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Abstract 26 

The ice-capped Eyjafjallajökull volcano, south Iceland, had been dormant for 170 years when 27 

the first signs of rewakening of the volcano were captured by seismic and geodetic 28 

measurements in 1994. These were the first clear observed unrest signs followed by 16 years 29 

of intermittent magmatic unrest culminating in 2010 when two eruptions broke out on the 30 

flank and at the summit. We analyze seismic data from 1991 through 2008 and GPS data from 31 

1992 to May 2009 to infer magma movements beneath the volcano. The relocated 32 

earthquakes reveal an overall pipe-like pattern northeast of the summit crater, sporadically 33 

mapping the pathway of magma from the base of the crust towards an intrusion in the upper 34 

crust. During the study period three major seismic swarms were recorded. Two of them, in 35 

1994 and 1999-2000, occurred in the upper and intermediate crust and accompanied crustal 36 

deformation centered at the southeastern flank. No uplift was detected during the 19-25 km 37 

deep 1996-swarm, near to the crust-mantle boundary, but the horizontal, ~E-W oriented T-38 

axes indicate a period of tension/opening, suggesting magma intruding up into the base of the 39 

crust. The GPS measured deformation during 1999-2000 can be modelled as intrusion of a 40 

horizontal, circular sill with volume of 0.030 ± 0.007 km3 at 5.0 ± 1.3 km depth. The less 41 

constrained 4.5-5 km deep sill-model for the 1994 episode indicates a three times smaller 42 

intruded volume (0.011 km3) than during 1999-2000. In the years between/following the 43 

intrusions, contraction was observed at the southeastern flank. The contraction from 2001 to 44 

2009.3 can be fitted by a circular sill model with a volume contraction of -0.0015 ± 0.0003 45 

km3/year at 5.5 ± 2.0 km depth. The accumulated volume change (~ -0.014 km3) is much 46 

larger than expected due to solidification and cooling of magma alone and might partly be 47 

explained by degassing (CO2) and mass loading effects within the crust due to the intruded 48 

magma.  49 

 50 

Keywords: VT-earthquakes, double-difference relocations, intrusion, uplift, subsidence, sill 51 

model. 52 

 53 

1. Introduction 54 

 55 

Eyjafjallajökull volcano in south Iceland rises 1666 m a.s.l. and is partly covered by an ice 56 

cap (Figure 1a). The volcano has a prominent ridge shape, elongated in the east-west 57 
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direction, with an east-west-striking fissure swarm as well as a radial dyke system extending 58 

from the small summit crater (Jónsson, 1988). Geodetic measurements suggest negligible 59 

spreading rates (Geirsson et al., 2012) across the region and it lacks the prominent NE-SW 60 

rifting structures characteristic for the Eastern Volcanic Zone (EVZ) (Sæmundsson, 1979). 61 

The slopes of Eyjafjallajökull volcano have been eroded by the outlet-glaciers and rivers 62 

extending from the ice cap. Reversely magnitized rocks are found in the gullies on the south 63 

side of the volcano, indicating that volcanic activity has persisted for over 0.7 M years. In 64 

some places intrusion rock accounts for roughly 70% of the rock volume (Jónsson, 1985).  65 

 66 

Eyjafjallajökull volcano is seismically relatively quiet, with low levels of activity between its 67 

intrusion/eruption phases. The neighbouring Katla volcano, overlain by the larger 68 

Mýrdalsjökull ice cap, shows more persistent seismic activity, especially at its western flank 69 

(Soosalu et al., 2006; Jónsdóttir et al., 2007; Jakobsdóttir, 2008). During the operation of the 70 

analog, single component, Icelandic Seismograph Network (ISN) between 1967 and 1990, 71 

only fourteen events were located at Eyjafjallajökull whilst hundreds of events were detected 72 

in Katla (IMO database ; Skjálftabréf, 1979; Einarsson and Brandsdóttir, 2000).  73 

 74 

The number of detected earthquakes at Eyjafjallajökull volcano has risen substantially since 75 

the beginning of digital, automatic detection of seismicity by the SIL (South Iceland 76 

Lowland) network in 1991. Three main periods of unrest were recorded in Eyjafjallajökull 77 

prior to 2009; in 1994, 1996, and 1999-2000. The 1994 and 1999-2000 seismic swarms were 78 

accompanied by uplift, suggesting the formation of horizontal sill intrusions at 4.5-6.3 km 79 

depth below the volcano’s southern flank (Pedersen and Sigmundsson, 2004 and 2006; 80 

Hooper et al., 2009, Sturkell et al., 2010). In 2009-2010 the volcano experienced an unrest 81 

period culminating in two very different eruptions, in March and April 2010 (Sigmundsson et 82 

al., 2010). Eyjafjallajökull volcano has only two to three known historic (last 1100 years) 83 

eruptions prior to 2010; a flank eruption around 920 (Óskarsson, 2009), a possible summit 84 

eruption in 1612 or 1613 (Jónson, 1774; Larsen, 1999) and summit eruption 1821-23 85 

(Thoroddsen, 1925). In comparison twenty-one confirmed eruptions have been recorded for 86 

Katla volcano during the same period (Larsen, 2000).  87 

 88 

In this paper we describe the seismic activity within Eyjafjallajökull recorded by the SIL 89 

network from 1991 through 2008, with emphasis on seismic swarms in 1994, 1996, and 1999-90 

2000 and the associated deformation. The earthquakes are relocated using a double-difference 91 
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algorithm and focal mechanisms are analyzed. Available GPS geodetic data from the region 92 

are used to evalute and model the deformation during both periods of high seismic activity 93 

and the relative quiet periods. 94 

 95 

 96 
 97 
Figure 1. a) Map of South-Iceland and Eyjafjallajökull (Ey), with location of seismic- and GPS-stations, used in 98 
this study, coloured according to begin-date of automatic recording or installation date of benchmark (Table S1). 99 
Triangles denote seismic stations, squares CGPS stations and inverted triangles GPS campaign sites. Names of 100 
seismic stations and CGPS stations are shown. GPS-site HAMR was operating continuously from 2006 to 2008. 101 
Fissure swarms (grey areas), volcanic systems, and calderas are shown (from Sæmundsson and Einarsson, 1987) 102 
and main tectonic features: Reykjanes Peninsula (RP), the Western Volcanic Zone (WVZ), the Eastern Volcanic 103 
Zone (EVZ), and the South Icelandic Seismic Zone (SISZ) which takes up the transform motion between the RP 104 
and the EVZ. The caldera of the neighbouring Katla volcano is outlined, underlying the Mýrdalsjökull ice cap 105 
(Myr). Crustal thickness of the velocity model used in this research is based on an observed Moho reflection 106 
from the location marked by the X. The H marks the location of the deep earthquake swarm in December 2007 107 
(Figure S6). b)  Seismicity and earthquake magnitudes during the period 1991-2009. (Upper panel) Cumulative 108 
number of earthquakes (black line), cumulative seismic moment (grey), and (Lower panel) magnitude 109 
distribution of the 748 events used for analysis (shown in Figure 2b). Black triangles mark installation date of 110 
SIL-stations, open triangles mark the end of operation. 111 
(One or 1.5 column width) 112 
 113 
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2. Seismic and geodetic data 114 

2.1 Seismic data and analysis 115 

In 1989 and 1990 the first eight digital seismometers of the South Iceland Lowland (SIL) 116 

seismic network were installed. The network consists mostly of short period, three-component 117 

seismic stations (Stefánsson et al, 1993; Böðvarsson et al., 1996). In May 1991 the automatic 118 

detection system for the SIL network at the Icelandic Meteorological Office (IMO) became 119 

operational (Böðvarsson et al., 1996, 1999; Jakobsdóttir, 1998).  The network sensitivity has 120 

increased over time with the installation of new seismic stations. In 1991-1992 only one 121 

station (mid) was located within 100 km distance from Eyjafjallajökull volcano, with events 122 

down to Ml~0.5 being detected. In August 1992 the SIL-station skh was added to the network 123 

32 km south-east of Eyjafjallajökull and in February 1993 station snb was installed about 45 124 

km to the ENE (Figure 1), improving the detection threshold down to Ml~0.3 and increasing 125 

the location accuracy of the system in the vicinity of Eyjafjallajökull (Figure 1). By the end of 126 

2008 the network consisted of 55 seismic stations located around the plate boundary in 127 

Iceland, with 16 stations within ~100 km of Eyjafjallajökull, giving a completeness threshold 128 

of around Ml 0.9 and event magnitudes down to Ml -0.4 being detected (Figure 1).  129 

 130 

The original seismic catalogue locations were acquired using the 1-D SIL-velocity model 131 

(Stefánsson et al., 1993) (Figure 2), which is based on velocity profiles in 132 

western/southwestern Iceland (Bjarnason et al, 1993). The SIL model has a VP/VS= 1.78 and 133 

no Moho-velocity discontinuity. The reading accuracy of P-wave arrivals can go down to the 134 

order of 0.1-0.2 s, which corresponds to approximately 600-1200 m in absolute location error. 135 

Applying cross-correlations techniques on the waveforms at each station, the relative travel 136 

time difference between similar and neighbouring earthquakes can be found with subsample 137 

accuracy at each station. This can decrease the relative location error between the events 138 

down to tens of metres (e.g. Slunga et al., 1995; Waldhauser and Ellsworth, 2000). We used 139 

the multi-event, double-difference relocation method of Slunga et al. (1995) to improve 140 

locations for our data set. For the relocations we tested two velocity models, the SIL-model 141 

and model P23 (blue line in Figure 2). P23 is based on the average of one-dimensional P- and 142 

S-wave velocity structures derived from two seismic profiles (P2 and P3) that extend 143 

eastwards from the Hengill triple junction and pass south of and north of the volcano 144 

(Vogfjörd et al., 2002). The VP/VS ratio is 1.77 for the uppermost kilometres but changes to 145 
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1.78 at ~14 km depth. It has a Moho-boundary at a depth of 22 km, based on a Moho 146 

reflection at Fljótshlíð (X in Figure 1a), 28 km northwest of Eyjafjallajökull’s summit, 147 

recorded at station skh. When using the SIL model, events from the 1994 swarm (1st 148 

relocation period) separated spatially from the 1999-2000 cluster (2nd period), both in depth 149 

and latitude. The difference was negligible when using the P23-model and further analysis 150 

was based on that model.   151 

 152 

 153 
 154 
Figure 2. a: Original selection of catalogue events in map view (above) and vertical cross section viewed from 155 
south (below). Fault plane solutions (FPS) are shown for the two largest events of the data set, occurring on 1 156 
March 1999. b: Relocated seismicity. The SIL-velocity model used for the original locations (black) and P23-157 
velocity model (dashed blue) for the relocations are also shown for both P- and S-waves. FPS for the two largest 158 
events have been re-evaluated based on new locations. c: Selected relocated events with low relative error 159 
(within 100 m in latitude and longitude and 300 m in depth). The insets show handpicked selection of events 160 
(from events in b) that define the horseshoe shaped clusters during the two intrusion episodes.   161 
(width: 2 columns or one page landscape) 162 
 163 

Initially, all manually checked events from the SIL-catalogue between -20.0°E and -19.45°E 164 

and from 63.4°N to 63.7°N from 1991 through February 2009 were selected, a total of 922 165 

events (Figure 2a). Since accurate clock information were not available or easily accessible 166 

for all stations until in June 1997, the data set was split into two separate time periods, before 167 

and after 14 June 1997. During the relocation, outliers and poorly correlating events are 168 
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eliminated from the catalogue. In addition, we did not consider shallow, scattered activity east 169 

of -19.52°E which is probably not related to Eyjafjallajökull volcano but occurs at 170 

Goðabunga, west of the Katla caldera rim (Einarsson and Brandsdóttir, 2000; Soosalu et al., 171 

2006; Jónsdóttir et al., 2007; Jakobsdóttir, 2008), leaving 748 events (Figure 2b). 172 

 173 

The improved earthquake locations were used to evaluate fault plane solutions using the 174 

method of Rögnvaldsson and Slunga (1993 and 1994). This method uses a grid search and 175 

comparison of calculated and measured amplitudes and manually picked polarities to create a 176 

range of possible double-couple solutions. We analysed the optimum solution, i.e. the one 177 

with the smallest measured vs. calculated amplitude fit error.  178 

2.2. GPS measurements and analysis 179 

GPS geodetic measurements around Eyjafjallajökull have been conducted multiple times 180 

since 1989 to monitor the volcano.  In 1999 a continuous GPS station (SOHO) was installed 181 

southeast of the volcano in response to increased activity and in 2000 the continuous GPS 182 

station THEY was installed at the southern flank of Eyjafjallajökull volcano, 550 m west of 183 

existing benchmark SELJ. In addition the GPS station HAMR was operated continuously 184 

from 2006 to 2008. Here we present a systematic re-analysis of all GPS data available from 185 

the Eyjafjallajökull geodetic network from August 1992 to May 2009.   186 

 187 

The GPS data were analyzed using the GAMIT/GLOBK version 10.4 using from 25 (in 1992) 188 

to over 100 global CGPS stations in the analysis to evaluate site positions in the ITRF08 189 

reference frame. In the analysis we solved for station coordinates, satellite orbit and Earth 190 

rotation parameters, estimating atmospheric zenith daily every two hours and using three 191 

atmospheric gradients per day. We used the IGS08 azimuth and elevation-dependent absolute 192 

phase center model with an elevation cutoff angle of 10° for the ground based antennas and 193 

applied the FES2004 ocean loading model. We used tsview of GGMATLAB (Herring, 2003) 194 

to evaluate more realistic uncertainties for continuous and semi continuous GPS stations, 195 

assuming a first order Gauss-Markov process.  196 

The data were projected into an ITRF08 Eurasian fixed reference frame (Altamimi et al., 197 

2012) and corrected for GIA model predictions for a layered earth model based on ice history 198 

of the four major glaciers in Iceland since 1890 (Árnadóttir et al., 2009; Schmidt et al., 2013, 199 

Peter Schmidt personal communication 2014). Árnadóttir et al. (2009) used vertical 200 
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deformation rates estimated from the ÍSNET nationwide GPS campaigns in 1993 and 2004 to 201 

evaluate the optimal earth parameters for their GIA model. The 1-D Earth model that best 202 

fitted the GPS data had an elastic thickness of 40 km and a viscosity of 1019 Pa s. Subtracting 203 

the horizontal deformation rates predicted by an optimal plate boundary model from the 204 

ISNET data, Árnadottir et al. (2009) observed a systematic signal of residual velocities 205 

directed away from the glaciers. A comparison to the horizontal velocities predicted by their 206 

preferred GIA model showed a close resemblance in the direction although in some places the 207 

predicted magnitudes were significantly smaller than the observed residuals most notably 208 

around Mýrdalsjökull and Eyjafjallajökull glaciers. Therefore, we investigated the effect of 209 

scaling the horizontal GIA-correction during our model calculations. We used χ2
ν 210 

minimization to find GIA scaling and optimum model parameters, 211 

𝜒!! =    (!!"#,!,!!!!"#$%,!,!

!!,!
!
!!!

!
!!! )!/(3𝑁 − 𝜐) where N denotes the number of stations and 3N 212 

is the total number of observations (velocities) (three components from N stations) and ν 213 

denotes the degree of freedom or free model parameters. We found a significant improvement 214 

in χ2
ν when using scaling factors between 1.2 and 1.8, with 1.6 giving the preferred model fit. 215 

Two Mw 6.5 earthquakes occurred in South Iceland in June 2000.  Coseismic offsets at the 216 

continuous sites THEY and SOHO are in agreement with model predictions by Pedersen et al. 217 

(2003) for these earthquakes.  We used their coseismic model to correct all time series (Figure 218 

3).  219 

The GPS data were modeled assuming deformation in an elastic halfspace due to the 220 

formation and contraction of simple sill intrusions under the volcano (Fialko et al., 2001), 221 

using a grid search and the dMODELS software of Battaglia et al. (2013), modified to account 222 

for (different) elevation of GPS stations, to find the preferred solutions. We used a Poisson’s 223 

ratio of 0.25. 224 

 225 
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 226 
 227 
Figure 3. Time series for N- and E-components from selected GPS-stations around Eyjafjallajökull from 1992 to 228 
May 2009. The data are in Eurasian fixed ITRF08 reference frame, corrected for GIA from Schmidt et al., 229 
(2013) (scaling horizontal correction by 1.6) and coseismic offset due to the June 2000 SISZ earthquakes from 230 
Pedersen et al., (2003). Grey lines show periods of seismic swarm activity. 231 
(Figure width: two columns) 232 

 233 
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3. Results 234 

Our relocated catalogue for Eyjafjallajökull volcano, recorded by the SIL network from 1991 235 

to 2008 consists of 748 events, ~64% of which occurred during the two intrusion events (in 236 

1994 and 1999-2000) and the deep 1996 swarm. The earthquakes range from 0.5 km to 37 km 237 

depth with 95% of the events occuring above 23 km. Majority of the earthquakes form two 238 

clusters, an upper cluster at 2-5 km depth and a lower cluster at 8-11 km depth, below the 239 

northern flank of the volcano. A selection of well located earthquakes, with relative error less 240 

than 100 m in horizontal location and under 300 m in depth (Figure 2), indicate a horseshoe-241 

shaped lower cluster, facing SSE and deepening eastwards (insert in Figure 2c). The deepest 242 

events, observed between 20 and 25 km depth, form a N-S-elongated cluster 2-3 km west of 243 

the main activity (light blue in Figure 2), with the best located events clustered below the ice 244 

cap, near the summit caldera. Additionally four small clusters with small relative error were 245 

observed within 2-3 km distance from the horseshoe-shaped cluster (numbered 1-4 in Figure 246 

2). 247 

 248 

The absolute location of the main cluster at 8-11 km is considerably deeper than the 6-8 km 249 

depth determined by Dahm and Brandsdóttir (1997) using four additional seismic stations 250 

temporarily deployed at Eyjafjallajökull during the 1994 swarm. It is thus likely that we have 251 

overestimated the depth of earthquakes in this main cluster. Additionally, data recorded after 252 

the installation of the station god (Figure 1), east of Eyjafjallajökull in 2006, suggest that the 253 

main cluster is located approximately 2 km farther south than indicated by pre 2006 data, or 254 

just east of the summit crater (Hjaltadóttir, et al., 2009; Tarasewicz, 2011). The relative 255 

location accuracy of the events within the cluster is, however, good and its shape is well 256 

constrained and consistent with the E-W orientation and the eastwards deepening also 257 

observed by Dahm and Brandsdóttir (1997) during 1994.  258 

 259 

The b-value from the magnitude-frequency relation (Gutenberg and Richter, 1944) was 260 

estimated both manually and by using the maximum likelihood (or curvature) method (Aki, 261 

1965; Wyss et al., 1997, Wiemer, 2001). For the complete dataset a b-value between 1.4-1.6 262 

was estimated (table 1), reflecting the b-value at shallow (0-5 km) and intermediate depths (7-263 

13 km) where majority of the earthquakes took place. In the lower crust, at 13-17 km, the b-264 

value decreases to 1.1, but increases again to a much higher b-value of 2.5-3 in the deepest 265 
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cluster, below 17 km depth. The sparse data in the 5-7 km interval do not fit well to the 266 

Gutenberg-Richter relation and give unreliable estimates.  267 

 268 
Depth [km] #events b manual b max.curv. Mc 
all relocated events 748  1.6 1.4 1.6 
1.5-5 120 1.8 1.4 1.5 
5-7 36 (1.9) (2.5) (1.8) 
7-13 334 1.4 1.5 1.8 
13-17 42 1.1 1.1 1.4 
17-26 99 3.1 2.5 1.6 
 269 
Table 1. The b-values and magnitude of completeness for Eyjafjallajökull volcano estimated 270 

for the whole dataset and five distinct depth intervals, using both manual fitting and the 271 

maximum curvature method.  272 

 273 

The optimum focal mechanisms showed a wide range of fault plane solutions. A larger 274 

variation was found in the azimuth of the P-axes of the optimum fault plane solutions (FPS) 275 

but the T-axes showed a trend towards W and NE-SW. The majority of T-axes had small dips,  276 

between 5-15°, but 30-40° dips were also observed (Figure 4). In general, greater scattering 277 

of FPS was observed for events occurring in 1994 than in 1999, as is expected due to poorer 278 

station geometry. 279 

 280 

The GPS data show inflation of the SE flank of the volcano both in 1994 and 1999, consistent 281 

with the formation of sill intrusions at around 5 km depth below the volcano (Figure 3, Figure 282 

5).  The 1999-2000 intrusion is better constrained by the GPS data with a best fitting model of 283 

𝜒!! = 3.13 giving a depth of 5.0 ± 1.3 km and a volume of 0.030 ± 0.007 km3, in a agreement 284 

with the results of Pederson and Sigmundsson (2006) using InSAR data. The GPS data are not 285 

good enough to constrain the depth of the 1994 intrusion but assuming that the depth in 1994 286 

was 5 km, as in 1999 and consistant with the estimates of Pedersen and Sigmundsson (2004), 287 

we get a considerably smaller volume of 0.011 km3 with 𝜒!! of 14.  288 

 289 
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 290 
 291 

 292 

 293 
 294 
Figure 4. Upper: Mechanisms in selected depth intervals for the three main swarms. Number in first column, 295 
before year of swarm, indicates depth interval in kilometres. Colour scale shows number (density) of axes in 296 
each square on the plot. Lower: Distribution of P- and T-axis (on lower hemisphere) for events located between 297 
7 and 13 km depth which occurred before the latter intrusion event (12 July 1996-July 1999) and after the main 298 
uplift had taken place (November 1999-August 2006). 299 
 300 

 301 

 In the time period between the two intrusions, 1994.7 – 1999.8, we see contraction of the 302 

southeast flank of the volcano, suggesting volume decrease of the intruded magma body 303 

(~1.3-3 mm/year horizontally at sites SELJ, FIMM, and SKOG, Figure 5). Contraction is also 304 

observed between 1 July 2000 and 30 April 2009, with twice the horizontal deformation rate 305 
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(3-5 mm/year). We modeled the data covering the 2nd contraction period assuming a volume 306 

change in a sill, using stations MORK, HAMR, MOLN, THEY, STEI, SKOG and FIMM. We 307 

applied GIA correction to the data and adjusted uncertainties of continuous stations by 308 

assuming that the noise is a first order Gauss Markov process. The results suggest a volume 309 

change of -1.5 ± 0.3 ×10-3 km3/year in a sill at 5.5 ± 2.0 km depth with the best 310 

fitting/preferred model giving 𝜒!!=1.3. 311 

 312 
Year Lat  Long  Depth (km) Volume (km3) Radius (km) 
1994 63.596325 -19.52930/ 

-19.52725 
4.5/5.0  
(fixed) 

0.011 1.550 

1999 63.59655 -19.58756 5.0 ± 1.3 0.030 ± 0.007 1.550 
2000-
2008 

63.60733 -19.57779 5.5±2.0 -0.0015±0.0003* 0.920 

Table 2. Model parametres for the two intrusion events and the 2000.5-2009.3 contraction period. Volume 313 
change marked with * is estimated per year. 314 
 315 

 316 
Figure 5.  A and C: Estimated offset due to intrusions in 1994 and 1999-2000 (red for horizontal, blue for 317 
vertical) and the predicted model displacement (yellow for horizontal, turquise for vertical). B and D: Measured 318 
and GIA-corrected velocities and for the contraction periods (September 1994 – July 1998 and July 2000 – April 319 
2009). Model velocities are also shown in panel D. Same colour scheme as in A and C. 320 
(Figure width: 2 colmns) 321 
 322 
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 323 

 324 
 325 
Figure 6.  Fit of sill models with varying volume (that is varying ΔP/G where ΔP is pressure change, G the shear  326 
modulus and ΔV∝ΔP/G) and depth. The star shows the parameters for best fitting model (lowest 𝜒!!) for the a) 327 
1999-2000 intrusion and the b) 2000-2009 deflation period. 328 
(Figure width: one column) 329 
 330 

4. Temporal and spatial evolution 331 

According to our seismic catalogue, Eyjafjallajökull volcano was relatively quiet up to 1992. 332 

Only three earthquakes were detected in 1991. Between May 1992 and April 1994 an average 333 

rate of three events per month was observed, with a maximum monthly rate of 8 and 11 334 

events detected in May 1992 and February 1993, respectively. The earthquakes were located 335 

beneath the volcano’s ice cap, both at shallow depths and between 6 and 11 km. In April and 336 

May 1992 a few deep earthquakes (16-29 km deep) were observed but their locations were 337 

uncertain due to the lack of near-field stations and poor azimuthal coverage. In 1993 the 338 

activity started to concentrate beneath the northern edge of the ice cap, at 8 to 11 km depth, 339 

but a few earthquakes were detected between 2 and 5 km depth (Figure S1).  340 

 341 
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On 29 May 1994 an earthquake swarm began beneath Eyjafjallajökull volcano associated 342 

with magma intruding into the volcano at around 5 km depth. Nearly 130 earthquakes were 343 

located with magnitudes ranging from Ml 0.3–2.3. The earthquakes occurred mainly in two 344 

clusters beneath the northern flank, at 3–5 and 8–11 km depth, above and below the inferred 345 

sill intrusion (Figure 2; Sturkell et al., 2003, Pedersen and Sigmundsson, 2004). In the 346 

shallow cluster nearly half of the FPS indicate a thrust/strike-slip faulting (47% of T-axes 347 

oriented around NW, dipping 0-60° in Figure 3). After 22 June the activity dropped down to 5 348 

events/month on average and from February 1995 to February 1996 only two earthquakes 349 

were detected. 350 

 351 

Between 10 February and 22 April 1996 another swarm occurred beneath the central and 352 

northern part of the ice cap. About 140 earthquakes of magnitudes ranging from Ml 0.2 to 1.6 353 

were recorded. The swarm began with scattered activity, mostly recorded in the lower part of 354 

the crust (9-16 km), but then clustered at 19-25 km depth, near the base of the crust (Figure 355 

S2). This was the first such deep swarm recorded in Iceland by the SIL-network. FPS show 356 

predominantly normal motion, some also with a strike-slip component (with 68% of the the T-357 

axis dipping close to horizontal and oriented close to east, 33% of P-axis striking near to N-S 358 

with small dip and 30% with more vertical P-axes, Figure 4). No significant deformation was 359 

observed associated with this swarm (Figure 3, Hooper, 2009). Following the swarm the 360 

activity dropped down to one event detected every 2-3 months on average until November 361 

1998.  362 

 363 

In December 1998 the seismicity rate increased again and on 1 March 1999 the two largest 364 

events in our dataset occurred, an Ml 3.6, at 11 km depth with optimum fault plane solution 365 

indicating dominant reverse faulting and an Ml 2.9 at 12 km depth with normal faulting. The 366 

seismicity rate stayed at a raised level until May 2000, with three main swarms; 4 July-12 367 

September 1999, 20 October–3 December 1999, and 11 March–30 April 2000. As in 1994, 368 

the majority of the earthquakes ocurred in two clusters beneath the northern flank, with the 369 

lower cluster forming a horse-shoe shaped pattern (inset in Figure 2). A change was observed 370 

in August and September, when the seismicity partially migrated southward beneath the 371 

summit at 6-9 km depth (Figures S2 and S3). One small cluster of events (nr 3 in Figure 2) 372 

with low relative error is observed in July at 10 km depth south of the horseshoe-shaped 373 

cluster and two more (nr 1 and 2) southwest of it during the inflation phase, located at similar 374 

and slightly greater depths than the suggested sill. The activity gradually decreased after May 375 
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2000. GPS measurements conducted from July 1998 to July 2000 show inflation of the 376 

southeast flank of the volcano, with up to 130 mm SSW displacement and 110 mm uplift at a 377 

site south of the summit (Figure 5). According to the GPS time series the majority of the 378 

deformation took place prior to February 2000 (SELJ Figure 3) with a sill forming at 5 km 379 

depth. This is in a general agreement with InSAR observations (Pedersen and Sigmundsson, 380 

2004; Hooper et al., 2009).  381 

 382 

During the 1999-2000 swarm 45% of the FPSs examined at 1.5-5 km depth had T-axis 383 

oriented W to NW and accompanying P-axes indicating either predominantly strike-slip 384 

motion (27%) (nearly horizontal, NE-striking P-axes) or normal faulting (18%) (near vertical 385 

P-axis; Figure 4). At 7-13 km depth about 50% of the events had normal or strike-slip faulting 386 

or mixed normal/strike-slip (P-axis oriented nearly N-S but with a variable dip and near 387 

horizontal T-axes striking E-W or NE-SW). However, 20% of the FPSs indicate more reverse 388 

faulting (S-striking T-axes dipping 20-75). Clusters 1-3 of well located events (Figure 2) 389 

mainly show normal with a mix of strike slip motion, whereas FPS of cluster 4 indicated 390 

reverse faulting (Figure S4).  391 

 392 

The events in the main cluster (7-13 km depth) show a wide range of mechanisms. We 393 

therefore compared focal mechanisms from before the 1999 intrusion swarm (i.e., between 12 394 

July 1996 and July 1999) to the ones in the period after the main uplift had taken place (after 395 

November 1999) to see if we would observe less scattering (Figure 4). Prior to the uplift the 396 

horizontal T-axes were predominantly oriented approximately NE-SW; the scatter is large but 397 

there is an indication of rotation to the east after the period of maximum uplift.   398 

 399 

Following the intrusive episode in 1999/2000 two minor swarms were observed in 400 

Eyjafjallajökull volcano, in November 2004 when 13 events occurred at the location of the 401 

two main clusters, and in June and July 2006 when 11 thrust-type events occurred at 16 km 402 

depth just north of the glacier rim (cluster 4 in Figure 2 and Figure S4). GPS deformation 403 

from 2000 to 2009 suggest a significant deflation signal of the southeast flank of the volcano, 404 

consistent with cooling and contraction of the sills that formed in 1994 and 1999/2000 (Figure 405 

5). 406 

 407 
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5. Discussion 408 

General 409 

The SIL-seismic catalogue from 1991 to 2009 shows that Eyjafjallajökull volcano exhibits in 410 

general very low background seismic activity, in agreement with previous studies (Einarsson 411 

and Brandsdóttir, 2000; IMO-SIL-bulletins 1955-1990, Table S9). The frequency-magnitude 412 

distribution for the complete data set yields a magnitude of completeness of Mlw=1.6 and a b-413 

value between 1.4 and 1.6, not unusual for volcanic areas; considerably higher than typical b-414 

values of ~0.87 found for the Hengill central volcano during a 10 year period of uplift 415 

(Ágústsson and Halldórsson, 2005) but slightly lower than b-value of 2.1 estimated for the 416 

2007-2008 Upptyppingar intrusion event (Jakobsdóttir et al., 2008).  417 

 418 

Magma pathways 419 

The relocated earthquakes show separate clusters, but the overall pattern forms a sporadic, 420 

rather narrow, pipe-like structure, extending from the crust-mantle boundary (22-25 km) 421 

towards the surface below the mid to northern part of the ice cap. During both the 1994 and 422 

the 1999-2000 swarm, the majority of the activity was focused in the same region, forming 423 

overlapping east-west elongated, horse-shoe shaped clusters north of the center of uplift 424 

which we conclude is the location of the magma channel feeding the sill intrusions beneath 425 

the southern flank of the volcano, as suggested by Pedersen and Sigmundsson (2004 and 426 

2006). Thus, seismicity illuminates distinct parts of the magma channel and the main cluster 427 

probably reflects the depth of maximum crustal strength, since in this depth interval (10-12 428 

km) we also observe a peak in average stress drop (Figure 7). Earthquakes in the magma 429 

channel seem to occur both below and above our preferred depth of the modelled sills. 430 

However, we do not think it is likely that magma reached the upper cluster. These events are 431 

likely a responce to increased stress towards the surface above the channel. Uplift was not 432 

detected at the northern slopes of the volcano in connection with the filling or extraction of 433 

this magma pathway. Seismicity during 1999 indicates flow of magma from the feeder pipe 434 

southwards beneath the southern flank between August and September. The southward 435 

migration coincides with the period of maximum deformation as seen in InSAR images 436 

(Pedersen and Sigmundsson 2006; Hooper, 2009). Two out of the four small clusters in 437 

Figure 2 (1 and 2) have depths close to the intruded sill depth, with FPS indicating normal 438 

faulting (near horizontal, E-W tension axes) but cluster three is beneath the suggested depth of 439 

the sill intrusion (showing a more mix of normal and strike-slip faulting). We do not observe 440 
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southward migration of seismicity during the formation of the 1994 intrusion. The subtle 441 

background activity we observe is largely located along the magma channel (the main cluster) 442 

and above the newly formed intrusions, in the uppermost kilometers of the crust.  443 

 444 

Two out of the three main seismic swarms observed during the observation period are located 445 

in the upper crust and occur during the two periods that stand out in the GPS-time series as 446 

inflation periods, in 1994 and 1999-2000, consistent with intrusions forming beneath the 447 

southern flank of the volcano. Our simple horizontal, disk-shaped sill models have 448 

comparable volumes to previous variable-opening-sill-models of Pedersen and Sigmundsson 449 

(2004, 2006). These volume estimates, as well as the different seismic moment release for 450 

these two episodes (showing ~ five times higher accumulative moment for 1999-2000) clearly 451 

indicate that the 1999-2000 intrusion was larger than the one formed in 1994.  452 

 453 

There is a large variation in focal mechanisms for the seismic events in our data set. Most of 454 

these events are small, below Ml=2.5, which does account for some variety and furthermore 455 

we did not reevaluate the picks and polarities and used the routine picks. The addition of three 456 

new stations N, NE, and SE of the volcano between the two intrusion events (Figure 1a) 457 

explains the slightly less scattered mechanisms for the latter intrusion swarm compared to the 458 

first one. The mechanisms for the largest cluster at 7-13 km depth, before and after the 459 

maximum uplift, imply a mix of a normal and strike-slip motion. The indication of eastward 460 

rotation of the T-axes after the maximum uplift had taken place in 1999 probably reflects the 461 

change of the local stress field due to the intruded magma, SSE of the feeding channel. For 462 

the few events in the 5-7 km interval, the horizontal T-axis is oriented E-W with a dipping P-463 

axis, which infers predominantly dilatation, in contrast to the results of Dahm og Brandsdóttir 464 

(1997), which suggested a thrust-type double couple mechanisms accompanied by a source 465 

component for several selected events from the 1994 intrusion swarm. 466 

 467 

The deep activity 468 

No significant crustal deformation was detected in connection with the 1996 seismic swarm. 469 

This could be due the great depth at which the activity took place, just above the crust-mantle 470 

boundary, and sparse measurements at that time, with no continuously operating GPS-stations 471 

near the volcano and limited ability of InSAR to resolve deformation due to deep sources 472 

(Pedersen and Sigmundsson, 2006; Hooper et al., 2009). We cannot determine whether the N-473 

S elongation of the deep cluster is real and/or due to the lack of seismic stations north or south 474 
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of the cluster, which would better constrain its horizontal shape and location. Focal 475 

mechanisms for the deep swarm show predominantly near horizontal, E-W oriented tension 476 

axis (T) (Figure 4) but more variable dipping and striking pressure axis. The orientation of the 477 

T-axis suggests that extension is a dominant factor close to the crust-mantle boundary during 478 

this swarm.  We conclude that the swarm indicates a short period of magma intruding from 479 

the mantle up into the bottom of the crust. The higher strain rate caused by such an intrusion 480 

results in brittle behaviour of the otherwise ductile, hot rock (Sibson, 1984). The b-value for 481 

the 13-17 km events is 1.1-1.2, but increases to a much higher b-value of 2.5-3.1 for the 482 

deepest events (17-26 km). The low accumulated seismic moment for the deep swarm and the 483 

high b-value probably reflects the higher temperature at the bottom of the crust, since it is 484 

based on the lack of large events in the ductile part of the crust. 485 

 486 

Deep intrusion events are not commonly observed in Iceland. Rather deep events (probably 487 

~15 km deep) were recorded beneath the Heimaey fissure in Vestmannaeyjar, just before it 488 

erupted in 1973 and in the SIL-catalogue (1991-2015) events down to 15-18 km depth have 489 

been observed.. Deep seismicity was also observed during the large swarm at Upptyppingar-490 

Álftadalsdyngja in the northern volcanic zone in 2007-2008, when thousands of earthquakes 491 

were detected between 14-22 km depth accompanying horizontal displacement of continuous 492 

GPS stations (Jakobsdóttir et al., 2008; Hooper et al., 2011; White et al., 2011). Furthermore, 493 

in December 2007, ten small earthquakes were recorded deep below the southern coast of 494 

Iceland, near to cape Hjörleifshöfði (location is marked by an H in Figure 1). After relocation 495 

of the events using the P23-model and reevaluation of their FPS, they formed a dense cluster 496 

of normal faulting events (horizontal tension axes) located between 24 and 25 km depth 497 

(Figure S6), near the bottom of the crust. It is possible that the 1996 swarm marks the 498 

beginning of magma transport up into the crust, which later fed the 1999 intrusion.  499 

 500 

The contraction signal following the intrusions 501 

GPS measurements from 1992 show no significant inflation during seismically quiet periods 502 

(Figure S5). This is different to the behavior of some other active and well-studied volcanoes 503 

in Iceland such as Hekla volcano (seismically quiet but inflating; Ófeigsson et al., 2011; 504 

Geirsson et al., 2012) and Grímsvötn (low seismicity, inflation; Vogfjord, 2010; Hreinsdóttir 505 

et al, 2014; Reverso et al., 2014).  In fact subsidence is observed following both the 1994 and 506 

1999 inflation.  Subsidence was also observed at Krafla, N-Iceland between 1992 and 1995, 507 

after a 10-year-long rifting episode (Sigmundsson et al., 1997) interpreted as contraction of 508 
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the magma chamber due to cooling.  Assuming a contracting sill following the 1999-2000 509 

intrusion we get a best fitting model at a comparable depth to the modeled intrusions, 5.5 ± 510 

2.0 km, with a volume decrease of 0.0015 km3/yr. This is about 5% of the intruded volume for 511 

the 1999-2000 intrusion every year or 4%/yr of the combined 1994 and 1999-2000 sills’ 512 

volume. Following Sigmundsson et al. (1997) we estimated the volume change that could be 513 

expected due to the solidification and thermal contraction of the intruded magma. We assume 514 

that the magma is primitive basalt, originating at the base of the crust. The density of molten 515 

gabbro is about 2700-2800 kg/m3 (Olgeir Sigmarsson, personal communication 2014). We 516 

assume that the density of solidified basalt at 900-950°C is around 3000 kg/m3. This suggests 517 

a 9% total volume decrease. We also make account for the contraction due to cooling of the 518 

magma body from 950°C down to ~450°C at 5 km depth (assuming that the thermal gradient 519 

at Eyjafjallajökull is 90°C/km, Sæmundsson, 1998; ISOR-database) and estimate a further 520 

contraction of about 2%, or a total of about 11% expected volume reduction due to cooling 521 

and contraction.  The accumulated volume decrease from 2000.5 to 2009.3 is ~0.013 km3 or 522 

around three times larger than what one would expect due to solidification and thermal 523 

contraction of the 1994 and 1999-2000 intrusions. The observed volume change can thus not 524 

be explained by cooling and contraction of the sill intrusions alone.  Sigmundsson et al. 525 

(1997) found that the deformation rate at Krafla slowed down with time. The time series at the 526 

CGPS station THEY, at the south flank of Eyjafjallajökull, do not however, appear to show 527 

significant slowing down during the 2000.5-2009.3 time period (Figure 3). Long-term 528 

subsidence has been observed both at Askja and Torfajökull volcanoes (Sturkell et al., 2006, 529 

Scheiber et al, 2011; Geirsson et al., 2012).  Measurements at Askja volcano indicate a rapid 530 

deflation since at least 1983 at a slowly decaying rate due to volume change in a shallow 531 

magma chamber (Sturkell and Sigmundsson, 2000, Sturkell et al., 2006, de Zeeuw-van 532 

Dalfsen et al., 2013).  533 

 534 

At volcanoes located in the divergent plate boundary zone of Iceland, rifting or stretching of 535 

the plates above a weaker crust may result in subsidence. Eyjafjallajökull volcano is however 536 

located in a volcanic flank zone where spreading is negligible. Studies of CO2 emission at 537 

Eyjafjallajökull at the Gígjökull outlet glacier (flowing northwards from the summit crater) 538 

have shown that between 1993 and 2000 the volcano emitted variable but significant amounts 539 

of CO2 gas, or between 0.3 and 3 tons/hour (Gíslason et al., 1995; Gíslason, 2000). The CO2 540 

gas is released from magma during crystallization but does not necessarily escape all the way 541 

up to the surface and could be discharged more slowly.  We suggest that the discharge of CO2 542 



 

Bls. 21 af 35 

and other magmatic gases could count for some of the volume decrease observed.  In addition 543 

it is possible that the intrusions cause loading of mass within the crust that results in long term 544 

adjustment of the region or that retreating and/or cooling of magma in the magma pathway 545 

plays a significant role in the unusually large volume decrease observed post the 1999-2000 546 

intrusion. 547 

6. Conclusions 548 

 549 

Eyjafjallajökull volcano shows very subtle background activity with major swarms (of more 550 

than 100 events) occuring in connection with magmatic activity, both during upper crustal 551 

intrusive activity and deeper crust-mantle boundary events. 552 

 553 

The overall pipe-like pattern of the earthquake distribution, extending throughout the crust 554 

below the Eyjafjallajökull volcano, indicates a channel from the crust-mantle boundary 555 

through the crust, feeding the two intrusions that were formed in the upper crust during the 556 

observation period. 557 

 558 

The geodetic data for the 1994 and 1999-2000 intrusions can be modelled as horizontal, 559 

circular sills at ~ 5 km depth beneath the southeastern flank. The volume of the 1994 intrusion 560 

(0.011 km3) was nearly three times smaller than the volume of the 1999-2000 intrusion (0.030 561 

± 0.007 km3) and the seismic moment release approximately five times smaller.  562 

 563 

The near horizontal, E-W oriented T-axes for the deep 1996 swarm indicate tension/opening 564 

near the base of the crust during that time, suggesting inflow of magma from below into the 565 

base of the crust. 566 

 567 

There is no indication of shallow magma accumulation beneath Eyjafjallajökull between 1991 568 

and 2009, the only inflation observed in geodetic data occurs during the formation of the 1994 569 

and 1999-2000 intrusions beneath the south-eastern flank with associated seismicity. 570 

 571 

Contraction is observed in the years following the two intrusion events. The yearly estimation 572 

of volume decrease for the latter contraction period (from July 2000  through April 2009) is -573 

0.0015 ± 0.0003 km3, with the accumulated volume decrease being three times larger than 574 

what one would expect due to solidification and thermal contraction alone. Discharge of CO2 575 
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and other volcanic gases from the intrusions in addition to mass loading effects within the 576 

crust could account for this unusually large volume decrease.  577 

 578 

 579 

 580 
Figure 7. Depth-frequency plot for all relocated events (thin black line) and selected events with low relative 581 
error, within 100 m in latitude and longitude and 300 m in depth (thick line). Average stress drop for 1 km depth 582 
intervals is shown as grey triangles. 583 
(Figure width: one column) 584 
 585 
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Online supplement 778 
 779 
SITE NAME NUM YEAR LAT LON H (m) 
VMEY Vestmannaeyjar (CGPS) NE0002 2000 63.426989 -20.293560 135 
HEEY Heimaey I LM0353 1992 63.418372 -20.289345 132 
SEJA Seljaland LM0354 1992 63.611158 -19.991277 140 
HAMR Hamragardar OS7487 1989 63.622447 -19.985675 160 
MORK Midmork NE9909 1999 63.656980 -19.894543 172 
HVAM Hvammur VRH7601 1999 63.572802 -19.877412 73 
DAGM Dagmalafjall NE9420 1994 63.628382 -19.834854 750 
MOLN Moldnupur NE9908 1999 63.567554 -19.792628 112 
THEY Thorvaldseyri (CGPS) NE0001 2000 63.561467 -19.643420 195 
SELJ Seljavellir NE9404 1994 63.562472 -19.632632 265 
STEI Steinsholt NE9405 1994 63.677061 -19.608515 289 
EINH Einhyrningur NA OS7385 1986 63.753687 -19.450484 624 
SKOG Skoga OS7486 1989 63.576449 -19.445499 670 
FIMM Fimmvorduhals NE9203 1992 63.606686 -19.437680 921 
GOLA Godaland (CGPS) NE200302 2003 63.659700 -19.322084 1260 
SOLH Solheimar NE9215 1992 63.507094 -19.305339 272 
SOHH Solheimaheidi  NE9214 1992 63.548348 -19.258151 787 
SOHO Solheimaheidi (CGPS) NE9905 1999 63.552474 -19.246644 858 
REYN Reynisfjall II OS7377 1986 63.418461 -19.027266 298 
REYF Reynisfjall I LM0352 1993 63.418897 -19.026441 302 
STOR Stórólfshvoll NE200103 2004 63.752670 -20.212085 125 
 780 
Table S1. List of GPS sites and when they were installed.  781 
 782 
 783 
SITE LAT LON H 

(m) 
92 93 94 95 98 99 00 01 02 03 04 05 06 07 08 09 

VMEY 63.426989 -20.293560 135       C C C C C C C C C C 
HEEY 63.418372 -20.289345 132  X      X   X      
SEJA 63.611158 -19.991277 140  X    X  X   X      
HAMR 63.622447 -19.985675 160 X X X X X X X X X X X X C C X X 
MORK 63.656980 -19.894543 172      X X X X X X X     
HVAM 63.572802 -19.877412 73      X X X    X     
DAGM 63.628382 -19.834854 750     X X X     X     
MOLN 63.567554 -19.792628 112      X X X    X  X   
THEY 63.561467 -19.643420 195       C C C C C C C C C C 
SELJ 63.562472 -19.632632 265   X  X X X X         
STEI 63.677061 -19.608515 289   X  X X X X    X    X 
EINH 63.753687 -19.450484 624  X  X   X X   X X     
SKOG 63.576449 -19.445499 670 X  X  X X X X    X    X 
FIMM 63.606686 -19.437680 921 X  X  X X X X    X    X 
GOLA 63.659700 -19.322084 1260          X X X C C C C 
SOLH 63.507094 -19.305339 272 X X X   X X X    X  X   
SOHH 63.548348 -19.258151 787 X X X   X X X X  X      
SOHO 63.552474 -19.246644 858      C C C C C C C C C C C 
REYN 63.418461 -19.027266 298 X X X X X X X X X X X X X X   
REYF 63.418897 -19.026441 302  X    X X X   X      
STOR 63.752670 -20.212085 125           C C C C C C 
 784 
Table S2. List of measurements at GPS-sites. X: campaign measurement, C: continuously 785 
recording. 786 
 787 
  788 
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 789 
SITE E (mm) N (mm) dE (mm) dN (mm)  V (mm) dV (mm) 
REYN -4 3 7 5  -12 16 
STEI 3 16 4 4  -7 13 
SELJ -54 -118 4 5  113 16 
HAMR 3 1 3 3  -15 10 
SKOG 70 -14 7 5  29 16 
FIMM 61 26 5 5  35 16 
DAGM -10 6 2 3  2 11 
Table S3. Estimated offset due to the 1999-2000 intrusion with 1 sigma uncertainties. 790 
 791 
SITE E (mm) N (mm) dE (mm) dN (mm) V (mm) dV (mm) 
REYN 4 -3 3 3 8 8 
STEI -8 -12 5 5 -11 17 
SELJ -20 -19 5 6 29 21 
HAMR -3 9 5 5 5 15 
SKOG 43 -38 13 9 10 26 
FIMM 60 -2 10 7 17 21 
Table S4. Estimated offset due to the 1994 intrusion with 1 sigma uncertainties. 792 
 793 
SITE E 

(mm/yr) 
N 
(mm/yr) 

dE 
(mm/yr) 

dN 
(mm/yr) 

corrEN V 
(mm/yr) 

dV 
(mm/yr) 

GIAcorr N 
(mm/yr) 

GIAcorr E 
(mm/yr) 

GIAcorr V 
(mm/yr) 

VMEY -0.20 -0.37  0.03* 
0.07 

 0.04* 
0.07 

 0.037  2.9  0.1* 
0.3 

-0.7 -0.802951418894 4.19924508262 

HAMR -1.92 -1.15  0.04* 
0.20 

 0.06* 
0.20 

 0.032  6.1  0.2* 
0.6 

-0.8 -1.17638703118 6.05152599779 

MORK -1.86 -1.77  0.25  0.36  0.030  6.2  1.2 -0.8 -1.27056352357 6.60767913781 
HVAM -0.74 -2.66 0.34  0.47  0.102 7.7  1.5 -1.0 -1.16556988716 6.23389253245 
DAGM -1.76 -3.35  0.47  0.69  0.030  6.8  2.3 -0.9 -1.29560036772 6.81097978731 
MOLN -0.67 -1.25  0.27  0.38 -0.002  6.4  1.3 -1.1 -1.18986876705 6.59261958605 
THEY 0.09  1.24  0.02* 

0.12 
 0.02* 
0.10 

 0.008  4.2  0.1* 
0.3 

-1.3 -1.15077573431 7.29889334879 

STEI -1.52 -3.94  0.42  0.54  0.008 10.9  1.7 -0.7 -1.3025723492 8.38757023433 
FIMM -5.71 -3.22  0.43  0.59  0.050 10.7  1.9 -1.3 -1.17515239041 8.97850714542 
SKOG -3.84 -0.59  0.41  0.54  0.057  5.1  1.7 -1.4 -1.11037678895 8.40382141671 
SOLH -1.15 -4.15  0.31  0.41  0.008  9.6  1.4 -1.6 -0.811895964208 7.90794395346 
SOHO -1.83 -4.63  0.02* 

0.14 
 0.03* 
0.11 

 0.033 10.7  0.1*  
0.4 

-1.8 -0.890724293875 9.12427252348 

REYN 0.15 -2.42  0.18  0.24  0.017  7.2  0.7 -1.6 -0.352492364404 6.96737630925 
STOR -2.62 -0.64  0.04* 

0.3 
 0.05* 
0.3 

 0.017  6.4  0.2*  
0.6 

-0.7 -1.15431322318 5.73571900355 

SEJA -1.75 -2.03  0.63  0.94  0.017  6.5  3.1 -0.8 -1.16173741594 5.97125127333 
ALFT -1.78 -3.46  0.37  0.49  0.031  6.9  1.6 -1.7 -0.614659827965 7.87807054748 
SOHH -2.51 -4.95  0.56  0.74  0.013  5.3  2.4 -1.7 -0.87968274557 8.92667787749 
GOLA -1.36 -2.73  0.07* 

0.7 
 0.09* 
0.3 

 0.042 13.1  0.3* 
1.1 

-1.0 -1.26228064038 10.6331430268 

ENTA -3.13 -0.91  0.09  0.12  0.015 15.7  0.4 -0.9 -0.998314693966 11.6710604313 
AUST -1.94 -3.13  0.08  0.11  0.016 14.6  0.4 -1.2  -0.670901987039 11.839258407 
EINH -1.98 -0.95  0.55  0.77  0.012 12.1  2.5 -0.7 -1.3330335381 9.07819540774 

 794 
Table S5. Estimatd velocities in the ITRF08 EURA reference frame with 1 sigma (*formal)  795 
uncertainties during the period 2000.5 – 2009.3 and correction due to GIA 2001-2009 (model 796 
D3-B81_3 from Peter Schmidt, personal communication 2014, Peter Schmidt et al., 2013). 797 
 798 
 799 
SITE E (mm/yr) N (mm/yr) dE (mm/yr) dN (mm/yr) corrEN V (mm/yr) dV (mm/yr) 
HAMR -1.7 -0.5 2.0 1.8 -0.099 4 5 
SOLH 1.5 -0.9 4.6 4.8 -0.197 7 13 
SOHH 1.0 -1.2 4.6 3.4 -0.160 4 11 
REYN 0.7 -0.5 1.6 1.3 -0.103 -3 4 
Table S6. Estimated velocities in the ITRF08 EURA reference frame with 1 sigma 800 
uncertainties during the period 1992.6 – 1994.4. 801 
 802 
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 803 
SITE E (mm/yr) N (mm/yr) dE (mm/yr) dN (mm/yr) corrEN V (mm/yr) dV (mm/yr) 
HAMR -2.0 1.1 1.0 0.9 -0.072 0 3 
SELJ -1.0 -0.0 1.2 1.4 -0.061 5 5 
STEI -2.2 2.8 1.3 1.4 -0.057 8 5 
FIMM -4.0 -2.1 1.2 1.3  0.005 3 4 
SKOG -2.7 0.7 1.6 1.3  0.074 7 4 
REYN 2.3 -0.9 1.5 1.1  0.007 6 3 
Table S7. Estimated velocities in the ITRF08 – EURA reference frame with 1 sigma 804 
uncertainties during the period 1994.7 – 1998.6.  805 
 806 
 807 

SITE 
EAST (m) NORTH (m) UP    (m) 

DAGM 0.0104 -0.0128 -0.0032 
ENTA 0.0056 -0.0048 -0.0017 
FIMM 0.0071 -0.0072 -0.0023 
HAMR 0.0095 -0.0126 -0.0029 
HVAM 0.0075 -0.0098 -0.0025 
MOLN 0.0075 -0.0094 -0.0025 
MORK 0.0123 -0.0155 -0.0036 
REYN 0.0032 -0.0033 -0.0012 
SELJ 0.0071 -0.0082 -0.0024 
SKOG 0.0066 -0.0068 -0.0022 
SOHH 0.0051 -0.0051 -0.0017 
SOLH 0.0048 -0.0050 -0.0017 
STEI 0.0109 -0.0110 -0.0031 
THEY 0.0071 -0.0083 -0.0024 
SEJA 0.0095 -0.0126 -0.0029 
SOHO 0.0051 -0.0050 -0.0017 
AUST 0.0047 -0.0041 -0.0015 
 808 
Table S8. Estimated offsets due to the two ~M6.5 June 2000 earthquakes in the SISZ from 809 
Pedersen et al., (2003). 810 
 811 
Year-d-mm OT Lat Lon Depth Ml Mcoda Num. 

stations 
Num. 
phases 

1969-10-30 01:41:10.0 63.6 -19.5 (null) 3.2 (null) 4 8 
1971-10-09 12:55:18.0 63.6 -19.5 (null) 2.6 (null) 3 5 
1972-12-20 01:30:08.0 63.6 -19.5 (null) 2.9 (null) 3 5 
1973-12-05 18:00:10.0 63.6 -19.7 (null) 2.4 (null) 1 10 
1979-06-16 04:47 63.63* -19.56* (null) 2.0 (null) (null) (null) 
1979-06-29 20:22 63.63* -19.56* (null) small (null) (null) (null) 
1979-07-03 05:59 63.63* -19.56* (null) 1.5 (null) (null) (null) 
1986-01-10 13:54:26.23 63.639 -19.555 5.12 2.1 (null) 13 16 
1987-08-13 05:27:19.94 63.605 -19.593 4.98 2.7 2.6 14 16 
1987-08-16 06:29:17.36 63.595 -19.529 7.12 2.5 2.6 5 5 
1987-09-26 10:38:47.33 63.585 -19.529 5.01 (null) 3.0 4 4 
1988-10-05 21:44:58.76 63.619 -19.559 3.17 2.8 2.5 6 6 
1988-10-15 12:56:26.28 63.558 -19.535 4.29 2.8 2.8 6 6 
1988-11-01 09:11:26.84 63.604 -19.681 4.03 2.8 2.7 5 6 
Table S9. Earthquakes in Eyjafjallajökull 1955-1990 from the IMO-database and 812 
Skjálftabréf, 1979. Latitudes and longitudes marked with * were estimated from Figure 2 in 813 
Einarsson and Brandsdóttir (2000). 814 
 815 
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 816 
 817 
Figure S1. Seismicity 1991-1995 shown in map view and vertical cross section viewed from 818 
south. Events are coloured according to origin time and the bar above each map shows the 819 
time span of each map. 820 
 821 

 822 
 823 
Figure S2. Seismicity from 1996 through April 2000.  824 
 825 
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 826 
 827 
Figure S3. Seismicity from 4 July 1999 through February 2009.  828 
 829 

 830 
Figure S4. Orientation and dip of P- and T-axis for the four small clusters (numbered 1-4) in 831 
Figure 2c. The number of events for each cluster is given below cluster number. The FPS for 832 
the first three clusters mainly show normal faulting but for the last one (and the deepest, from 833 
year 2006) mostly reverse faulting.  834 
(Figure width: 1.5 columns?) 835 
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 836 

 837 
Figure S5. Yearly displacements for seismically quiet periods. Panels on the left (A, C, E) 838 
show data before GIA-correction (green for horizontal, yellow for vertical), panels on the 839 
right (B, D, F) show GIA-corrected data (red for horizontal, blue for vertical, with scaling of 840 
1.6 for horizontal components).  841 
 842 
 843 

 844 
Figure S6. The 7-December-2007-swarm near to cape Hjörleifshöfði, ~30 km southeast of 845 
the Katla caldera, ~50 km southeast of Eyjafjallajökull volcano. The 11 events have been 846 
relocated using model P23 and form a dence cluster at 24-25 km depth. Their FPSs have 847 
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horizontal T-axis oriented mainly SW-NE to SSW-NNE and dipping P-axes, indicating 848 
predominantly normal faulting or opening.  Width: two columns. 849 


