after the jokulhlaup is hardly consistent with an
exclusively geothermal event and may indicate that the unrest did involve magma, although

no eruptive products were identified (Chapter 5). Concerning this, it must be noted that, in a
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subglacial volcano like, Katla small eruptions may escape the geological and historical records
because they are concealed by the thick glacier.

The absence of clear signs of surface deformation at Katla might be explained by very
shallow processes responsible for the persistent seismicity, sometimes evolving into real
seismic crises. If, for example, a shallow magma chamber exists, as postulated by
Guomundsson et al. (1994) and the unrest episodes are related to small batches of magma
reaching or approaching the surface, the associated deformation 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 recently. This could be related to the rise of
different, small batches of magma.

Although no evidence of large-scale inflation is currently observed at Katla, the
possibility that the volcano is ready or getting ready for an eruption cannot be discarded. It is
not unlikely that the edifice is already in an inflated state that was reached before the
deformation measurements started. At Krafla, for example, inflation of the edifice occurred
right after the 1975-1984 rifting episode and since then the volcano has been slowly deflating,
but the pressure inside the edifice is currently on the same order as before the rifting episode
(Buck et al. 2006). The scenario at Katla may be similar and rapid inflation might have
occurred after the last 1918 eruption. Accordingly, the persistent seismicity may reflect the
processes taking 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 occurred suddenly with no precursory activity
and could have triggered a bigger eruption, or could do it in the future.

The 2011 unrest marked not only the beginning of increased seismicity inside the
caldera, but also a new seismic source on the south flank. Sgattoni et al.(2015) proposed that
these events may be associated with a shallow hydrothermal system activated in association
with the unrest episode, although no direct evidence of hydrothermal activity was found. A
possible connection to magmatic processes cannot be ruled out. The geological study of the
Gvendarfell area demonstrated that the south flank of Katla acted as a source area for flank
eruptions during its pre-Holocene (to recent?) history. One source is represented by the
Gvendarfell ridge, which is characterized by several lava domes and lobes feeding a rhyolitic
lava succession that fills a largely eroded hyaloclastite crater inferred from the radial outward
dipping of the hyaloclastite deposits. Another source is the Gaesavatn lake, located south of
Gvendarfell, which is a surtseyan crater, as shown by the radial outward dipping of the

surtseyan deposits exposed along its NE side and the direction of provenance of a few bomb-
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sags. The occurrence of flank eruptions on the southern flank of Katla outside the caldera is
an important finding that was never pointed out before. This implies that volcanic activity has
already occurred in the same area where the current south-flank seismicity is recorded. It is
therefore plausible that the Gvendarfell seismic cluster is related to renewed volcano-related
processes. As an example, the (small) lava bodies of silicic composition exposed in the
Gvendarfell area are comparable in size to the volume occupied by the hypocentre distribution
that was obtained from relative relocation (Sgattoni et al. 2015). The intrusion of a similar
lava body should therefore be taken into account as a possible source for the seismic events.
The volcanic succession cropping out in the Gvendarfell area seems to belong to a pre-
Holocenic stage of Katla’s volcanic activity, however no radiometric information is available to
date these deposits. There is also evidence for recent tectonic activity, testified by a normal
fault exposed on the west side of Hafursarjokull glacier. Our pilot geological study of the
Gvendarfell area has highlighted volcanic features and new scenarios for the Katla’s eruptive
history and, possibly, future activity. In light of the new seismic activity in this area, further
studies are needed to better constrain the volcanic history of the south flank, possibly also

with new radiometric dating.

6. Conclusions

The 2011 unrest episode marked a clear change of the seismicity pattern at Katla
volcano. It was characterized by a sudden jékulhlaup, tremor bursts originating at the source
of the water flood (were ice cauldrons deepened), increased earthquake activity inside the
caldera and the appearance of a new source of earthquakes on the south flank. This change
likely highlights a modification of the volcanic system, likely involving magma movements.

The 2011 unrest, similarly to the 1955 and 1999 episodes, may have involved
hydrothermal system or magma movements, possibly a small subglacial 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
speculated whether Katla is already in an inflated state, having inflated immediately
following the latest large 1918 eruption. This may be the cause of the persistent seismicity at
Katla. In that case a small event like the ones of 1955, 1999 and 2011, may be sufficient to
trigger a large eruption in the future.

The 2011 unrest motivated a pilot study of the geology of the south flank in the source
area of the new seismicity. We have found evidences that flank eruptions occurred during the
pre-Holocene (to recent) history of the volcano. We have identified two sources in particular, of

different types. One is the Gvendarfell ridge, characterized by rhyolitic lava domes and lobes
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feeding the overlying rhyolitic lava succession filling a hyaloclastite crater. The other one is
Geaesavatn lake, a surtseyan crater associated with airfall and pyroclastic density currents
deposits.

Since volcanic activity has occurred in the same area where the south-flank seismicity
is recorded, magma movements (e.g. rising of magma batches) should not be neglected as a
potential seismic source. This study also opens new scenarios for hazard and risk assessment
of the south flank of Katla, where the village of Vik is located. It also underscores the need for

further research on the flank areas of Katla.
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7. CONCLUSIONS

The July 2011 unrest marked a significant change in the seismicity pattern at Katla
volcano. Since the beginning of July 2011, the seismicity intensified inside the caldera and on
July 8-9th a 23 hour tremor burst was recorded. No eruption broke the ice surface but a sudden
jokulhlaup drained from the south-east Myrdalsjokull glacier and three ice cauldrons
deepened in the southern and eastern parts of the caldera. Before the jokulhlaup, a few meters
uplift of some ice cauldrons was observed. In addition, together with increased earthquake
activity inside the caldera, a new area on the south flank of Katla near Gvendarfell became
seismically active.

A detailed study of the tremor burst and features of the new southern seismicity has
been carried out in order to suggest possible source interpretations. The changes of the
seismicity pattern that occurred in 2011 have been analysed using the seismic catalogue in the
years 1998-2015. This information, integrated with a review of the geological and eruptive
history of Katla and a pilot geological study of the Gvendarfell area, where the new seismicity
is located, allowed to discuss the volcanological implications of the 2011 unrest.

Particular care has been dedicated to optimize the methods used for signal analysis and
for the location of the tremor and earthquake sources. A new cross-correlation method, based
on double cross-correlation rather than the single cross-correlation previously used by other
authors, was used for the volcanic tremor location. This method has improved significantly the
resolution of the source energy distribution and higher order correlation methods appear to be

promising tools to further optimize volcanic tremor location.
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A relative-relocation method has been specifically designed to locate the Gvendarfell
seismic events. This was required by the extreme similarity of all waveforms, suggesting a
very small spatial distribution of hypocentres, and by the strong crustal heterogeneities
affecting wave propagation. The differential-time measurements have been optimized to
minimize uncertainty and the relocation strategy has been designed to relocate events without
a predefined velocity model, inverting instead for changes in location and for slowness. This
relocation strategy has considerably improved the data fit. A careful estimation of uncertainty
has also been conducted, in order to evaluate the resolved size of the hypocentre distribution.
This was in turn relevant information that helped constraining the source process.

As shown by the seismic catalogue provided by IMO for the last 17 years, the whole
seismic activity of Katla until the middle of 2011 has been located inside the caldera and at
Godabunga, the latter being much more active. In July 2011, intense seismicity began inside
the caldera and lasted until January 2012. At the same time, the new Gvendarfell seismic
cluster became active on the south flank of Katla. Since July 2011, the seismicity rate inside
the caldera has become higher than at Godabunga. This highlights a modification of the
volcanic system, likely involving magma movements. This hypothesis is supported by
indication of inflation between 2011 and 2012 from GPS data.

The analysis of the tremor signal revealed that the tremor consists of three different
components that were identified and described based on amplitude and frequency features.
One tremor phase, dominated in amplitude by the station closest to the river that flooded
south-east of Myrdalsjokull glacier, is associated with the jokulhlaup. The other two tremor
phases constitute most of the tremor signal and have been located with cross-correlation
methods in two source areas close to the ice cauldrons that deepened in the eastern and
southern sectors of the caldera. These two source areas are interpreted to be associated with
either hydrothermal processes, such as boiling of the hydrothermal fluid, or volcanic processes
with magma involved, possibly a subglacial eruption or magma intrusion. A combination of
the two, e.g. increased hydrothermal activity induced by a shallow intrusion, is also possible.
The occurrence of volcanic processes involving magma is indicated by i) the increased
seismicity inside the caldera that started a few days before the jékulhlaup, ii) the evidence of
rapid sinking of ice cauldrons that led to the glacial flood. On the other hand, the duration of
the tremor signal, compared to plausible travel times for the flood from the source to the river,
suggests that it is also possible that the tremor was generated by boiling and/or explosions
induced in the hydrothermal system by the pressure drop triggered when the water started to
flow out of the subglacial hydrothermal system. Any interpretation requires an increase of
heat released by the volcano, as suggested by the water accumulation under the glacier before

the tremor (indicated by uplift of the ice cauldrons).
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The seismicity that started on the south flank in July 2011 is still active and consists of
shallow, repeating LP seismic events located at the southern edge of Myrdalsjokull glacier.
They occur at regular time intervals with a seasonal modulation with the highest frequency of
occurrence in the summer time. These seismic events are significantly different from other LP
events at Katla and, although some of their features are similar to those observed for LP
events at other volcanoes worldwide, they represent a peculiar case study because of their
temporal evolution. The non-linear absolute location of the cluster, with ~400 m horizontal
uncertainty, corresponds to the outer margin of the small, fast retreating Hafursarjokull
glacier stream. The absolute depth location is not resolved well enough to be discerned from
the surface, therefore a glacial origin of the Gvendarfell events, such as glacier sliding and ice-
falls, cannot be ruled out. However, the thickness of the ice in this area is not likely to exceed
few tens of meters, while the depth distribution of the hypocentres, as estimated from relative
relocation, is on the order of 100 m. Moreover, it is unlikely that such a small glacier stream
can produce such remarkably stable seismicity over years. These arguments, together with the
temporal coincidence of the onset of the Gvendarfell seismicity with the July 2011 unrest
episode, suggest that volcano-related processes are more likely than glacial to generate this
seismicity. Among volcano-related processes, a hydrothermal source appears more likely than
magma movement, mainly because of the marked seasonal correlation of the seismicity, which
appears easier to reconcile with a source involving water. The similarity of the waveforms over
a long time (at least 3.5 years) indicates a stable, non-destructive source mechanism and the
regular temporal pattern suggests that the process must be controlled by a critical parameter
such as a temperature-pressure condition. These features may be consistent with a steady
process of heating and cooling (geyser-like) of a hydrothermal fluid. In this scenario, the
seasonal correlation may be explained as a response to the summer ice melting that increases
the water supply to the system. Therefore, it is possible that a small hydrothermal system was
activated on the south flank of Katla in coincidence with the July 2011 unrest episode. This
may have been powered by either a short lived dike intrusion or a crack connection to a heat
source established during the unrest. As no evidence for hydrothermal activity has been found
in the area, this hydrothermal system has to be entirely concealed by the glacier or acting
below the ground surface.

The possible occurrence of hydrothermal or magmatic activity on the south flank of
Katla is a new finding. This is supported by the geological field study in the Gvendarfell area
that has revealed evidence for flank eruptions during the pre-Holocene to recent eruptive
history of Katla. In particular, two sources were identified, of different types. One is
represented by the Gvendarfell ridge where several lava domes and lobes were found feeding a

rhyolitic lava succession overlying thick hyaloclastite deposits with a radial outward dipping
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around the Gvendarfell ridge. The other source corresponds to Gasavatn lake, a surtseyan
crater located south of Gvendarfell, associated with hyaloclastite to surtseyan deposits
exposed along the NE side of the lake. These deposits show a radial outward dipping and
contain a few bomb sags originated from the direction of the lake. These results reveal that
magma movements, such as rising small magma batches, should not be discarded as a
potential source for the Gvendarfell seismicity or even for future flank eruptions at Katla.
This has important impact on the assessment of volcanic hazard for the south flank of Katla.
As a final remark, this study has further highlighted the difficulty and importance of
discriminating glacier-related and volcano-related seismic sources at subglacial volcanoes, for

both tremor and earthquake activity.
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