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Abstract 26 

Katla is a threatening volcano in Iceland, partly covered by the Mýrdalsjökull ice cap. The 27 

volcano has a large caldera with several active geothermal areas. A peculiar cluster of long-period 28 

seismic events started on Katla’s south flank in July 2011, during an unrest episode in the 29 

caldera that culminated in a glacier outburst. The seismic events were tightly clustered at 30 

shallow depth in the Gvendarfell area, 4 km south of the caldera, under a small glacier stream at 31 

the southern margin of Mýrdalsjökull. No seismic events were known to have occurred in this 32 

area before. The most striking feature of this seismic cluster is its temporal pattern, 33 

characterized by regular intervals between repeating seismic events, modulated by a seasonal 34 

variation. Remarkable is also the stability of both the time and waveform features over a long 35 

time period, around 3.5 years. We have not found any comparable examples in the literature. 36 

Both volcanic and glacial processes can produce similar waveforms and therefore have to be 37 

considered as potential seismic sources. Discerning between these two causes is critical for 38 

monitoring glacier-clad volcanoes and has been controversial at Katla. For this new seismic 39 

cluster on the south flank we regard volcano-related processes as more likely than glacial ones 40 

for the following reasons: 1) the seismic activity started during an unrest episode involving 41 

sudden melting of the glacier and a jökulhlaup; 2) the glacier stream is small and stagnant; 3) 42 

the seismicity remains regular and stable for years; 4) there is no apparent correlation with 43 

short-term weather changes, such as rain storms. We suggest that a small, shallow hydrothermal 44 

system was activated on Katla’s south flank in 2011, either by a minor magmatic injection or by 45 

changes of permeability in a local crack system.  46 

 47 
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1. Introduction 51 

Katla is one of the most active and threatening volcanoes in Iceland. Partly covered by 52 

Mýrdalsjökull glacier (Fig. 1), its volcanic activity has been dominated by large explosive 53 

phreatomagmatic eruptions, the latest occurring in 1918.  The current repose time is the longest 54 

known in history (Larsen, 2000). Katla is located just east of Eyjafjallajökull (Fig. 1) and the two 55 

volcanoes appear to be tectonically connected (Einarsson and Brandsdóttir, 2000). Katla is known 56 

to have erupted in close succession following its neighbour a few times in recent history (1100 57 

years, Einarsson and Hjartardóttir, 2015). For this reason, the 2010 Eyjafjallajökull eruption 58 

prompted scientists’ concerns about a possible imminent Katla’s eruption and the seismic 59 

network around the volcano was densified.  60 

 Seismic events at volcanoes are highly variable in terms of waveforms and temporal 61 

sequence evolution. Different classification schemes are found in the literature. Some of these 62 

schemes are based on local experience, e.g., Minakami (1974) for Japanese volcanoes. Others are 63 

more general and try to relate the appearance of the seismograms to the process generating the 64 

seismic waves (McNutt, 2005; Chouet, 1996). In several instances it can be verified that the 65 

appearance of the seismograms is the result of path effects rather than the source process 66 

(Soosalu et al., 2006). A commonly used classification separates the seismic events into LP, VT 67 

events, and hybrid or mixed events (McNutt, 2005). Long-period (LP) events are devoid of high 68 

frequency in their frequency spectrum, have an emergent P-wave and unclear S-wave. 69 

Sometimes the S-wave is missing. Volcano-tectonic (VT) events have the appearance of ordinary 70 

tectonic earthquakes, have a broad spectrum, sharp P-wave onsets and a clear S-wave. They are 71 

usually attributed to rock failure under crustal stress produced by the activity of the volcano. 72 

Hybrid events have characteristics in between the LP and VT events. LP events are of particular 73 

interest as they often accompany or precede volcanic eruptions (Chouet, 2003; McNutt, 2005).  74 

They can be related to a number of different magmatic and hydrothermal processes, usually 75 
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associated with fluid movements inside the volcano. Recent studies offer new modelling of LP 76 

events as slow-rupture failure in unconsolidated volcanic materials (Bean et al., 2014).  77 

As Katla is largely covered by the Mýrdalsjökull glacier, extending over a ~600 km2 area 78 

and entirely covering the summit caldera, direct field studies are not feasible. Thus, indirect 79 

methods such as seismic data analysis are important when studying and monitoring the volcano. 80 

Katla offers a wide variety of seismic signals to obtain insight into the volcano's internal 81 

dynamics. In this respect, it is an unusual volcano in Iceland because of its anomalously high and 82 

persistent seismicity (even during volcanic quiescence) despite its tectonic location, outside the 83 

main deformation zones (see a further discussion of Katla’s tectonic setting in the following 84 

section). The only other Icelandic volcanoes comparable to Katla with respect to intense 85 

seismicity are located along the plate boundaries (for example Hengill and Bárðarbunga 86 

volcanoes; Einarsson, 1991; Jakobsdóttir, 2008).   87 

 The seismic activity at Katla has primarily been recorded in two distinct source areas (e.g. 88 

Einarsson and Brandsdóttir, 2000; Soosalu et al., 2006; Sturkell et al., 2010): i) within the 89 

summit caldera and ii) in a region in western Mýrdalsjökull named Goðabunga (Fig. 1). In July 90 

2011, though, this general pattern changed. An increase in seismicity and a 23 hour tremor burst 91 

were recorded on July 8-9, 2011, associated with deepening of ice cauldrons on the ice cap and 92 

flooding from the south-east rim of Mýrdalsjökull glacier that destroyed a bridge on the main 93 

road. At the same time, a new cluster of LP seismic events was detected on the south flank, just 94 

west of the Gvendarfell Rise (GR – see Fig. 2), around 4 km south of the caldera rim. Seismic 95 

events in this area of Katla had never been recorded before and they are of major interest when 96 

assessing Katla's volcanic hazard, as the coastal area south of Katla is a farming area and a 97 

popular tourist destination. 98 

 At subglacial volcanoes, seismic events associated with glacier dynamics (such as basal 99 

slip, ice falls, crevassing) often lack high frequencies and are sometimes called low-frequency 100 
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(LF) events (Métaxian et al., 2003; West et al., 2010; Thelen et al., 2013).  Glacial LF events and 101 

shallow LP earthquakes associated with volcanic activity can produce similar waveforms and the 102 

ability to distinguish between them is critical for monitoring glacier-covered volcanoes. In this 103 

respect, Katla aroused controversial interpretations of its seismicity, for its subglacial location 104 

and for the unusually frequent occurrence of LP seismicity during periods of volcanic quiescence 105 

(Soosalu et al., 2006; Jónsdóttir et al., 2009). 106 

 Although the LP events located on Katla’s south flank in some aspects resemble those of 107 

other volcanoes, they show some peculiar characteristics, especially in their time evolution, 108 

which we have not found described in the literature. These are the subjects of our study. The 109 

improved seismic network operating around Katla during 2011-2013 provided a good dataset for 110 

this purpose. Moreover, in order to improve the location estimates of these events further, a 111 

temporal deployment of three stations was done in 2014 in the epicentral area, in order to better 112 

define the absolute location of the cluster. We used cross-correlation methods to improve the 113 

event detection, thus highlighting striking time-sequence features, and a probabilistic non-linear 114 

method for the absolute location of the cluster. We also attempted to retrieve focal mechanisms 115 

from first motion polarities. 116 

 117 

2. Study area  118 

The Katla volcanic system is located just south of the intersection between the Eastern 119 

Volcanic Zone and the transform boundary of the South Iceland Seismic Zone (Fig. 1).  It consists 120 

of a central volcano with a 110 km2 summit caldera  (up to 14-km wide; Fig. 1) covered by 121 

Mýrdalsjökull glacier (Björnsson et al., 2000) and the Eldgjá fissure system which extends 75 km 122 

to the northeast (Larsen, 2000; Thordarson et al., 2001; Fig. 1). The central volcano’s activity is 123 

dominated by explosive phreatomagmatic eruptions due to magma-ice interaction. Several ice 124 

cauldrons (at least 16) are located within and at the caldera rim, representing the surface 125 
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expression of subglacial geothermal activity. Changes in their geometry are monitored to detect 126 

variations of geothermal heat release (Guðmundsson et al., 2007). 127 

Seismic undershooting within the Katla caldera has revealed a zone where P wave 128 

velocities are reduced and through which shear waves do not propagate; this anomaly is 129 

interpreted as evidence of a magma chamber (Guðmundsson et al., 1994). Moreover, results from 130 

an aeromagnetic survey indicate the presence of a non-magnetic body within the region of the 131 

postulated magma chamber (Jónsson and Kristjánsson, 2000). This is supported by geobarometry 132 

analyses on historical tephra samples, conducted by Budd et al. (2016), but questioned by tephra 133 

stratigraphy studies by Óladóttir et al. (2008).  134 

Since the first sensitive seismographs were installed (in the 1960s), seismic activity has 135 

been observed in two distinct main areas (Fig. 1): within the caldera and at Goðabunga on the 136 

western flank (Einarsson and Brandsdóttir, 2000). The seismicity inside the caldera consists of 137 

VT and hybrid events, probably associated with the subglacial geothermal activity (Sturkell et 138 

al., 2010) and volcano-tectonic processes. The Goðabunga cluster consists mainly of LP shallow 139 

events and has a controversial interpretation, as a response to a slowly-rising viscous cryptodome 140 

(Soosalu et al., 2006) or in association with ice fall events (Jónsdóttir et al., 2009).  Katla’s 141 

seismicity shows a seasonal variation which is stronger at Goðabunga, where the peak occurs in 142 

autumn. A less pronounced peak of activity in the caldera occurs instead during the summer 143 

(July/August; Jónsdóttir et al., 2007). This seasonal correlation has been interpreted either as a 144 

result of ice-load change and resulting pore-pressure change at the base of the glacier (Einarsson 145 

and Bransdóttir, 2000) or as enhanced glacial motion during periods of distributed subglacial 146 

water channels (Jónsdóttir et al., 2009).  147 

Although no visible eruptions have occurred after 1918, evidence of unrest was observed 148 

in 1955, 1999 and 2011, possibly associated with minor subglacial eruptions. In 1955 this 149 

probably took place at the eastern rim of the caldera: two shallow ice-cauldrons formed and a 150 
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small jökulhlaup (glacial flood) drained from Kötlujökull, south-east Mýrdalsjökull (Fig. 2; 151 

Thorarinsson, 1975; Rist, 1967). A similar event took place in July 1999: the seismic stations 152 

around the glacier recorded earthquakes and bursts of tremor that culminated in the release of a 153 

jökulhlaup from Sólheimajökull, south-west Mýrdalsjökull (Sigurðsson et al., 2000; Roberts et al., 154 

2003). A new cauldron also formed on the surface of the glacier (Guðmundsson et al., 2007). 155 

From 1999 to 2004, GPS measurements on nunataks (exposed rock protruding through 156 

the ice) exposed on the caldera edge revealed steady uplift of the volcano, interpreted to result 157 

from 0.01 km3 magma accumulation (Sturkell et al., 2006; 2008). A recent study by Spaans et al. 158 

(2015), suggested instead that the uplift may be due to glacial isostatic adjustment as a 159 

consequence of mass loss of Iceland’s ice caps.  160 

Guðmundsson et al. (2007) showed that increased geothermal heat output occurred in 161 

2001-2003, based on the evolution of ice cauldrons. As this was also accompanied by greatly 162 

increased seismicity and ground uplift, they interpreted these phenomena as a result of magma 163 

accumulation and consequent dilation of the edifice leading to enhanced permeability and 164 

increased geothermal activity, in accordance with Sturkell et al. (2006). 165 

 166 

SIZE: 2 columns 167 
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Fig. 1. Map of Iceland showing the different volcanic systems (in orange; from Einarsson and Sæmundsson, 1987) and 168 

the different segments of the plate boundary. In the inset, the seismic network and main seismic and geological 169 

features of Katla are shown. Dark brown inverted triangles: permanent IMO seismic stations. Orange inverted 170 

triangles: temporary Uppsala University seismic stations operating between July 2011-August 2013 (no outline) and 171 

between July 2014-August 2014 (black outline). The black open circle around the inverted triangle marks a temporary 172 

station (GAV) that has been operating on both time periods.  The square around the inverted triangle at station SHR 173 

on the south flank indicates the location of a GPS station operating between July 2014-August 2014. Red dots: seismic 174 

clusters at Katla before July 2011. These are mostly localized in two distinct source areas, within the caldera and on 175 

the western flank at Goðabunga. The star marks the new cluster on the south flank. The Katla and Eyjafjallajökull 176 

caldera rims are outlined by dashed lines. Open circles correspond to ice cauldrons (Guðmundsson et al., 2007). 177 

White areas are glaciers. To the NE, the location of the Eldgjá fissure is shown. Topographic information from National 178 

Land Survey of Iceland. 179 

 180 

3. The unrest episode of July 2011 181 

Between August 2010 and July 2011, most of the ice cauldrons on the Mýrdalsjökull 182 

glacier uplifted by 6-8 m, interpreted by Guðmundsson and Sólnes (2013) as a consequence of 183 

water accumulation under the glacier. The greatest rise, 11-12 m was observed at cauldron 16 184 

(Fig. 2; Guðmundsson and Sólnes, 2013). 185 

In July 2011, the seismicity intensified at Katla and remained high until winter. The 186 

unrest culminated on July 8-9th when a burst of tremor was recorded by the Icelandic 187 

Meteorological Office (IMO) seismic network. No signs of eruption breaking the ice were seen, 188 

but a jökulhlaup drained from Kötlujökull and deepening of some ice cauldrons was observed on 189 

the surface of Mýrdalsjökull in the southern and eastern parts of the caldera (Fig. 2).   190 

The tremor burst lasted for about 23 hours, beginning at about 19:00 GMT on July 8th. 191 

The jökulhlaup (~18 million m3) swept away the bridge over Múlakvísl river around 05:00 GMT 192 

on July 9th, one hour after rising water level was detected at the gauging station Léreftshöfuð, 193 

located a few km south of Kötlujökull (IMO, 2011) and ~6 km upstream from the bridge (Fig. 2). 194 
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Another gauging station, located on the bridge over Múlakvísl river on the main road 1 (Fig. 2), 195 

began to show increased conductivity early on July 8th (IMO, 2011). This unrest episode has been 196 

interpreted in association with volcanic processes, such as enhanced geothermal activity, shallow 197 

magma intrusion or possibly a minor subglacial eruption (Sgattoni et al., 2015). 198 

The earthquake activity accompanying these events was mainly concentrated inside the 199 

caldera, mostly in its south-eastern part. The tremor also originated inside the caldera, in a 200 

similar location to the earthquakes (Sgattoni et al., 2015). In addition, a new source of seismic 201 

events was activated on the south flank, near the Gvendarfell Rise, at the southern edge of 202 

Mýrdalsjökull glacier (Hafursárjökull), around 4 km south of the southern caldera rim (Fig. 2).  203 

 204 

 205 

SIZE: 1 column 206 

Fig. 2. Map of Katla showing the features related to the July 2011 unrest. Open circles are the ice 207 

cauldrons that deepened during the unrest. Number 16 is the cauldron that showed biggest changes before 208 

and during the unrest. The dashed blue arrow shows the presumed flood path. Red dots are the 209 

earthquakes that occurred on July 8th and 9th. The two gauging stations are marked with black triangles; 210 
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the southern one corresponds to the bridge over Múlakvísl river. The star marks the southern seismic 211 

cluster which is studied herein. GR: Gvendarfell Rise. Topographic information from National Land Survey of 212 

Iceland. 213 

4. Seismic network and data 214 

 Following the eruption of Eyjafjallajökull volcano in 2010, the IMO augmented the seismic 215 

monitoring network around Katla from 5 to 9 stations. Moreover, 9 temporary stations were 216 

deployed by Uppsala University between July 2011 and August 2013. 217 

 Most of the stations were equipped with broadband sensors, 5 Guralp ESPA , 4 Guralp 218 

CMG3-ESPC and 1 Geotech KS-2000(LLC), all with flat response from 60 s to the Nyquist 219 

frequency (50 Hz). 5-second Lennartz populated the remaining 8 stations. Data were recorded 220 

and digitized with Guralp and Reftek systems at 100 sps. Stations were powered with batteries, 221 

wind generators and solar panels. All the instruments recorded in continuous mode, but some 222 

technical problems (e.g. power failure) mainly due to harsh weather conditions (especially in 223 

winter time), prevented some stations from working continuously during the whole operation 224 

time. 225 

 During the operation time of the dense network described above, the closest station to the 226 

Gvendarfell cluster, subject of this study, was GAV, around 6 km away. Therefore, the hypocentral 227 

location was poorly constrained, especially in depth (uncertainty on the order of 1 km). Since this 228 

seismicity continued with similar characteristics, we decided to install two additional stations, 229 

around 1 and 2 km away from the source, during the summer of 2014 to improve the hypocentral 230 

location of the cluster. Station GAV was also reoccupied to minimize biases in hypocentral 231 

estimations caused by the change in network geometry. In addition, a GPS station was deployed 232 

during the same period (Fig. 1). 233 

 234 

5. Waveform characteristics 235 
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 The Gvendarfell seismicity is characterized by small magnitude (~ -0.5-1.2 ML), long-236 

period earthquakes with an emergent P wave and unclear S wave, which we have confidently 237 

identified only at the closest station GVE (Fig. 3). Although a secondary phase is observed on the 238 

horizontal components at some other stations (e.g. station ALF; Fig. 3), its arrival times differ on 239 

the two components and its particle motion is complex so we do not identify it as an S phase.It is 240 

more likely a complex interference pattern of scattered shear waves and surface waves possibly 241 

including S-to-P conversions. 242 

 All events have remarkably similar, nearly identical waveforms with correlation 243 

coefficient ≥ 0.9 at the nearest stations. Fig. 4 shows examples of waveforms throughout the 244 

whole time period, starting from March 2011, when the first small events were recorded. The 245 

similarity of the waveforms is striking and only slight changes can be noticed, from August 2012. 246 

The frequency content is narrow banded around 3-4 Hz at the closest station GVE and nearly 247 

monochromatic around 3 Hz at most other stations (Figs. 3 and 4).  248 

 The signals are characterized by a number of distinct seismic phases that we tried to 249 

interpret with particle motion plots. This however didn't help to discern and understand the 250 

different phases, which appear to be generated by interference of direct and scattered waves 251 

propagating in a heterogeneous medium. The complexity of the waveforms and their duration are 252 

therefore highly dependent on the distance from the source. A 6-7 sec long wave-train recorded at 253 

~1 km distance, becomes more than 20 sec long, at 30-40 km. This is indicative of strong path 254 

effects, generating a number of secondary phases that increase the complexity of the 255 

seismograms (Fig. 5).  256 

 Another interesting feature is that the larger events were often preceded by smaller 257 

events, only recorded by the closest station GVE (Fig. 3). At more distant stations, the small 258 

events disappear into the background noise.  259 

 260 
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 261 

SIZE: 1.5 column 262 

Fig. 3. a) Example seismograms of two different events at stations GVE and ALF. Notice the small event 263 

before the main one at GVE. The amplitude unit is digital counts, proportional to velocity. The arrows 264 

mark the P and S wave arrivals, where identified. b) Normalised amplitude spectra of the Z component at 265 

stations GVE and ALF. 266 

 267 
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 268 

SIZE: 1.5 column 269 

Fig. 4. Example waveforms of the Z component at station ALF (~6 km from the source) throughout the 270 

entire period of study, showing their similarity. To avoid cluttering the figure, one event per month is 271 

shown for cold seasons (when seismic rate is low) and two events per month for warm seasons (when 272 

seismic rate is high).  273 
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 274 

 275 

SIZE: 1.5 column 276 

Fig. 5. Stacked Z component seismograms of all events recorded at each station. The approximate 277 

epicentral distance is reported on y-axis. 278 

 279 

6. Time evolution 280 
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Visual observation of the seismic data indicated that a significant improvement in 281 

detectability could be achieved, compared with the IMO catalogue. As the waveforms are highly 282 

repeatable, cross-correlation of a sample waveform with continuous data was applicable to 283 

improve the event detection (cf. Lindblom et al., 2015 for a description of the correlation method). 284 

For this purpose we used data from station ALF, as it is close to the source and has been working 285 

continuously since February 2011. The best event in terms of signal to noise ratio was chosen 286 

from the IMO catalogue as a reference event (occurred on Oct 10, 2011).  Its waveform was band-287 

pass filtered between 2-4 Hz and a 3 second window starting 0.5 sec before the P wave arrival 288 

was cross-correlated with the continuous data from February 2011 to August 2013. Around 1800 289 

events were detected with a cross-correlation coefficient higher than 0.9 (mostly ≥ 0.95), 290 

significantly more compared to the 720 events of the IMO catalogue (Fig. 6). All the events were 291 

checked for possible false detections and visual inspection of 3 months of data proved that the 292 

cross-correlation analysis detected all visible events successfully.  Moreover, in order to check 293 

whether other similar events had occurred also before 2011, data from station ESK (operating at 294 

Katla before the network was augmented) were used for cross-correlation with continuous data 295 

from 2010.  In this case, no events were detected that matched a minimum correlation coefficient 296 

threshold set as 0.7. This confirms that seismic activity at Gvendarfell was absent before 2011. 297 

The local magnitude ML of the events was evaluated by calibrating the amplitude at ALF 298 

with the IMO magnitude estimation (moment magnitude Mw and local magnitude ML). The 299 

events overlapping between our improved catalogue and the IMO catalogue were used as a 300 

reference. Fig. 7 shows a logarithmic plot of the maximum amplitude at ALF versus ML, 301 

demonstrating a clear linear relation. A line fitting of the ML plot was used to translate ALF 302 

amplitudes (from our catalogue) into magnitudes (Fig. 7).  303 

 304 

 305 
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 306 

SIZE: 1 column 307 

Fig. 6. Cumulative number of events at Gvendarfell. The event detection of the catalogue obtained with 308 

cross-correlation is highly improved. A seasonal variation, with more events during warm seasons 309 

(corresponding to the steeper segments of the curve), is also clear on the top curve. 310 

 311 

 312 

SIZE: 1 column 313 

Fig. 7. Magnitude calibration. The maximum log amplitude at station ALF is plotted for all events of our 314 

catalogue overlapping with IMO catalogue. Linear correlation between ALF amplitude and IMO local 315 

magnitude, ML. The dashed line is the line fitted to the data to convert amplitudes to ML.  316 

 317 

The first Gvendarfell events detected at ALF occurred in March 2011 and were very small, 318 

around 0.2 ML (Fig. 8a) A sudden increase in magnitude occurred on July 7th and a striking time 319 

feature started on this day: a regular time pattern with 6 events per day at 4 hour intervals 320 

began a few hours before the tremor burst of the 2011 unrest episode (Fig. 9). Before that time, 321 

this pattern was not observed. A seasonal variation in the event rate is also observed, with 322 

maximal activity in late summer 2011, 2012 and 2013, which could not be discerned from the 323 

IMO catalogue (Figs. 6, 8a and 9). This correlation is not as clear in the cumulative moment 324 
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release plot (Fig. 8b), showing a sharp increase in the summer of 2011 and less clear increases in 325 

the following summers. The regular event rate is observed also during periods of lower activity, 326 

with occurrence frequency gradually decreasing to 1 event every 1-2 days in winter and then 327 

increasing again to the maximum rate (6 to 8 events per day, depending on the year) during 328 

summer (Fig. 9). Diurnal variability and correlation with precipitation rates was checked, using 329 

weather data from the IMO website. No correlation was found. This pattern is seen for the whole 330 

time period analyzed in this article (July 2011-August 2014), although the clearest regularity is 331 

observed during the summer of 2011. Some exceptions to this general pattern can be noticed, for 332 

example in March 2013 (Fig. 8a), when a small swarm of events was recorded, not correlated 333 

with any volcanic/geothermal or meteorological activity. According to the latest data from IMO, 334 

the seismic activity at Gvendarfell faded out and became insignificant in February 2015. 335 

However, it picked up again by the end of August 2015 and still continues in 2016 with a similar 336 

seasonal pattern as before.   337 

The amplitude behavior with time also has interesting features. It increased by a factor of 338 

10 at the onset of the tremor and stayed high for a year (Fig.8). After 1 year, the amplitude 339 

decreased by a factor of 2. A non-monotonic size distribution is also observed, with small events 340 

occurring in the background, mainly during periods of high seismic activity (Figs. 8a and 9). The 341 

regular time pattern is mainly observed for the class of larger events, whereas smaller events 342 

seem to occur at more random time intervals (Fig. 9), however this could be due to 343 

incompleteness of the catalogue below ML = 0.  344 

Fig. 10 shows the relation between the magnitude and the cumulative number of events. 345 

The size of the events does not follow the conventional empirical relation of Gutenberg-Richter 346 

(logN = a – bM). The non-monotonic size of the events shows up clearly in the non-cumulative 347 

plot in Fig. 10, with a peak around ML= 1 and a minimum around ML = 0.4. Another peak is 348 

present at around ML= 0. It is not clear if this is simply caused by incompleteness at magnitudes 349 
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< 0 or if this is a feature of the physical distribution. Note that it is impossible to estimate the 350 

magnitude of completeness in this case because the earthquakes do not follow any standard 351 

model.  352 

 353 

 354 

SIZE: 2 columns 355 

Fig. 8. a) Magnitude (ML) - time evolution of the Gvendarfell seismic sequence between January 2011 and 356 

July 2013. The arrow indicates the time of the tremor burst (July 8-9). The March 2013 swarm is also 357 

outlined (orange squared line). b) Cumulative seismic moment release in the same time interval as panel 358 

(a). The moment-magnitude relation used is logM0 = 1.5M + 9.1, where M0 is the moment and M is the 359 

magnitude. As we do not have an estimation of Mw, we used ML in this relation. Therefore, our estimates of 360 

seismic moment are uncertain. 361 

 362 
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 363 

SIZE: 2 columns 364 

Fig. 9. Time evolution of the Gvendarfell seismic sequence in 2011. The arrow indicates the time of the 365 

tremor burst, same as Fig. 8, corresponding to the beginning of the regular time pattern. Inter-event times 366 

vary between 4 hours in July-August to 1-2 days in December.   367 
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 368 

SIZE: 1 column 369 

Fig. 10. Magnitude (ML) – number (log N) relation, both cumulative (dots) and non-cumulative (crosses). 370 

 371 

 372 

7. Absolute location 373 

 The absolute locations from the IMO catalogue show a cloud of hypocenters, dispersed 374 

over a large area, several km in diameter (Fig. 11) around the Hafursárjökull glacial valley, on 375 

the southern side of Mýrdalsjökull glacier. However, the similarity of all the waveforms suggests 376 

a much smaller distribution of foci, which we can crudely estimate by requiring the phase 377 

difference to be smaller than a fraction of a period, in order to explain such high correlation. By 378 

taking this fraction as a quarter of a wavelength and assuming a dominant frequency of 3.5 Hz 379 

and an average velocity of 3.5 km/s, we can infer the maximum size of the hypocentre 380 

distribution to be ≤ 250 m. Reported uncertainty is on the order of 1 km in the horizontal and 381 

several km in the vertical, i.e. smaller than the distribution of locations, suggesting that 382 
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significant and variable (because of changes in station geometry) bias due to three-dimensional 383 

heterogeneity is present in the locations. 384 

7.1 Non-linear location method 385 

 386 

 We selected the best recorded events during the summer of 2014 (when 2 additional 387 

stations were deployed nearby) to be relocated. For this we used a probabilistic, non-linear 388 

method, mapping the likelihood function for each event around the center of the IMO location 389 

cloud with an exhaustive grid search (Lomax et al., 2000). The error distributions of arrival-time 390 

data and their predictions are assumed to be Gaussian. The error is not known. A distance 391 

weighting is assigned for stations farther than 3 km from the source to simulate increasing 392 

uncertainty with increasing distance. This defines a data covariance matrix, less an unknown 393 

scaling. This scaling is estimated based on the residual variance at minimum misfit and thus 394 

represents the combined error of observation and prediction. The velocity model used is one 395 

dimensional and based on tomographic results in the area (Jeddi et al., submitted for 396 

publication). Scalar station corrections (estimated based on time residuals) are introduced to 397 

absorb effects of lateral heterogeneity with an iterative procedure, starting from no corrections 398 

and iterating until converging to stable corrections. 399 

 The grid search extended over a 5x5 km2 area around the average IMO location of the 400 

events recorded in 2011-2013, down to 5 km depth, with 50 m resolution in the horizontal 401 

directions and 100 m in the vertical. As the phase composition of the wave forms is unclear (as 402 

explained above), particular care was taken when picking the P and S arrival times. The P wave 403 

was carefully identified first in the stacked wave forms and then consistently in the individual 404 

events (details of the stacking are explained below). The S wave was only picked at the closest 405 

station, GVE. The iterative process of relocation and station-correction estimation converged at 406 

the second iteration. The resulting rms correction was 0.17 sec.  407 
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7.2 Location results 408 

 409 

 Fig. 12 shows the resulting combined probability density of the hypocenter locations. The 410 

origin of the coordinate system is the average IMO location (at N63º32.772' and W19º06.588') and 411 

depth is referred to the average elevation in the source region (at 800 m.a.s.l.). Our relocations do 412 

not differ much from the IMO average, except for a ~500 m shift to the east. The distribution of 413 

hypocenters is much smaller than in the IMO catalog locations (Figs. 11 and 12a). The 414 

uncertainty of the relocations is around 400 m in the horizontal dimensions and 500-600 m in 415 

depth, as inferred from the probability distributions of the locations of single events (Fig. 12b). 416 

The cluster appears to be located in the shallow subsurface, between 0.5 and 0.9 km depth. It is 417 

clear from comparing Fig. 12a, showing the combined distribution of the cluster, and Fig. 12b, 418 

showing the distribution for an individual event, that the cluster distribution is dominated by the 419 

uncertainty. Therefore, the cluster may be much smaller in extent than Fig. 12a suggests. The 420 

eastward shift of the center of mass of the distribution compared to the average IMO location is 421 

marginally resolved. The depth is marginally resolved to differ from zero. A clear correlation 422 

(trade off) is persistent between depth and easting. This is controlled by the station geometry, 423 

with the nearest station GVE, yielding S picks, a few km to the west-northwest. Some trade off 424 

exists between depth and origin time, but inclusion of S picks from station GVE reduces that 425 

significantly. 426 

SIZE: 1.5 column 427 
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 428 

SIZE: 2 columns 429 

Fig. 11. Locations and depth distribution of the Gvendarfell seismic events, from IMO catalogue: grey = all 430 

locations 2011-2013; red = 30 events in summer 2014, which are shown relocated with non-linear method 431 

in Fig. 12a. The star is the average IMO location (N63º32.772', W19º06.588') and corresponds to the 432 

origin of the axes of Fig. 12. Black triangles are the seismic stations. The glacier outline (in blue) is derived 433 

from LiDAR DEM obtained in 2010 (Jóhannesson et al., 2013). 434 
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 435 

SIZE: 2 columns 436 

Fig. 12. a) Non-linear locations of the Gvendarfell seismic events: combined probability density of all 437 

locations (34 events in total occurred in summer 2014). b) Probability density of the location of one example 438 

event, to show the single event uncertainty. The scale is normalised and the density ranges from 1 (yellow, 439 

in the centre of the distribution) to zero (white). The black contour lines correspond to 0.9 – 0.1 with 0.1 440 

spacing. The grey contour lines are 0.05, 0.03, 0.01. 441 

 442 

 443 

8. Focal mechanisms  444 

 Although we do not know what kind of source generates the Gvendarfell events, we tried 445 

to obtain some description of it using regular earthquake source analysis (e.g. focal mechanism 446 
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based on first motion polarities). If the source is different from that of a tectonic earthquake (e.g. 447 

geothermal/volcanic processes involving fluids), a shearing type focal mechanism would be 448 

inappropriate, but the first motion descriptions still valuable. 449 

 The waveforms of the Gvendarfell seismic events are strongly affected by path effects. In 450 

addition, the geometry of the network was unfavourable for source studies, with most stations 451 

located several kilometers away from the source, mainly because of the glacier. Therefore, it was 452 

not considered promising to use a full waveform inversion to constrain the source mechanism. 453 

Such a method is also very sensitive to erroneous velocity models, particularly at shallow depth 454 

(Bean et al., 2008), which strongly affects stations farther from the source. Therefore, an attempt 455 

to retrieve the focal mechanism was done based on the first motion polarities. The emergent P 456 

onset is difficult to identify for low-frequency events. Therefore, the signal-to-noise ratio was 457 

improved by aligning and stacking all the waveforms at each station (20 stations in total). This 458 

was possible thanks to the extreme similarity of the waveforms. Each waveform was weighted 459 

according to its signal-to-noise ratio and the uncertainty of the stack evaluated as the variance of 460 

the weighted mean.   461 

 The first arrivals, however, remained unclear at many stations. A closer insight into the 462 

zoomed P waves, showed that the first wiggles of all waveforms are highly correlated between 463 

different stations. Therefore, by taking the clearest onset (positive polarity at the closest station 464 

GVE) as reference, we were able to interpret all the others. We did this by correlating the 465 

reference GVE onset with the stacked P onset at all other stations, first the original ones and 466 

then the reversed. The stations resulting in the best correlation for the original onset were 467 

assigned a positive polarity and vice-versa. The reason for this is intuitive and looks clear from 468 

Fig. 13, showing the resulting polarities and the beginning of the seismogram for all stations.  469 

 The interpretation of the first motions, however, is not trivial and no unique solution of 470 

the focal mechanism can be obtained. This arises mainly from the poor coverage of the focal 471 
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sphere.  Also, as the source is located in the shallow, low-velocity layers, take-off angles can vary 472 

considerably and strong scattering effects due to the heterogeneous medium are expected to 473 

affect azimuth angles. A tentative fault-plane solution is drawn, consistent with normal faulting. 474 

This is however not well constrained and other mechanisms, with different combinations of 475 

CLVD (Compensated Linear Vector Dipole) and volumetric components might be invoked. 476 

Certainly, the polarities are not consistent with either thrust faulting or with a pure 477 

implosion/explosion. 478 

 479 

SIZE: 1 column 480 

Fig 13. First motion polarities of the Gvendarfell events, for all seismic stations. Orange dots for positive 481 

polarities and white for negative. The beginning of the Z component seismogram for each station is also 482 

plotted, with colour corresponding to the polarity. A tentative fault plane solution consistent with normal 483 

faulting is drawn.  484 

 485 

9. Discussion 486 

9.1 Event classification  487 
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The Gvendarfell seismic events have low frequency content, observed at all stations, from 488 

the closest (around 1 km) to the farthest (around 40 km). Path effects seem to be important at 489 

most stations, as seen from increasing complexity of the waveforms with distance from the 490 

source. Moreover, the presence of the glacier might also play a role as a filter for high frequencies 491 

(Weaver and Malone, 1979; Métaxian et al., 2003). If this was dominant, we would expect the 492 

same effect for the caldera events as well, where the glacier is much thicker, up to 700 m, 493 

compared to few tens of meters at Hafursárjökull above the Gvendarfell seismic source. However, 494 

we point out that other shallow events originating inside the Katla caldera contain a broader 495 

spectrum of frequencies, up to 10-15 Hz, with higher frequencies not completely attenuated by 496 

path effects. We therefore interpret the low frequency content of the Gvendarfell events as a 497 

source property and classify them as LP events. Moreover, other features of the waveforms are 498 

similar to those of LP events at other volcanoes: i) similarity of waveforms, ii) emergent onset of 499 

P wave, iii) unclear S wave, iv) narrow peaked spectra with typical frequencies between 0.5 and 5 500 

Hz (Chouet, 2003).  501 

 502 

9.2 Glacial vs volcano-related source 503 

 As the depth of the cluster is not distinguishable with certainty from the surface and the 504 

location corresponds to a glacier stream, glacial processes must be considered also as possible 505 

sources of the Gvendarfell seismicity. Glacial earthquakes can be associated with glacier sliding, 506 

e.g. stick-slip ice motion (Weaver & Malone, 1979; Ekström et al., 2006; Wiens et al, 2008;  507 

Thelen et al., 2013) or with ice avalanches and ice falls (Weaver & Malone, 1979; Caplan-508 

Auerbach and Huggel C., 2007; Roux et al., 2008; Jónsdóttir et al., 2009).  Resonance of ice cracks 509 

(Métaxian et al., 2003) or resonance of the glacier (Wolf and Davies, 1986) can also generate LP 510 

events, but for the reasons discussed below, we consider resonance processes unlikely.  A glacial 511 

origin of these events could be in accordance with the seasonal variation observed, as it is usual 512 
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for glacier seismicity to peak during warm seasons (e.g. Wolf and Davies, 1986; West et al., 2010; 513 

Moore et al., 2013). Glacier movements are enhanced due to summer melting, which in Iceland 514 

peaks in July and August, after the summer thaw. An example of regular and repetitive glacial 515 

seismicity over years has been observed in a Transantartic Mountains glacier (Winberry et al., 516 

2015). The size (likely a few hundred meters) and slip-rate (50 m per year) of that glacier are 517 

however much bigger compared to Hafursárjökull glacier. Hafursárjökull is a small, stagnant 518 

alpine glacier, not more than few tens of meters thick, and is unlikely to be capable of producing 519 

such persistent seismicity. Fig. 14 shows a picture of the glacier, highlighting its small size and 520 

showing its actual margin, compared to the outline drawn in Fig. 11. The seismicity of alpine 521 

glaciers is usually highly variable in amplitude, recurrence interval, waveforms and often shows 522 

changes on diurnal basis and correlation with precipitation rates (Thelen et al., 2013). None of 523 

these characteristics are seen at Gvendarfell, where only one family of nearly identical seismic 524 

events has been observed for more than 3 years. In addition, if a relation existed between the 525 

Gvendarfell seismicity and glacial processes, it would be difficult to understand why similar 526 

events are not observed at more active glacier streams nearby or at other glaciers in Iceland. As a 527 

final consideration, the time association with the unrest episode in July 2011 seems easier to 528 

reconcile with volcanic or geothermal processes.  529 

 530 
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 531 

SIZE: 1 column 532 

Fig. 14. Aerial view of Hafursárjökull glacier. The red dashed line is the glacier outline shown in Fig. 11. 533 

The black dashed line is the actual glacier limit in August 2015. The area marked with black lines is ice 534 

covered by debris. The star corresponds to the approximate location of the center of the absolute 535 

hypocenter locations (obtained with the non-linear method, Fig. 12) and the box crudely indicates its 536 

uncertainty. The approximate location of the seismic station GVE is also drawn with a black inverted 537 

triangle. 538 

 539 

9.3 Interpretation of the source process 540 

 541 

Due to their association with eruptions, it is commonly thought that LP events are caused 542 

by fluid movements within the volcano, for example magma injection into fractures or crypto-543 

dome formation (Okada et al., 1981; Cruz and Chouet, 1997; Rowe et al. 2004; Neuberg et al., 544 

2006), or processes related to  hydrothermal systems (Moran et al., 2000; Saccorotti et al., 2007; 545 

Guðmundsson and Brandsdóttir, 2010; Jousset et al., 2010; Matoza and Chouet, 2010; Arciniega-546 

Ceballos et al., 2012). The narrow-banded frequency range of LP seismograms at volcanoes is 547 
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often associated with resonance processes in which the dominant frequency of the source is 548 

related to specific geometries and/or fluid characteristics. In particular, monochromatic, volcanic 549 

LP events may be interpreted in terms of resonance of fluid-filled cracks (e.g. Chouet, 1996; 550 

Kumagai and Chouet, 1999; Saccorotti et al., 2007). However, a resonance process is expected to 551 

generate a long coda of decaying harmonic oscillations, which is not observed in the Gvendarfell 552 

events. While most stations record a long-duration signal, resembling resonance, the proximal 553 

observation from GVE station is short in duration and indicative of a more pulse-like source 554 

rather than resonating. This feature of LP events has been described by Bean et al. (2014) and 555 

explained as a strong path effect, very pronounced for shallow sources in the low-velocity, near-556 

surface layers. They carried out a dynamic rupture simulation and showed that long-period 557 

signals can be generated by slow-rupture in unconsolidated volcanic materials. This indicates 558 

that LP events are not necessarily generated in association with fluid movements.  559 

The high repeatability of waveforms and regular occurrence of LP events characteristic of 560 

the Gvendarfell seismicity have been observed at other volcanoes worldwide (Cruz and Chouet, 561 

1997; Ramos et al., 1999; Green and Neuberg, 2006; Rowe et al. 2013), often associated with 562 

rising domes (e.g. Okada et al., 1981; Neuberg et al., 2006) or with the interaction of 563 

hydrothermal and magmatic systems. For example, repetitive LP events at Popocatépetl were 564 

associated with the non-destructive process of repetitive injection of hydrothermal fluid into a 565 

fracture resulting in a sudden discharge when a critical pressure is reached (Arciniega-Ceballos 566 

et al., 2012).  Matoza and Chouet (2010) interpreted repetitive LP events occurring at Mt. St. 567 

Helens with regular inter-event time spacing in terms of rapid heating of water and dissolved 568 

volatiles in a shallow hydrothermal crack, with events triggered by phase changes from liquid to 569 

vapor. In all most cases, repeating LP seismicity has been observed either prior to or during 570 

eruptions, their repeatability lasts for days to months and the regular time intervals between 571 

successive events are on seconds to minutes scale. The Gvendarfell events, instead, did not 572 
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precede or accompany an eruption (at least not in the same area), although they started in 573 

coincidence with a tremor event recorded inside the caldera. Moreover, the same waveforms have 574 

been recorded for around 3.5 years, occurring with regular inter-event times ranging from hours 575 

to days, depending on the season. These features make the Gvendarfell seismicity a unique case.   576 

 The Gvendarfell events are also different compared to the other LP events recorded at 577 

Katla, most of which are located at Goðabunga, on the western flank of the volcano. The other 578 

Katla LP events have a wider spectrum of frequencies, with higher frequencies in the beginning 579 

of the waveform decreasing towards the end, as opposed to the nearly monochromatic waveforms 580 

at Gvendarfell. In addition, no other cluster at Katla is composed of only one family of waveforms 581 

and no other cluster has a similar regular time pattern. The seasonal correlation also differs: the 582 

Goðabunga activity peaks later in autumn (Einarsson and Brandsdóttir, 2000; Jónsdóttir et al., 583 

2009) as opposed to July/August at Gvendarfell and the caldera events have a less pronounced 584 

seasonality. 585 

The non-monotonic size distribution is also peculiar and is reflected in the magnitude-586 

cumulative number curve, where it is difficult to identify a unique b-value (Fig. 10). Earthquakes 587 

below ML = 1 clearly dominate, implying that the source size is restricted and not capable of 588 

producing events larger than a threshold size. A similar case, with minor events occurring in the 589 

background of larger LP events, was observed at Mt. St. Helens during the 2004-2008 eruption 590 

period and interpreted in terms of less energetic fluid to gas phase changes, involving a smaller 591 

volume of fluid in a shallow hydrothermal crack (Matoza and Chouet, 2010). Non-linear 592 

magnitude-frequency relationships are commonly observed at volcanoes, e.g. the earthquakes 593 

accompanying the dyke injection at Krafla in September 1977 (Brandsdóttir and Einarsson, 594 

1979). 595 

Since we could not model the source mechanism, for the reasons discussed in section 8, we 596 

are not able to discuss in detail the physical process generating the Gvendarfell events. However, 597 
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the striking time evolution, together with the repeatability of the waveforms over years, are 598 

indicative of a remarkably stable process repeating itself at regular time intervals, modulated by 599 

seasons, for an unusually long time. Although glacial processes cannot be completely ruled out, 600 

we regard volcano-related processes as more likely to generate such a stable seismicity.  601 

Among volcanic processes, both magma-related (e.g. magma intrusion, dome formation) 602 

and non-magma related hydrothermal processes (e.g. fluid instabilities, thermal cracking) are 603 

candidate sources. The former interpretation fits with the geological evidence of silicic extrusive 604 

bodies at the caldera rim and on the eastern and southern flanks of Katla (Lacasse et al., 2007; 605 

Jóhannesson and Sæmundsson, 2009). A similar aureole of silicic domes is found around the 606 

caldera of Krafla in Northern Volcanic Zone (Jónasson, 1994). Therefore, a rising shallow viscous 607 

magma body is a plausible geological processes in the Gvendarfell area. A normal faulting 608 

mechanism with a dilatational component, consistent with the first motion polarities shown in 609 

Fig. 13, could fit with the hypothesis of an intruding dike. The time association with the tremor 610 

episode of the 2011 unrest would also fit with such magma-related interpretation. However, the 611 

GPS station operating during the summer of 2014 around 2 km south of the hypocentral area 612 

(Fig. 1) did not report evidence of ground deformation to support the hypothesis of a slowly 613 

intruding dyke. Moreover, the seasonal correlation of the seismicity appears difficult to reconcile 614 

with magma-related processes. Thus, we regard hydrothermal processes as more likely than 615 

magma movements to explain this seismicity. A minor hydrothermal system might have been 616 

activated on Katla’s south flank during the unrest episode in July 2011. The regular time pattern 617 

of the seismicity could be associated with a steady process of cyclic heating and cooling of the 618 

fluid phase in a hydrothermal crack system with LP events generated by phase changes between 619 

liquid and vapor (Matoza and Chouet, 2010). In this scenario, the seasonal correlation of the 620 

seismicity could be explained in terms of varying supply of ice melt water to the hydrothermal 621 

system, with peaks correlating with the warm seasons. Less energetic phase changes, involving 622 



 

33 

 

smaller volumes of fluids, might explain the subset of smaller events. The first motion polarities, 623 

although not univocally interpretable, can be consistent with non-double-couple mechanisms 624 

observed at other geothermal areas such as Hengill in Iceland (e.g. Miller et al., 1998). However, 625 

we point out that there is no visible evidence of geothermal activity, new or old, in the area. The 626 

new hydrothermal system, therefore, has to be entirely concealed. Furthermore, a new 627 

hydrothermal system needs a new heat source. A small dyke injection into the southern caldera 628 

wall or changes to a permeable crack system in conjunction with the thermal event in July 2011 629 

are possible scenarios. A summary of possible interpretations and corresponding pros and cons is 630 

reported in Table 1. 631 

 632 

 633 

 634 

Process Pros   Cons   

GLACIAL 

e.g. glacier sliding, ice-falls 

- seasonal correlation 

- shallow depth 

 

- small, stagnant glacier 

- no correlation with precipitation rates 

- association with unrest episode 

- stability of the process over long time  

- depth (?) 

VOLCANIC 

(magma involved) 

e.g. dome rising, viscous 

magma injection 

- geological evidences: silicic extrusive 

bodies at the caldera rim and 

south/east flanks 

- association with unrest episode 

- normal faulting mechanism (?) 

- seasonal correlation 

- no ground deformation detected  

HYDROTHERMAL 

(no magma involved) 

e.g. phase changes of the 

geothermal fluid, thermal 

- shallow depth 

- high repeatability 

- association with unrest episode 

- seasonal correlation can be explained 

- no evidence of geothermal activity 
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cracking - regular time pattern can be explained 

 635 

Table 1. Summary of pros and cons of the three suggested interpretations of the source process of the 636 

Gvendarfell seismic events. 637 

   638 

 10. Conclusions 639 

Since July 2011 the seismicity pattern at Katla volcano has shown changes: a new cluster 640 

of shallow, repeating LP seismic events has been observed on Katla’s south flank, at the southern 641 

edge of Mýrdalsjökull glacier, 4 km south of the caldera rim. The onset of this seismicity 642 

coincided with an unrest episode culminated in a glacial flood from the south-east rim of the 643 

glacier, on July 9th, 2011. The seismicity on the south flank had never been observed before and 644 

continued for around 3.5 years with the same features. 645 

Since these seismic events are located in a glaciated area, both volcanic and glacial 646 

processes must be taken into account as possible sources. Because of the characteristics of the 647 

small glacier stream and because of the remarkable stability of the main features of the 648 

seismicity over years, we regard volcano-related processes as more likely to generate this 649 

seismicity. However, we cannot rule out a glacial source and this study highlights the difficulty 650 

and the importance of discriminating glacial and volcanic sources at subglacial volcanoes.   651 

Although they share some common features with LP earthquakes at other volcanoes 652 

worldwide, the seismic events we have described represent a peculiar case study because of their 653 

temporal behavior and because they did not accompany an eruption. Despite a wide (literature) 654 

search, we could not find a similar case in the literature. They also differ significantly from other 655 

LP events within Katla. 656 
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Among volcano-related processes, we suggest a shallow hydrothermal system is more 657 

likely than magma movement to explain this seismicity, mainly because the clear seasonal 658 

correlation is easier to reconcile with a process involving water. The extremely regular time 659 

pattern over a long time (at least 3.5 years) together with the similarity of all the waveforms, 660 

point to a stable, non-destructive source mechanism over time. We regard the regular seismic 661 

rate, modulated by seasonality, as the most striking feature of this seismicity. Therefore, we look 662 

for a steady source process, in both location and mechanism, in which some critical parameter 663 

induces the regular time interval between events. This might be related to a steady process of 664 

heating and cooling of a fluid phase, in a geyser-like process. As the fluid phase is supplied by the 665 

glacier, a seasonal correlation can be expected as a response to the summer ice melting. Our 666 

hypothesis is therefore that a small, shallow hydrothermal system might have been activated on 667 

Katla’s south flank, in coincidence with the 2011 unrest episode. As a power source, we suggest 668 

either a short lived dike intrusion towards the south flank or a crack connection to a heat source 669 

established during the unrest. However, no evidence of old or new hydrothermal activity has 670 

been seen in the area.  671 

Further studies, such as relative relocation of the hypocenters and further insights into 672 

the tremor episode of July 2011, will help interpreting the source processes and volcanological 673 

implications of this peculiar cluster of LP events on the south flank of Katla.  674 

 675 
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