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Key Points: 21 

 Seismicity is densest in a cone-shaped volume of the crust beneath Kolumbo; the 22 
cone’s tip coincides with a melt reservoir at 2-4 km depth 23 

 Seismicity swarms occupy nearby, yet different portions of the crust 24 

 Swarms likely triggered by combination of fluid pressure perturbations and 25 
redistribution of elastic stresses  26 



-------- this manuscript has not been peer-reviewed ----------- 

2 
 

Abstract 27 

The Kolumbo submarine volcano in the southern Aegean (Greece) is associated with repeated 28 
seismic unrest since at least two decades and the causes of this unrest are still hardly 29 
understood. We present a ten-month long microseismicity dataset for the period 2006-2007. 30 
The majority of earthquakes clusters in a cone-shaped portion of the crust below Kolumbo. 31 
The tip of this cone coincides with a low Vp-anomaly at 2-4 km depth, that is interpreted as a 32 
crustal melt reservoir. Our dataset includes several earthquake swarms, of which we analyse 33 
the four strongest in detail. The swarms occupy near-vertical volumes of the crust and 34 
together they form a zone of fracturing elongated in SW-NE direction, parallel to major 35 
regional faults. All four swarms show a general upward migration of hypocentres and the 36 
cracking front propagates unusually fast, compared to swarms in other volcanic areas. We 37 
conclude that the swarm seismicity is most likely triggered by a combination of pore-pressure 38 
perturbations and the re-distribution of elastic stresses. Fluid pressure perturbations are 39 
induced either by obstructions in the melt conduits in a rheologically strong layer between 6-9 40 
km depth or by dynamic triggering from purely tectonic earthquakes. We conclude that the 41 
zone of fractures below Kolumbo is exploited by melts ascending from the mantle and filling 42 
the crustal melt reservoir. Together with the recurring seismic unrest, our study suggests that a 43 
future eruption is feasible and monitoring of the Kolumbo volcanic system is highly 44 
advisable. 45 

 46 
1 Introduction 47 

Submarine volcanic eruptions in shallow waters often associate with violent 48 
phreatomagmatic explosions and have the potential to generate destructive tsunamis (e.g. 49 
Colgate and Sigurgeirsson, 1973; Moore, 2009; Starostin et al., 2005). Persistent volcanic 50 
unrest is a common precursor to volcanic eruptions (Phillipson et al., 2013). The edifice of the 51 
Kolumbo submarine volcano in the southern Aegean (Greece) lies only 50-500 meters below 52 
the sea surface (Fig. 1a). During the past two decades the crust below Kolumbo has been 53 
characterized by persistent seismic unrest (Fig. 2; Andinisari et al., 2021a; Bohnhoff et al., 54 
2006; Dimitriadis et al., 2010; Dimitriadis et al., 2009). The causes of this seismic unrest are 55 
still poorly understood and there is an ongoing debate about the potential of future eruptions 56 
at Kolumbo. Geochemical data from hydrothermal fluids vented inside the Kolumbo crater 57 
indicate an elevated magmatic activity beneath Kolumbo, compared to the melt plumbing 58 
system below Santorini and other terrestrial volcanic systems (Rizzo et al., 2019). However, a 59 
conceptual model of the magma chamber below Kolumbo assumes a steady but slow 60 
replenishment with mantle melts and suggests an eruption in the near future is unlikely 61 
(Konstantinou, 2020). 62 

We present the results of a ten-month long deployment of ocean bottom stations that 63 
recorded several thousand small earthquakes (Mw 0.0-3.7), including multiple earthquake 64 
swarms beneath Kolumbo. We located the earthquakes in a 3D velocity model and achieved 65 
hypocenter locations of high accuracies. The earthquake locations, together with moment 66 
tensor inversions and a recently acquired seismic image of a shallow melt reservoir below 67 
Kolumbo allow studying the magma plumbing system beneath Kolumbo in unprecedented 68 
detail. Our results are crucial to evaluate the state of the volcanic system and the potential 69 
volcanic hazards and highlight the need for continuous volcanic and seismologic monitoring. 70 
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Considering the dense population of the nearby Santorini Archipelago (~17.500 inhabitants) 71 
and the large number of tourists visiting this area (~2 million per year), a robust assessment of 72 
the volcanic hazards associated with Kolumbo is of societal and economic relevance. 73 

 74 
Earthquake swarms in volcanic settings 75 
Seismicity swarms are defined as sequences of earthquakes clustered in space and time 76 

that do not follow a simple Omori law (Shcherbakov et al., 2004) but contain multiple 77 
earthquakes of similar magnitude. Earthquake swarms do not scale with the total seismic 78 
moment released (Passarelli et al., 2018), suggesting that their evolution over time is 79 
modulated by transient processes, for example fluid migration, magmatic intrusions or 80 
aseismic slip acting in addition to long-term tectonic stresses (Passarelli et al., 2018; Vidale 81 
and Shearer, 2006). In volcanically and geothermally active regions earthquakes swarms are 82 
commonly observed and their study can be very beneficial to better understand the active 83 
processes in those systems (Hainzl, 2004; Shelly et al., 2013; Yukutake et al., 2011), 84 
motivating us to perform a detailed analysis of earthquake swarms recorded below Kolumbo. 85 
 86 
2 Geological Setting of Kolumbo and Eruption History 87 

The Christiana-Santorini-Kolumbo volcanic field represents the most active volcanic 88 
system in the eastern Mediterranean. It produced more than 100 explosive eruptions during 89 
the past 650 ka (Druitt et al., 2019; Kutterolf et al., 2021). The volcanic field includes the 90 
inactive Christiana volcanic edifice, the iconic Santorini Caldera and the submarine Kolumbo 91 
volcano (Fig. 1; Nomikou et al., 2019). All three volcanoes are aligned parallel to a SW-NE 92 
striking zone of extensional basins in the Hellenic Volcanic Arc that results from the 93 
subduction of the African Plate under the Aegean Microplate (Papanikolaou, 2013). The 94 
submerged Kolumbo volcano is located ~7 km to the northeast off the coast of Thera and 95 
represents the largest volcano in a chain of about 24 volcanic cones that follow the SW-NE 96 
trend of the trans-tensional Anhydros Basin (Fig. 1; Hooft et al., 2017; Nomikou et al., 2016; 97 
Nomikou et al., 2012). 98 
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Figure 1. a) Topography and bathymetry of the Santorini Kolumbo region with epicentres of 
seismicity in the period 2006/06-2007/03. Bathymetry data from Hooft et al. (2017). b) 
Overview of the Aegean Sea with the Hellenic Volcanic Arc indicated by heavy orange line 
and black square indicating perimeter of panel a. Panels c and d show cross-sections with 
projected hypocentres from earthquakes that are within 2 km of the profile (white lines in map 
a). Panels e and f show gridded event density for events plotted in panels c and d.  



-------- this manuscript has not been peer-reviewed ----------- 

5 
 

The latest eruption of Kolumbo dates to the year 1650 AD and was documented by 99 
eyewitness (Cantner et al., 2014; Fouqué, 1879). This eruption of submarine and subaerial 100 
explosive activity lasted four months and resulted in ~70 fatalities on Santorini, caused 101 
mainly by volcanic gases released during the eruption (Cantner et al., 2014). The eruption 102 
peaked in phreatomagmatic explosions that caused a tsunami of regional impact and shaped 103 
the present day crater of ~2 km diameter and ~ 0.5 km depth (Cantner et al., 2014; C. 104 
Hübscher et al., 2015; Nomikou et al., 2014). Reflection seismic profiles crossing the 105 
Kolumbo edifice revealed five circular, stacked, cone-shaped, units, with the uppermost one 106 
deposited during the 1650 AD eruption (C. Hübscher et al., 2015; Preine et al., 2021). Precise 107 
dating is only available for the latest eruption of Kolumbo. However, a recently established 108 
regional stratigraphic framework of the entire CSKVF region estimates that the deposits of 109 
older eruptions have approximate ages of 0.35 Ma, 0.45 Ma, 0.9 Ma and older than 1.0 Ma 110 
(Preine et al., 2021). 111 

Geochemical and mineralogical signatures of eruptive products of the 1650 AD 112 
eruption of Kolumbo suggest that the magma plumbing system of Kolumbo is independent 113 
from the magma plumbing system of Santorini (Francalanci et al., 2005; Klaver et al., 2016). 114 
Thermo-barometric analyses of fluid inclusions in erupted rocks from the 1650 AD eruption 115 
of Kolumbo indicate a pre-eruption storage at ~6 km depth assuming a H2O saturated magma 116 
(Cantner et al., 2014). 117 

A conceptual model of the Kolumbo magma plumbing system was developed by 118 
Konstantinou (2020) that infers a constant replenishment of the crustal magma chamber by 119 
melts ascending from the mantle. Andinisari et al. (2021a) and Konstantinou (2020) 120 
hypothesize that the clustered seismicity at 5-16 km depth beneath Kolumbo reflects this 121 
replenishment. All these findings underline that Kolumbo is still in a phase of volcanic 122 
activity. Passive seismological experiments using data from 2002-2005 found a low velocity 123 
anomaly at 5-7 km depth beneath Kolumbo that was interpreted as magma chamber 124 
(Dimitriadis et al., 2010). First arrival time tomography from a more recent active seismic 125 
experiment in 2015 found only slightly reduced velocities between 3 to 5 km depth beneath 126 
Kolumbo, consistent with little to no melt (0-1%) (McVey et al., 2019). However, full-127 
waveform inversion of the same dataset identified a low Vp anomaly of limited spatial extent 128 
at 2.1-4.0 km depth below sealevel which is interpreted as volume of partial melts with melt 129 
fractions of 28-44% (Chrapkiewicz et al., in review). 130 

Repeated clusters of local earthquakes underneath Kolumbo during the previous 131 
decades at depths of 5-20 km were interpreted as seismic unrest, related to the migration of 132 
magmatic fluids in and below the crustal magma chamber (Fig. 2; Andinisari et al., 2021a; 133 
Bohnhoff et al., 2006; Dimitriadis et al., 2009). The seismic unrest continues until today, and 134 
is recorded in the seismicity dataset of the National Observatory of Athens 135 
(https://bbnet.gein.noa.gr/HL/databases/database) from which we plot all events occurring in 136 
the Santorini-Kolumbo region during the recent two decades (Fig. 2). 137 

Dives of remotely operated vehicles inside the Kolumbo crater discovered a field of 138 
active hydrothermal chimneys near the northern crater wall, vigorously venting fluids that are 139 
up to 220° C hot and consist of almost pure CO2 (Carey et al., 2013; Kilias et al., 2013; Rizzo 140 
et al., 2016; Sigurdsson et al., 2006). Rizzo et al. (2019) presented detailed geochemical 141 
analyses of fluids vented by the hydrothermal chimneys inside Kolumbo. They identified 142 
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unusual concentrations of Hg(0) that are strongly elevated compared to hydrothermal fluids 143 
sampled at Santorini or other terrestrial volcanoes and may be interpreted as further evidence 144 
– in addition to the persistent seismic unrest – for the high level of on-going magmatic 145 
activity below Kolumbo. 146 
 147 

 148 

Figure 2. a) Epicentres of earthquakes between 2000-2021 in the study area retrieved from 
the National Observatory of Athens (https://bbnet.gein.noa.gr/HL/databases/database; 
accessed 11/2021). Blue epicentres are within 5 km of Kolumbo and were included in panel b. 
b) Time versus depth distribution of seismicity near the Kolumbo. The grey area indicates the 
period considered in this study and red hypocentres represent all earthquakes in our dataset 
located closer than 5 km from Kolumbo (Fig. 1a). Note, the red hypocentres in panel b are not 
included in panel a, for clarity. In the dataset from the National Observatory of Athens the 
lower cut-off magnitude has shifted to smaller magnitudes over time. Before 2011 the dataset 
only included earthquakes of magnitude ≥ 3.0. From early 2011 onwards (indicated by the 
dashed vertical line) the seismicity dataset is complete for magnitude ≥ 2.0.  
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3 Data and Methods 149 

3.1 Seismic Networks, Data and Processing 150 

Two synchronously operated temporal networks provided the seismic data presented in 151 
this study. The first one (project EGELADOS) consisted of 47 broadband land stations and 152 
seven short-period seismometers, operated from October 2005 to March 2007 (Friederich and 153 
Meier, 2008). A smaller network of eight ocean bottom instruments was deployed in the 154 
Anydros Basin by the University of Hamburg and operated from June 2006 to March 2007 155 
(Hensch, 2009; C Hübscher et al., 2006). This network included four ocean bottom 156 
seismometers with hydrophones (OBS-H) and four ocean bottom tiltmeters with hydrophones 157 
(OBT-H). A map of all stations used in this study is included in the Supplements (Fig. S1).  158 

 159 

3.2 Database handling and Phase Onset Picking 160 

We used the hydrophone channels of the ocean bottom stations and a classical short-161 
term-average versus long-term-average trigger for detecting seismic. This process resulted in 162 
approximately 5000 network detections. For each network trigger the waveforms of all 163 
stations (ocean bottom stations plus land stations) were extracted and registered in a database, 164 
managed through the Seisan software (Havskov and Ottemoeller, 1999). We picked the onsets 165 
of P and S phases manually. To determine the uncertainties associated with traveltime picking 166 
we picked each phase two times, at the first and last plausible onset time. The time difference 167 
then provided the picking uncertainty and the average of the two picks was used as input 168 
information for the hypocenter location. Average picking uncertainties were 0.05 s for P 169 
phases and 0.11 s for S phases. 170 

 171 

3.3 Location of Hypocentres with NonLinLoc using a 3D velocity model 172 

For the hypocentre location procedure we used the non-linear location software 173 
NonLinLoc (Lomax et al., 2000) which includes the highly efficient Oct-Tree grid-search 174 
algorithm  (Lomax and Curtis, 2001). In the location procedure we only included events that 175 
have phase onset picks from at least five stations and include at least two S phase arrivals. As 176 
NonLinLoc allows the utilization of 3D velocity models we included the regional 3D Vp 177 
model of Heath et al. (2019) and McVey et al. (2019) that was generated by travel time 178 
tomography from active source data of the PROTEUS experiment (2015) and covers a large 179 
part of the Santorini-Amorgos region. Since some stations were outside the 3D Vp model of 180 
Heath et al. (2019) we extrapolated the model to cover the entire network used in this study, 181 
see Supplements Figure S1. For Vs velocities we created a 3D grid of identical dimensions as 182 
the 3D Vp grid and derived Vs velocities through a fixed Vp/Vs ratio of 1.77, which was 183 
estimated from a Wadati-diagram, included in Hensch (2009). This value is in agreement with 184 
the regional Vp/Vs values identified by Andinisari et al. (2021a). 185 

Some of the stations were associated with considerable misfits in the calculated versus 186 
observed travel times, that are related to site effects not captured by the 3D velocity model. To 187 
stabilize the location solutions we estimated station terms by performing a repeated location 188 
for selected events that have an azimuthal gap with no observations smaller than 180° and 189 
include more than 20 phase onset picks. This subset of earthquakes was located repeatedly. 190 
Average residuals after each iteration served as input station correction terms for the 191 
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consecutive iteration. After five iterations, the average residuals no longer decreased 192 
compared to the previous iteration and the station correction terms were used for the final 193 
location of all events. Final station correction terms, up to 0.4 s, are presented in Supplements 194 
Figure S2. 195 

 196 

3.4 Determination of Mw Magnitudes 197 

We used the method of Ottemöller and Havskov (2003) to determine Mw moment 198 
magnitudes by the analysis of source spectra. This method searches iteratively for an optimal 199 
combination of the seismic moment (M0) and corner frequency to fit the observed 200 
displacement spectrum. We used two different types of input data, vertical component data for 201 
land stations and hydrophone data for ocean bottom. The use of the hydrophone channel 202 
instead of the vertical channel for the ocean bottom station is justified by the following 203 
reasons. (i) A previous ocean bottom experiment (Tilmann et al., 2008) showed that the 204 
hydrophone has a higher sensitivity at frequencies below ~ 1.0 Hz compared to the operated 205 
seismometers und thus the viable range of frequencies available for magnitude determination 206 
is larger when using the hydrophone instead of the vertical channel. (ii) We calculated Mw 207 
magnitude for the OBS stations from both, the vertical seismometer channel and the 208 
hydrophone. However, the magnitude determination from the vertical channel failed for a 209 
larger number of events than from the hydrophone. (iii) In addition, absolute magnitude 210 
values determined for single events show less variation when we used the hydrophone instead 211 
of the vertical channel. We took the following approach when using the hydrophone channel 212 
for Mw determination. The instrument response was removed from the raw data and the trace 213 
was multiplied with a sound velocity of 1.5 km/s and the density of water. The resulting signal 214 
represents an approximation of the vertical displacement at the seafloor for a vertically 215 
incident ray and a negligible impedance contrast at the seafloor. This approach is supported by 216 
the fact that seafloor sediments are highly porous volcanic sediments (Cantner et al., 2014) 217 
and seismic phases arrive at near vertical angle at the ocean bottom stations. In Supplements 218 
Figure S3a, we compare the Mw magnitudes of individual earthquakes calculated from the 219 
hydrophone channels of ocean bottom stations against Mw values calculated from vertical 220 
channels of land stations. Both Mw magnitudes are in good agreement.  221 
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3.5 Re-location of Hypocenters using HypoDD 222 

For earthquakes in close proximity that have similar source mechanisms and produce 223 
similar waveforms at the recording stations relative location techniques can significantly 224 
improve the location accuracy (Waldhauser and Ellsworth, 2000). To re-locate the earthquakes 225 
in the Kolumbo region we use the HypoDD software (Waldhauser, 2001) and two types of 226 
input data. First, we use differential traveltimes calculated from the manually picked phase 227 
arrivals and second we use differential traveltimes calculated from cross-correlation of 228 
waveforms. The cross-correlation of waveforms was performed by using the vertical channel 229 
of land stations and the hydrophone channel of ocean bottom stations. For the cross-230 
correlation we used a 2.0 seconds window around the arrival pick and included all arrivals 231 
with a correlation coefficient > 0.75 on at least four stations.  232 

Since the relative location method is less affected by deviations in the seismic velocity 233 
structure than absolute location approaches (Waldhauser and Ellsworth, 2000) we used a 1D 234 
velocity model for the hypocenter relocation with HypoDD. This 1D model was extracted 235 
from the 3D model of Heath et al. (2019) in the Anydros Basin. For relocating the entire 236 
earthquake dataset we used the conjugate gradients method (Paige and Saunders, 1982) which 237 
is adequate for large datasets but likely underestimates the location errors (Waldhauser and 238 
Ellsworth, 2000). The re-location yielded a dataset of 2360 events with an average traveltime 239 
residual of 0.02 ± 0.01 s. The average relative location uncertainties for the HypoDD 240 
relocated hypocentres are 0.06 ± 0.03 km in the E-W direction, 0.04 ± 0.03 km in the N-S 241 
direction and 0.04 ± 0.03 km in the vertical direction. Histograms of the uncertainties are 242 
included in the Supplements Figure S5 and Supplements Figure S6 illustrates the shift in 243 
hypocenter location between the NonLinLoc and HypoDD solutions of individual events. 244 

 245 

3.6 Inversion of Moment Tensors 246 

We computed full Moment Tensor solutions (MTs) for the largest events with 247 
magnitudes above Mw 2.7 using the probabilistic full waveform inversion tool Grond 248 
(Heimann et al., 2018; Kühn et al., 2020). As input data, we combine the vertical component 249 
records of close-by OBS stations with vertical and transversal component records of land 250 
stations (distance <50 km). Full waveforms and amplitude spectra of the land stations are 251 
fitted in frequency ranges between 0.2 and 0.6 Hz. Time window lengths range from ~10 to 252 
20 s depending on the event-station distance, starting with manually picked P onset times until 253 
the theoretical arrival of a wave with v=2.5 km/s. The instrument transfer functions of the 254 
OBS stations are less precisely known, leading to offsets of absolute amplitudes. Therefore, 255 
we use a maximum cross-correlation fitting approach instead of the standard time-domain 256 
sample-wise fitting and the amplitude spectra fitting (see also Petersen et al., 2021). Synthetic 257 
data is forward modelled using a pre-calculated Green’s function database, created from a 1D 258 
Vp model that has been calculated by averaging the 3D Vp model of Heath et al. (2019) in the 259 
region of Kolumbo. Green’s functions were calculated using the qseis code from Wang (1999) 260 
which is implemented in the fomosto software (Heimann et al., 2019). The inversions for each 261 
earthquake was performed in 101 independent bootstrap chains with different random 262 
weightings of the station-component-based misfits. The ten best MT solutions of each 263 
bootstrap chain, all together 1010 solutions, were used to analyse the uncertainties of the best 264 
solution. 265 
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4. Results 266 

4.1 Spatial Distribution of Seismicity below Kolumbo 267 

The event location procedure with NonLinLoc based on a regional 3D Vp model 268 
yielded a dataset of 3813 earthquakes. Numerous earthquakes are outside the network or have 269 
location solutions with spurious uncertainty. To achieve a final seismicity dataset of well-270 
located hypocentres, suitable for the later geological interpretation, we removed all events 271 
violating the following three criteria. The root-mean-square misfit of traveltimes is smaller 272 
than 0.2 s, the azimuthal gap in station coverage is smaller than 300° and the closest station 273 
recording an S phase is not further away than 1.5 times the hypocenter depth (Gomberg et al., 274 
1990). Applying these selection criteria our final seismicity dataset contained 2803 275 
earthquakes, which have an average root-mean-square traveltime misfit of 0.13 ± 0.03 s, an 276 
average horizontal uncertainty of 2.35 ± 1.80 km and an average vertical uncertainty of 1.3 ± 277 
1.07 km. For events near Kolumbo the uncertainties are even smaller, due to the denser 278 
spacing of stations. Further information about location errors is included in Supplements 279 
Figure S4. The final seismicity dataset is complete for earthquakes of magnitudes above Mw 280 
~0.5, illustrated by the frequency magnitude distribution in Supplements Figure S3c.  281 

The strong clustering of seismicity in the crust below Kolumbo is highlighted by the 282 
fact that 2058 of the 2803 earthquakes in our final seismicity dataset are located closer than 5 283 
km from the Kolumbo crater (Fig. 1a, 3b-c). Below Kolumbo the seismicity clusters in a 284 
cone-shaped volume, the tip of which is at ~2 km below sealevel and the base of this cone is 285 
located ~18 km below sealevel (Fig. 1c-f). In map view the cone of clustered seismicity is 286 
elongated in SW-NE direction and covers the entire Kolumbo edifice and a volcanic cone 287 
located ~2 km NE of the crater (Fig. 3). 288 

Figure 3. a) Bathymetry of the Kolumbo crater and smaller volcanic cones NE off Kolumbo. 
b) Distribution of epicentres and ocean bottom stations. c) Map showing the density of 
epicentres. 
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Comparing the vertical distributions of earthquake numbers and cumulative seismic 289 
moment release beneath Kolumbo reveals some interesting differences (Fig. 4). While the 290 
event numbers exceed 100 events per 1 km depth-bin for the interval between 4 and 10 km 291 
below sealevel, the cumulative seismic moment shows a prominent peak at 8 km below 292 
sealevel (Fig. 4). Noteworthy is that the majority of hypocentres locates at depths between 2-7 293 
km below sealevel, but these events are of small magnitude and hardly contribute to the 294 
cumulative seismic moment release. On the contrary, stronger but fewer earthquakes occur in 295 
the depth range between 6-9 km (Fig. 4a). At 16 km a single Mw = 3.3 earthquake causes a 296 
second peak in the cumulative seismic moment distribution (Fig. 4a). 297 

Figure 4. a) Cumulative seismic moment release in 1 km depth bins for all events within 5 km 
of Kolumbo crater. b) Cumulative number of events in 1 km depth bins. The grey shading in 
panels a and b indicates the depth range of the shallow melt reservoir image by Chrapkiewicz 
et al. (in review). 

 298 

4.2 Temporal Distribution of Seismicity below Kolumbo and Earthquake Swarms 299 

The occurrence of seismicity strongly varies over the ten month recording period. 300 
Figure 5b and 5c present hypocenter depths, magnitude and cumulative seismic moment 301 
release versus time for all earthquakes located within 5 km of the Kolumbo crater. The event 302 
rate shows strong variations over time, ranging between zero and 200 events per 24 hours. 303 
The occurrence of earthquakes with magnitudes Mw > 2.5 partly correlates with the event rate 304 
(Fig. 5b). For example, in the days marked as swarm #1 and swarm #4, Mw 2.7-3.4 305 
earthquakes coincide with peaks in the event rate. In other instances, e.g. on the days marked 306 
as swarm #2 and swarm #3, the event rate is increased but does not coincide with stronger 307 
earthquakes. The opposite is the case in early December 2006 where two earthquakes of Mw 308 
3.4 and Mw 3.7 occur but the event rate remains below 50 events per 24 hours (Fig. 5b). 309 

The temporal distribution of seismicity suggests the occurrence of several earthquake 310 
swarms. In contrast to mainshock-aftershock sequences, these earthquakes swarms do not 311 
exhibit an exponential decay in the aftershock rate (e.g. Shcherbakov et al., 2004). We 312 
scanned the seismicity dataset and did not identify any typical mainshock-aftershock 313 
sequences. Instead, we consider the instances of increased event rate in the crust below 314 
Kolumbo to be earthquake swarms. In the following, we will look into the four swarms that 315 
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exhibit the highest event rates (marked by black arrows, labelled as swarms #1 - #4 in Figure 316 
5b). Besides the four earthquake swarms marked in Figure 5b our seismicity dataset includes 317 
several additional swarms. However, they include less events and show similar characteristics 318 
as the four considered swarms, so we consider the four strongest swarms as representative of 319 
the swarm activity below Kolumbo. 320 

 321 

 322 

Figure 5. a) Map with NonLinLoc located epicentres coloured according to distances closer 
(red) and further (grey) than 5 km from Kolumbo. Beachballs represent the double-couple 
components of six earthquakes yielding stable MT inversion results. Panels b and c only 
include earthquakes closer than 5 km from the crater. b) Hypocenter depths versus time. The 
grey shading indicates the depth range of the shallow melt reservoir imaged by Chrapkiewicz 
et al. (in review). c) Black shading indicates the event rate per 24 hours. Red dots show Mw 
magnitudes versus time. The blue curve shows the accumulated seismic moment, Mo, versus 
time. Onset times of the four seismicity swarms plotted in Figures 7 and 8 are indicated by 
black arrows. 
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4.3 Moment tensors of Mw 2.7 – 3.7 earthquakes 323 

We performed MT inversions for all earthquakes with Mw 2.7 and larger, in total 12 324 
earthquakes. Following the approach described in section 3.6, we were able to obtain six 325 
stable solutions (Fig. 5 and 6; see also Supplements Fig. S8 with additional inversion 326 
parameters for an example event). All MT solutions show dominant normal faulting 327 
mechanisms (Fig. 5a). Four earthquakes show NE-SW striking fault planes that are sub-328 
parallel to the axis of minimum regional stress (σ3) in the crust (Konstantinou and Yeh, 2012). 329 
As often observed for small earthquakes, the non-DC components are not well resolved (e.g. 330 
Cesca et al., 2006; Panza and Saraò, 2000; Petersen et al., 2021). Low signal-to-noise ratios 331 
due to oceanic noise conditions and the relatively wide frequency range used in the full 332 
waveform inversion, which may not be adequately resolved, can influence the stability of MT 333 
solutions. Additionally, the small number of seismic stations result in spurious or not well-334 
resolved non-DC components. For the three best-resolved earthquakes, isotropic components 335 
constitute less than 10 % of the total seismic moment, pointing at a predominantly tectonic 336 
origin of the earthquakes. We do not find a significant improvement of misfits when allowing 337 
non-DC components compared to a pure DC.  338 

Three earthquakes with MT solutions are part of swarm #1 (Fig. 5 and 7). One 339 
earthquake with MT solution represents the strongest earthquakes of a seismicity burst below 340 
Kolumbo in October 2006 (Fig. 5b). Two events with MT solutions are located in the Anydros 341 
Basin NE off Kolumbo (Fig. 5a). For the remaining six earthquakes with Mw >= 2.7 the MT 342 
inversions did not yield stable solutions for various reasons. For two earthqukes, the 343 
waveforms are overlapping with smaller events and in the other cases, the signal-to-noise 344 
ratio in the utilized frequency range is not sufficient at a minimum of 3-4 azimuthally well-345 
distributed stations. 346 
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 347 

Figure 6. Results of the moment tensor inversions for six earthquakes. For each earthquake 
the fuzzy beachball, the double couple component of the full moment tensor and the Hudson 
plot is presented. The fuzzy beachballs illustrate the uncertainty of the MT inversion. The 
plots represent the stacked the P-wave radiation pattern strength of every solution of the 
different bootstrap chains. In case of stable results, the fuzzy plot has clearly separated black 
and white fields. The best solution is indicated by red lines. The diamond-shaped Hudson 
plots show the variability of the non-DC components of the bootstrap-chain solutions. CLVD 
= compensated linear vector dipole.  
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4.4 Characteristics of earthquake swarms 348 

Figure 7 shows a time versus depth distribution of the four analysed swarms and 349 
Figure 8 presents the locations of swarm events after relative relocation with the HypoDD 350 
software. The durations of the four earthquake swarms range between 2.3 h (swarm #3) and 351 
23.1 h (swarm #2). All four swarms initiate with an almost synchronous onset of several Mw 352 
2-3 earthquakes spread-out over a depth range of ~4 km (Fig. 7). Swarms #1, #2, #4 show a 353 
distinct separation into an early phase and a later phase (Fig. 7). The early phase is 354 
characterized by stronger earthquakes at 4-9 km depth below sealevel, the later phase is 355 
characterized by weaker events (Mw < 1.5) occurring at 2-7 km depth below sealevel (Fig. 7). 356 
The initial hypocentres in each swarm (yellow stars in row a, Fig. 7) are deeper than the 357 
majority of events during the later phase of the swarms, indicating a general upwards directed 358 
trend in the migration of hypocentres in all swarms. The solid black lines in Fig. 7c shows the 359 
theoretical propagation velocity of fluids that have a pressure source near the location of the 360 
initial hypocenter and have a diffusivity of 300 and 100 m2/s, calculated according to the 361 

equation 𝑟 = √4𝜋𝐷𝑡 from Shapiro et al. (1997). In this equation r is distance from the 362 
pressure source (hypocenter of the initial swarm earthquake), t is time and D is hydraulic 363 
diffusivity. For swarms #1, #3, #4 the propagation of the cracking front corresponds to a 364 
theoretical fluid diffusivity of 1000 m2/s and for swarm #2 the propagation to fluid diffusivity 365 
of 300 m2/s. 366 
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Figure 7. Row a, time versus depth distribution of events in the four earthquake swarms 
analysed. Yellow stars in row a indicate the depths of initial hypocentres in each swarm. 
Panels in row b are identical with row a, but include magnitudes. The grey shading in rows a 
and b indicates the depth of the shallow melt reservoir imaged by Chrapkiewicz et al (in 
review). c) Log-log plot showing the propagation of hypocentres in individual swarms relative 
to the initial hypocenter of each swarm. The two solid black lines indicate theoretical 
hydraulic diffusivities of 300 and 1000 m2/s in a fault zone, emanating from a point source.  

 367 

Despite the improved relative location accuracy of hypocentres after re-location with 368 
the HypoDD software, the four swarms do not collapse in a single location but occupy 369 
different volumes of the crust below Kolumbo (Fig. 8). In particular, the map view with 370 
epicentres (Fig. 8a) and the cross-section striking from SW to NE (Fig. 8b) demonstrate that 371 
the four swarms represent brittle fracturing in nearby, yet different volumes of the crust. 372 
Except for swarm #1 all swarms show a larger spatial extent in the vertical domain than in the 373 
horizontal domain (Fig. 8).  374 
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 375 

Figure 8. Epicentres and hypocentres of swarm earthquakes after relative re-location with the 
HypoDD software. Colours represent the four earthquake swarms presented in Fig. 7. The 
solid black arrows indicate the principal axis of least compressive stress (σ3) from Dimitriadis 
et al. (2009). The polygons encircled by a solid grey line in panels b and c indicated the 
position of a shallow crustal melt reservoir imaged by Chrapkiewicz et al. (in review). Note, 
the vertical and horizontal scales are identical in panels b and c. Panel a is slightly enlarged. 

 376 

The seismograms of swarm events show strong spectral power in the 5-15 Hz 377 
frequency range, illustrated by the waveforms and spectrograms of an earthquake from swarm 378 
#1 (Fig. 9). Such a dominance of frequencies above 5 Hz is typical for volcano-tectonic (VT) 379 
events according to the widely-used classification of volcanic seismicity (Lahr et al., 1994). 380 
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 381 

Figure 9. Waveform examples of an Mw 3.1 earthquake at 7.8 km depth below Kolumbo 
occurring in swarm #1. The origin time is 2006-07-28 12:11:14. Left hand panels show 
seismograms and spectrogram for stations OBS50. Right hand panels show seismograms and 
spectrogram for station IOSI. Darker colours in the spectrograms correspond to increased 
spectral power; lighter colours correspond to decreased spectral power. 

 382 

5 Discussion 383 

Our dense network of stations near Kolumbo produced a seismicity dataset of low-384 
magnitude events with high location accuracies that allow us to understand the processes 385 
controlling the fine-structure of seismic faulting beneath Kolumbo at unprecedented detail in 386 
space and time. 387 

 388 

5.1 Relation of seismicity with crustal P-wave velocity structure and partial melt region 389 

The tip of the cone-shaped seismically active volume below Kolumbo coincides with a 390 
prominent anomaly of strongly reduced Vp, ~1.5 km/s slower than the regional average (Fig. 391 
10). This anomaly was imaged through full-waveform inversion of active source seismic data 392 
acquired in 2015 by the PROTEUS experiment and is interpreted as a body of 28-44% percent 393 
partial melt and has an approximate size of 6 km3 (Chrapkiewicz et al., in review). A few 394 
earthquakes locate inside this volume but their seismograms have weak signal amplitudes, 395 
preventing magnitude determination (Fig. 10). It should be noted that the active seismic 396 
survey was conducted about nine years after our deployment and the size of the crustal melt 397 
reservoir may have changed in the meantime. 398 
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Figure 10. 3D P wave velocity structure and microseismicity beneath Kolumbo. Panels a and 
b show cross-sections through the 3D Vp model of Chrapkiewicz et al. (in review) with 
contour lines spaced at 0.5 km/s and hypocentres of this study superposed. Dashed white lines 
in panels a and b indicate the depth of panel c. Note, this 3D tomography model terminates at 
4 km depth. c) Depth slice at 3.2 km depth below sealevel. Dashed white lines indicate the 
locations of panels a and b. The solid white line indicates the location of the crater rim. 
Epicentres are plotted for all earthquakes between 2.7-3.7 km depth below sealevel. Note, a 
region with Vp reduced by 1.0-1.5 km/s between 2.1-4.0 km depth immediately below the 
Kolumbo crater, interpreted as a crustal melt (Chrapkiewicz et al., in review). 

 399 

Combining all observations derived from the analysis of our earthquake dataset and 400 
other geophysical datasets of the Kolumbo region, we find that both regional tectonics and 401 
fluids in the crust have a significant influence on the seismic activity in this region. Below, we 402 
first separately discuss these relations and then establish a combined interpretation of co-403 
seismic processes in the crust below Kolumbo including potential changes during the recent 404 
two decades.  405 
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5.2 Relations of earthquake swarms and regional tectonics 406 

All six achieved MT solutions indicate normal faulting (Figs. 5, 6), in agreement with 407 
previously presented focal mechanisms for this region (Andinisari et al., 2021b; Dimitriadis et 408 
al., 2009). The region of seismic swarm activity is elongated in SW-NE direction parallel to 409 
the strike direction in four out of six focal mechanisms (Fig. 5, 8) and perpendicular to the 410 
principal axis of least compressive stress (σ3; Fig. 8; Dimitriadis et al., 2009). We suggest that 411 
the swarm seismicity is associated with a SW-NE oriented zone of fractures aligned parallel to 412 
the trend of regional faults and basins of the Santorini-Amorgos extensional tectonic zone 413 
(Fig. 1; Heath et al., 2019; Hooft et al., 2017; Sakellariou et al., 2017). The swarm 414 
earthquakes are of volcano-tectonic character with strong spectral power above 5 Hz (Fig. 9) 415 
and the moment tensors indicate a minor non-DC component, which suggests that the co-416 
seismic faulting in this zone of fractures is influenced by the regional extensional tectonics.   417 
 Heath et al. (2021) investigated the orientations of local-scale faults/fractures in the 418 
study area by means of anisotropic active-source traveltime tomography, based on the 419 
PROTEUS experiment conducted in 2015 (Hooft et al., 2019). The results of Heath et al. 420 
(2021) yield low seismic anisotropy (< 5 %) in the Kolumbo region and they conclude that 421 
magmatic processes in the Santorini-Kolumbo region are strongly influenced by regional-422 
scale, but hardly influenced by local-scale processes. This dominance of regional-scale 423 
tectonic processes agrees with the faulting mechanism and spatial distribution of earthquakes 424 
in our dataset (Fig. 5, 6). 425 
 426 

5.3 Relations of earthquake swarms and fluids 427 

Earthquake swarms are typical in active volcanic systems and commonly interpreted in 428 
association with fluid-related processes (e.g. Duputel et al., 2019; Hensch et al., 2008; Shelly 429 
et al., 2013; Tarasewicz et al., 2012; Yukutake et al., 2011). An increase in fluid pressure, 430 
intruding magma or aseismic slip are feasible processes that locally increase the shear stress 431 
and/or reduce the effective normal stress and thereby trigger earthquake swarms (Shelly et al., 432 
2013; Vidale and Shearer, 2006; Yukutake et al., 2011). At Kolumbo the presence of fluids is 433 
documented independently from seismicity by vigorously venting hydrothermal chimneys 434 
inside the crater (Carey et al., 2013; Rizzo et al., 2019) and the identification of a crustal melt 435 
reservoir below the crater (Fig. 10; Chrapkiewicz et al., in review). Geochemical analyses of 436 
fluids vented inside the Kolumbo crater suggest that the root of the hydrothermal system is 437 
located at ~1 km depth below sealevel (see cartoon in Fig. 11; Rizzo et al., 2019). At this 438 
depth, ascending volcanic gases mix with cold seawater and consecutively ascend to the 439 
seafloor (Rizzo et al., 2019). The crustal melt reservoir lies beneath the mixing level at 2.1-4.0 440 
km depth (Figs. 10, 11) and releases the volcanic gases feeding the hydrothermal system (Fig. 441 
11). Previous studies hypothesized a steady replenishment of this melt reservoir with mafic 442 
melts ascending from the mantle and infer this processes is linked to the persistent seismic 443 
unrest beneath Kolumbo (Andinisari et al., 2021a; Klaver et al., 2016; Konstantinou, 2020). 444 
We endorse this hypothesis and add further detail to it in the following paragraphs. 445 

We assume that the crust below Kolumbo is saturated with fluids and beneath the melt 446 
reservoir, the fluids are most likely melts. We further hypothesize that the observed swarm 447 
seismicity was, at least partially triggered by perturbations in pore-fluid pressure. For such 448 
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triggering, several mechanism have been proposed including hydraulic fracturing, pore 449 
pressure relaxation, the redistribution of elastic stresses or a combination of these mechanisms 450 
(Hainzl, 2004; Maillot et al., 1999; Shapiro et al., 1997; Shapiro et al., 2003). Several studies 451 
identified swarm seismicity in volcanically and hydrothermally active regions where the 452 
propagation of the co-seismic cracking front corresponds to predicted fluid diffusion in the 453 
subsurface with hydraulic diffusivities of about 1.0 m2/s (e.g. Shelly et al., 2013; Yukutake et 454 
al., 2011). In all four analysed swarms, the cracking front shows a constant upwards 455 
propagation, which would correspond to fluids with a hydraulic diffusivity of 300-1000 m2/s 456 
(Fig. 7c). However, this propagation rate is significantly faster than the typical range of fluid 457 
diffusivities (0.2-300 m2/s) inferred from the cracking front propagation velocities in previous 458 
studies (Shapiro et al., 1997; Shapiro et al., 2003; Shelly et al., 2013; Yukutake et al., 2011).  459 

The fast propagation of the cracking front in the four analysed earthquake swarms 460 
suggests that a direct relation to diffusing fluids injected at a point source and hydraulic 461 
fracturing as sole triggering mechanism is unlikely. A direct relation of the swarm seismicity 462 
with the propagating tip of a dike seems unlikely as well. Seismicity linked to laterally 463 
propagating dike tips is typically in the range 0.05-0.38 m/s (e.g. Dziak et al., 2007; 464 
Sigmundsson et al., 2015). For vertically ascending dikes the propagation varies as a function 465 
of depth and may reach values up to 3.05 m/s only close to the surface (Battaglia and 466 
Bachèlery, 2003; Rivalta and Dahm, 2006) which is slower than the hypocentre propagation 467 
we observed (Fig. 7c).  468 

Considering the upwards migration of hypocentres during all four analysed swarms 469 
(Fig. 7a) and the fast propagation of the cracking front (Fig. 7c) we propose that a 470 
combination of pore-pressure perturbations and the re-distribution of elastic stresses is a more 471 
likely triggering mechanism of the swarm seismicity. We infer that several, near-vertical melt 472 
conduits already existed during the period of our experiment and the four earthquake swarms 473 
correspond to the locations of those conduits (Fig. 6). Analogue modelling by Kavanagh et al. 474 
(2018) showed that fluids in a vertically ascending dike can move significantly faster than the 475 
dike tip itself, explaining the fast propagation of the co-seismic cracking front in the swarms.  476 

The initial hypocentres in all four swarms (yellow stars in Fig. 7a), the strongest 477 
earthquakes and the highest cumulative moment release occur in the depth range between 6 478 
and 9 km below sealevel (Fig. 4a). We propose that the ascend of melts coming from the 479 
mantle is obstructed in the region between 6-9 km depth by a rheologically strong layer (Fig. 480 
11) and some kind of bottlenecks or solidified melt plugs may be present in this depth range. 481 
Those structures may occasionally perturbing or hamper the flow inside the melt conduits, as 482 
previously suggested by Tarasewicz et al. (2012). Transients in the fluid pressure could also 483 
be induced by dynamic triggering from purely tectonic local or regional earthquakes (e.g. 484 
Aiken and Peng, 2014; Cattania et al., 2017), which is supported by the strong relation of 485 
seismicity and regional tectonics (section 5.2). 486 

The co-seismic tensile faulting creates an approximately 3 km wide zone of fractures 487 
in the crust below Kolumbo (Fig. 11) and this zone is exploited by ascending melts, probably 488 
throughout the recent decades as indicated by the persistent seismic unrest (Fig. 2). During the 489 
year 2021, the seismic unrest has increased (Fig. 2), which can be interpreted as indication of 490 
an increase in magmatic activity. In the light of still ongoing seismic unrest (Fig. 2) and the 491 
presence of a crustal melt reservoir (Fig. 10) our findings suggest that the melt plumbing 492 
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system below Kolumbo is highly active, and a significant risk of future eruptions exists. It is 493 
beyond the scope of this study to quantify the melt flux from the mantle into the shallow melt 494 
reservoir but our results demonstrate that close monitoring of Kolumbo is advisable to keep 495 
on top of any volcanic hazards and minimize the risk for the nearby communities. 496 

 497 

Figure 11. Interpretation cartoon illustrating the melt-plumbing system and on-going tectono-
magmatic-hydrothermal processes below Kolumbo. Map to the right indicates the location of 
cross-section. Black crosses show projected NonLinLoc located hypocentres scaling with 
magnitude. The location of the melt reservoir is from Chrapkiewiz et al. (in review).  

 498 

6 Conclusions 499 

This study presents a ten-month long dataset of microseismicity around the submarine 500 
Kolumbo volcano in the southern Aegean that is a focal point of recurring seismic unrest, 501 
lasting since at least two decades. Our final seismicity dataset contains 2803 earthquakes with 502 
magnitudes of 0-3.7 Mw. The majority of the epicentres (2058) are located within 5 km of 503 
Kolumbo crater where they cluster in a cone-shaped volume located between 2 and 18 km 504 
below sealevel. 505 

We captured several earthquake swarms beneath Kolumbo, of which the four strongest 506 
ones were analysed in detail. The four swarms occupy nearby, yet different volumes of the 507 
crust indicating that they are not associated with a single fault. Instead, the region of swarm 508 
seismicity is elongated in SW-NE direction, parallel to the orientation of regional faults and 509 
perpendicular to the principal axis of least compressive stress. The relation of swarm 510 
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seismicity with regional extension tectonics is further demonstrated by six determined 511 
moment tensors showing exclusively normal faulting mechanisms. 512 

All four swarms initiate with an almost synchronous onset of Mw 2.0-3.0 earthquakes 513 
at 5-9 km depth and in the later phase of each swarm the earthquakes become shallower and 514 
weaker. The fast propagation of the cracking front in the four analysed swarms (300-1000 515 
m2/s) suggests that a triggering by hydraulic fracturing from fluids injected at a point source 516 
or active diking is unlikely. We conclude that the swarm seismicity in 2006-2007 below 517 
Kolumbo was more likely triggered by a combination of fluid-pressure perturbations and the 518 
redistribution of regional stresses. The perturbations in the fluid pressure may either be 519 
induced by obstructions in the melt flow in a rheologically strong layer between 6-9 km depth 520 
or via dynamic triggering of purely tectonic local or regional earthquakes. 521 

Active seismic imaging of the crust below Kolumbo in 2015 revealed a ~6 km3 large 522 
reservoir of 28-44% melt that is located at 2.1-4.0 km depth below sealevel. The location of 523 
this melt reservoir coincides with the tip of the cone-shaped seismically active region and we 524 
conclude that the observed swarm seismicity in 2006-2007 contributed to the creation of a 525 
zone of fractures in the crust below Kolumbo that are later exploited by ascending melts 526 
feeding the melt reservoir. Routine earthquake monitoring based on land stations indicates 527 
that the seismic unrest below Kolumbo persisted throughout the recent two decades and has 528 
increased during the year 2021. Considering our findings derived from the swarm seismicity 529 
below Kolumbo we conclude that a conceivable risk of future eruptions exists and close 530 
monitoring of this volcanic system is advisable to minimize the associated hazards for the 531 
nearby communities.532 
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